
TYPE Original Research
PUBLISHED 26 November 2024
DOI 10.3389/fmats.2024.1502003

OPEN ACCESS

EDITED BY

Hao Shi,
Anhui University of Science and
Technology, China

REVIEWED BY

Mahmoud Ebrahimi,
University of Maragheh, Iran
Bolong Liu,
Shaoxing University, China
Jingcai Zhang,
Nantong University, China

*CORRESPONDENCE

Ao Wang,
120839326@qq.com

RECEIVED 26 September 2024
ACCEPTED 30 October 2024
PUBLISHED 26 November 2024

CITATION

Song G, Wang A, Hu C, Zhao B, Jing H,
Meng B and Yu Z (2024) Study on mechanical
properties of large deformation segmental
cement-based honeycomb structure.
Front. Mater. 11:1502003.
doi: 10.3389/fmats.2024.1502003

COPYRIGHT

© 2024 Song, Wang, Hu, Zhao, Jing, Meng
and Yu. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Study on mechanical properties
of large deformation segmental
cement-based honeycomb
structure

Gang Song1, Ao Wang2*, Chengjun Hu1,3, Baofu Zhao1,
Hongwen Jing4, Bo Meng4 and Zixuan Yu4

1China Coal (Tianjin) Underground Engineering Intelligent Research Institute Co. Ltd., Tianjin, China,
2School of Mechanics and Civil Engineering, China University of Mining and Technology, Xuzhou,
China, 3School of Energy and Mining Engineering, China University of Mining and Technology, Beijing,
China, 4State Key Laboratory of Intelligent Construction and Healthy Operation and Maintenance of
Deep Earth Engineering, China University of Mining and Technology, Xuzhou, Jiangsu, China

Honeycomb structures provide a new means of controlling and supporting
the tunnel envelope. However, traditional honeycomb structures have low
strength and poor stability, and are prone to stress concentration and instability,
further limiting their application in deep tunnel support projects. In this paper,
a new type of segmental cementitious honeycomb structure is investigated,
its performance under different loading rates is tested, and its application in
deep large deformation tunnel support is discussed. Firstly, the honeycomb
model was drawn and the honeycomb skeletonwas prepared. Then, the cement
suspension technique was optimised. Secondly, the effects of different loading
rates on the performance of segmented cement-bonded honeycomb structures
were investigated by laboratory experiments. The results show that when the
loading rate is 3 mm/min, the structure has the maximum load capacity and the
best energy absorption performance. It is worth noting that too fast or too slow
loading rate will affect the performance of the structure. Finally, the damage
mechanism of the segmented honeycomb structure was further investigated by
using an acoustic emission system, and the acoustic emission characteristics
showed that the segmented cementitious honeycomb structure firstly went
through a relatively stable stage of microcrack development under the action
of the loads in all bands, and then a large area of damage was observed in
the top layer of the honeycomb skeleton when the peak load was reached,
resulting in the collapse of the whole layer of the honeycomb structure, which
led to the collapse of the whole layer of the honeycomb skeleton. This led to
the collapse of the whole layer of the honeycomb structure and a significant
decrease in the bearing capacity, which confirmed the layer-by-layer damage
characteristics of segmental cementitious honeycomb structures. In addition,
the RA-AF values show that the loading rate has little effect on the crack
type, which is almost unchanged with the increase of loading rate. These
studies verify the feasibility of using honeycomb structure to support roadway
with fast deformation speed and large deformation. It is of great significance
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to guide the application of honeycomb structure in deep roadway support
engineering.

KEYWORDS

honeycomb structure, segmental, mechanical properties, energy absorption, damage
modes

1 Introduction

The surrounding rock in deep soft rock roadways is
characterized by loose and fragmented conditions, exhibiting
prolonged instability, rapid deterioration, and significant
deformation. Due to the intense geostress at deeper levels, the soft
rock exhibits diminished strength, leading to an expanded plastic
damage zone and increased severity post-roadway excavation. This
often leads to challenges such as roof subsidence, wall bulging,
and structural deformation, impeding the effectiveness of roadway
support and posing significant risks to mine safety (Wu et al.,
2024). Consequently, effectively managing deformation during
the operational lifespan of soft rock roadways has emerged as a
critical issue demanding immediate attention (Wu et al., 2020). In
soft rock roadway, bolt and grouting can effectively improve the
overall stability of supporting structure and prevent rock collapse
and collapse (Shi et al., 2023; Wu et al., 2023). However, under soft
rock geological conditions, rock mass deformation is large, and
the supporting effect of bolt and grouting is affected by rock mass
deformation, which is difficult to be completely controlled (Wu et al.,
2022; Shi et al., 2024). As coal mining progresses to greater depths,
there is a growing requirement for enhanced energy absorption
within the roadway support structures. The honeycomb structure
was inspired by the nests of bees. It is arranged in a polygonal
structure and has the advantages of high strength, light weight and
high energy absorption (Zhang et al., 2015; Thomas and Tiwari,
2019). The traditional honeycomb structure is usually arranged in
a regular hexagonal shape, which is characterized by high density,
less material consumption, and large void space. In addition, studies
have confirmed that honeycomb structures have high shearmodulus
and excellent energy absorption properties (Gupta et al., 2001;
Velea and Lache, 2011; Rajaneesh et al., 2014; Siromani et al.,
2014; Gaitanaros and Kyriakides, 2015; Mozafari et al., 2016).
Since the 1980s, honeycomb structures have been widely used
in engineering, such as hexagonal towers in buildings. In recent
years, honeycomb structures have expanded into the nano and
biomedical fields, covering applications such as nanopore arrays,
microporous arrays, and activated carbon honeycomb (Masuda
and Fukuda, 1995; Broeng et al., 1998; Gadkaree, 1998; Yabu et al.,
2005; Allen et al., 2010). With the advancement of manufacturing
technology, honeycomb structures are expanding into traditional
engineering, micro and nano manufacturing, and biomedical
applications (Sugiura et al., 1998; Kageyama et al., 1999; Connal and
Qiao, 2006; Mukai et al., 2006; Pawin et al., 2006; Engelmayr et al.,
2008; Mishchenko et al., 2010; Baggetto et al., 2011; Ng et al., 2011;
Tejavibulya et al., 2011; Mao et al., 2012). Structural designers also
incorporate units of different shapes, such as square (Wadley, 2005),
triangular (Hohe andBecker, 1999), cylindrical (Sunami et al., 2006),
and square and triangular configurations of square super monoliths
(Saha et al., 2007) and Kagome units (Zhang and Zhang, 2013) to

enhance the functionality of honeycomb structures. Honeycomb
structures have evolved from basic shapes to various variants such
as flexible cores (Bitzer, 1994), double bending (Kuo, 1991) and
reinforced hexagonal cells to provide a wider range of applications
as well as superior mechanical properties and formability. However,
studies on the mechanical properties of traditional honeycomb
structures show that there are defects in strength and stability
under the action of out-of-plane loads. Similarly, limitations in
load transfer can arise when facing in-plane loading, potentially
leading to localized stress concentration or structural instability
(Cahangirov et al., 2009; Wang and Bai, 2015; Zhang et al., 2017;
Zhang et al., 2018; Wang, 2019; Qi et al., 2021). In addition, the
construction of the honeycomb structure is relatively complex, not
suitable for rapid implementation in a complex environment, and
the traditional honeycomb structure requires a large number of
steel bars as the skeleton, the cost is high, and it may be difficult
to bear the cost in the soft rock alley. Therefore, the defects of the
traditional honeycomb structure make it difficult to cope with the
complex environment of deep soft rock roadway.

In response to the limitations of traditional honeycomb
structures, researchers have devised innovative solutions, including
gradient honeycombs, hierarchical honeycombs, composite
honeycombs, and plasticized honeycombs.The gradient honeycomb
structure improves the mechanical properties of the structure
while maintaining the original density and mass (Liu et al.,
2023). Compared with the traditional honeycomb structure,
the layered honeycomb structure can exert better mechanical
properties under dynamic load, and the energy absorption
capacity is improved compared with the traditional honeycomb
structure (Fan et al., 2008). The composite honeycomb has better
mechanical properties, including shear strength, indentation
resistance and fracture toughness. In addition to the above
honeycomb structures, a lightweight honeycomb structural scaffold
has been proposed (Wang et al., 2022), consisting of multiple hollow
cell elements arranged adjacent to each other in the form of arrays to
form a scaffold. When the scaffold is placed into the cement slurry,
the cement slurry adheres to the inner and outer surfaces of the
scaffold due to surface tension, and the openings in the scaffold
enhance this adhesion. After the cement slurry is solidified, the
segmental honeycomb structure is formed together with the original
honeycomb support.

Deep soft rock roadway has become a difficult problem in
support engineering because of its large deformation and fast
deformation speed. In this paper, a new segmental cement-based
honeycomb structure is designed, and its application in this roadway
support engineering is simulated for the first time. The feasibility
of support engineering has been verified successfully. Firstly, the
segmental cementitious honeycomb structure was prepared based
on high-precision 3D printing technology and submerged method.
The mechanical properties, acoustic emission characteristics and
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TABLE 1 Chemical composition of cement (%).

Na2O K2O MgO CaO Al2O3 Fe2O3 SiO2

Cement 0.32 0.89 3.79 50.06 7.43 3.03 23.89

TABLE 2 Physical properties of photosensitive resins.

Density Young’s modulus Poisson’s ratio Yield strength Ultimate strength

1180 kg/m3 2200 Mpa 0.03 31.54 MPa 37.98 MPa

energy absorption characteristics of cement-based honeycomb
structures under different loading rates were studied by uniaxial out-
of-plane compression experiments. The optimal loading rate for the
structure is obtained, which reveals that the structure can maintain
stability and high load capacity under large deformation or impact.
This presents a new avenue for tackling issues related to substantial
tunnel support deformation, rock blasting, impact pressure, and
other catastrophic events by enhancing energy absorption and
stability control. This discovery is anticipated to advance the
utilization of honeycomb structures in tunnel support projects.

2 Materials and methods

2.1 Materials

The test was conducted using ordinary silicate 42.5 grade
cement as the cementing material for the segmental cementitious
honeycomb structure with a density of 3.1 g/cm3. As shown in
Table 1, the chemical composition of the cement was obtained after
X-ray diffraction test.The honeycomb skeleton structure is complex
and requires unsupported 3D printing, and the photosensitive resin
has moderate elastic modulus and high ultimate strength, which
can be used for unsupported 3D printing. As shown in Table 2, the
mechanical properties of the photosensitive resin material can be
acquired through testing.

2.2 Sample preparation

2.2.1 Design and preparation of honeycomb
skeleton

Using Rhino software to draw the basic model, the honeycomb
support consists of hexagonal arc-shaped basic cells, so the drawing
idea is to draw a single hexagonal arc-shaped cells, and then through
the continuous copying and arraying to get the final structure.
The basic shape is first drawn using the multi-circle intersection
method, and then the offset command is used to offset inward and
outward, remove the intermediate line and cut the edge to get the
hexagonal surface element. Then it is divided into hexagonal units
and columnar units. Finally, the two components are integrated
and a complete cellular structure is built systematically using the
array command.

The high height of each layer of the honeycomb skeleton means
that the gap between the two layers is larger. Cement cannot fill
the gap between the two layers. This results in sample preparation
failure. The small height of each layer of honeycomb skeleton is also
not conducive to sample preparation. This makes it difficult for the
external cement to penetrate into the internal framework, resulting
in uneven cement coating. For the above reasons, the height of each
layer of the honeycomb skeleton is set at 2 mm.

After the modeling process is completed, a photosensitive resin
is used for printing, and the honeycomb bracket is made by a light
curing 3D printer. Subsequently, it was submerged in a 90% alcohol
solution to eliminate surface adhesives. Finally, it underwent UV
light exposure for 15–20 min to enhance its durability. Because of
the thin side walls and low strength of the honeycomb bracket, the
skeleton needs to be moved carefully with tool pliers.

2.2.2 Sample preparation of segmental
cement-based honeycomb structure

The cement of grade 42.5 was used, and according to the
proportion of water-cement ratio of 0.5, the constant speed mixer
of the cement test equipment was used to fully mix the fresh
cement paste until the cement pastewas viscous andwithout obvious
lumps, and in order to improve the cement paste’s ease of use, a
polyacrylate-based high-efficiency water reducing agent was added.
After the mixing process, a small slump test was conducted to
assess the compatibility of the ordinary silicate cement paste and
regulate consistency across different sample batches. Figure 1 shows
the fabrication process of the segmented honeycomb bracket.

It is found that the uniformity of cement coating has a great
influence on the mechanical properties of the honeycomb model.
Therefore, the preparation process will be optimized in subsequent
studies. For example, the orientation of the sample is adjusted, and
themethod ofmultiple wetting is used to ensure that the honeycomb
skeleton is evenly coated with cement.

The honeycomb supports are moistened by immersion in
cement slurry for approximately 2 min, ensuring the formation
of a stable film on the vertical surfaces. Alternatively, specialized
spraying equipment can be used to spray the cement slurry evenly
onto the honeycomb skeleton. During the slurry hanging process,
it is necessary to ensure that the cement slurry evenly covers each
cell and joint of the honeycomb structure to ensure the uniformity
and integrity of the structure. Use wire hooks to hook the bracket,
slowly lift it up and place it on the perforated iron frame, so that the
excess cement paste flows out under the effect of gravity, if the effect
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FIGURE 1
Cement slurry hanging process of segmental honeycomb support: (A) Honeycomb skeleton; (B) infiltration process; (C) Coating process; (D) Sample
finished product (E) Curing and drying.

of hanging slurry is not satisfactory, repeat the above operation.
The support is soaked with cement slurry several times to make the
cement slurry fully cover the honeycomb skeleton to ensure that a
stable cement layer is formed on the surface of the honeycomb wall.
After the cement coating was completed, the sample was cured in
a high humidity environment for 24 h. Due to the large surface area
of the samples of segmental cementitious honeycomb structures, the
samples were placed in saturated Ca(OH)2 solution for 6 days after
24 h of curing in order to prevent the effects of rapid evaporation of
water. After the curing of the samples at this stage, the samples were
transferred to the curing box at a temperature of 20°C ± 1°C and
a relative humidity of more than 95% for 21 days of curing. After
curing, the surface moisture of the sample is dried in the oven, and
then it can be used for subsequent mechanical property testing.

2.3 Mechanical testing

The mechanical testing system is an MTS 816 electro-hydraulic
servo pressure tester with a maximum axial load of 459 kN, which
can perform uniaxial compression tests on geotechnical materials,
concrete and other materials. The uniaxial compression test is
conducted at four different loading rates of 1, 2, 3 and 4 mm/min
while keeping the parameters of the honeycomb structure constant.
The same conditions of the honeycomb structure to prepare three
for ensuring the accuracy of the results, a total of 12 uniaxial
compression test, the specific operating parameters and themain test
results are shown in Table 3. The Micro-II acoustic emission system
is used to collect real-time acoustic emission data generated during
mechanical testing. The monitoring system uses a piezoelectric
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TABLE 3 Experimental conditions of segmental cement-based honeycomb structure.

Loading rate
(mm/min)

Wall thickness
(mm)

Segment length
(mm)

Number of
segments

Initial peak load
(KN)

Cell radius (mm)

1

0.4 2.0 2

3.733

4.58
2 3.674

3 4.83

4 4.559

FIGURE 2
Force-displacement curve of a typical specimen.

ceramic acoustic emission transducer with a resonance frequency
of 140 kHz, a gain and sum value of 35 db, an impact time of 50 μs,
an impact interval of 300 μs, and an acquisition rate of 100 ms/time.

3 Results and discussion

3.1 Force-displacement characteristics

In order to explore the effect of loading rate on the mechanical
properties of segmental cementitious honeycomb structures in
out-of-face compression, it is first necessary to understand the
force-displacement response characteristics in the out-of-face
compression process. Figure 2 shows the force-displacement
curve of a typical segmental cement-based honeycomb structure
specimen. The loading process is divided into two stages.

In the first stage, the left part of the red line in Figure 3
experienced the load rise process. With the increase of loading
displacement, the load carrying capacity of the specimen rises
until it reaches the first peak point, which is the initial peak load.
Subsequently, the load falls down by about 50%. Because the typical
curve is obtained at a slower loading rate. In this case, the failure of
the honeycomb structure is relatively slow, and the indenter always

FIGURE 3
Force-displacement curves of honeycomb structures at different
loading rates.

maintains contact with the honeycomb structure, so the load drop is
small. The force-displacement curve then enters the second phase,
which is a wave-like cyclic phase. As the displacement increases,
the load rises again to the next peak, and the displacement between
the peaks is approximately equal to the section length (2 mm). At
this stage, there are multiple peaks, and the sizes of each peak
load are close to each other. The curve presents a cyclic change of
first increasing and then decreasing, and the peak-valley difference
gradually decreases, which is close to but slightly smaller than the
initial peak load.

Under different loading rates, the force-displacement
curves of segmental cement-based honeycomb specimens
are shown in Figure 3. After reaching the peak value, the force-
displacement curves of the honeycomb structures under different
loading rates all show a large drop, and the shapes of the different
peak cycles are also relatively similar. Because in the process of
loading, the honeycomb bracket has a certain brittleness, and
it breaks directly under pressure. At the same time, the cement
coating also breaks and collapses instantaneously when subjected
to pressure, so the contact force between the indenter and the
specimen almost disappears at this moment, resulting in the
force-displacement curve falling to almost zero.
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FIGURE 4
(A) Initial peak load; (B) Peak bearing capacity of each band.

3.2 Effect of loading rate on strength

As shown in Figure 4A, the loading rate has a significant effect on
the mechanical properties of segmental cement-based honeycomb
structures. As the loading rate increases from 1 to 4 mm/min, the
initial peak load of the sample increases from 3.73 to 4.56 KN. The
initial peak load at 3 and 4 mm/min is significantly higher than that
at 1 and 2 mm/min. The strength is close when the loading rate is
1 and 2 mm/min. The strength is similar when the loading rate is 3
and 4 mm/min.The increase in loading rate increases its initial peak
load by nearly a third.The increase of loading rate cannot lead to the
increase of initial peak load in time, but only when the loading rate
increases to a certain extent will the initial peak load increase.This is
becausewhen the loading rate is high, the honeycomb skeleton of the
same layer of segmental cement-based honeycomb structure may
be partially destroyed first, resulting in the multi-layer honeycomb
skeleton bearing the load at the same time, thus increasing the
overall bearing capacity. When the loading rate is low, the internal
stress distribution is more uniform, and the stress of the skeleton
can be extended to the adjacent skeleton in time after the failure, so
that the same layer of skeleton is nearly destroyed at the same time,
thus reducing the phenomenonofmulti-layer skeleton bearing at the
same time, resulting in a low bearing capacity.

According to the data in Figure 4B, it can be seen that the
peak loads in different bands are basically equal, and the overall
variation is small, which demonstrates the stability and continuity
of the strength of segmental cementitious honeycomb structures.
However, for the 1 mm/min specimen, the peak loads in the first
three bands are relatively stable, while the peak loads in the fourth
and fifth bands show a significant decrease, which may be attributed
to the uneven coverage of the cement film during specimen
preparation. This reveals the importance of the uniformity of the
cement slurry for segmental cementitious honeycomb structures,
and the uneven slurry coverage may seriously affect the structural
strength, stability, and energy-absorbing effect. Under normal
conditions, once the top skeleton is destroyed, the top of the

honeycomb structure is no longer flat, the integrity of the specimen
is damaged, and micro-damage begins to appear inside, resulting in
the subsequent peak load decreasing, resulting in the peak load of
the first frequency band of the specimen being higher than that of
the subsequent frequency band.

3.3 Energy absorption characteristic

EA characterizes the ability of a structure to dissipate energy
through plastic deformation, and is the total energy absorbed by the
structure throughout the compression collapse process, the larger
the value of EA represents the stronger energy absorption capacity
of the structure (Lu et al., 2017). It can be determined by the integral
area under the corresponding force-displacement curve and can be
calculated using Equation 1:

EA = ∫
d

0
F(x)dx (1)

As can be seen from Figure 5A, the experimental results show
that there are differences in the energy absorption properties of
the segmental cementitious honeycomb structures under different
loading rate conditions. When the loading rate is 3 mm/min, the
energy absorption curve of the specimen is always above the
other rate curves, showing the most excellent energy absorption
performance. This may be due to the fact that under the faster
loading rate, the stress concentration occurs inside the structure,
which makes it easier for the local honeycomb skeleton to reach
the energy-absorbing limit, thus reflecting a better energy-absorbing
effect in the whole. On the other hand, the energy-absorption
curves of the specimens with loading rates of 1 and 2 mm/min
gradually intersect with increasing displacement, and the energy-
absorption curves are close to and significantly lower than those
of 3 and 4 mm/min. This is because when the loading rate is
low, the phenomenon of multi-layer skeleton bearing at the same
time does not occur, and the impact energy cannot be transferred
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FIGURE 5
(A) Total absorption energy; (B) Average crushing load; (C) Crushing force efficiency.

effectively, thus limiting the overall energy absorption effect. When
the loading speed is 4 mm/min, the energy absorption effect is
different from that of 3 mm/min, because the loading speed is too
fast, whichmay cause serious deformation and even instability inside
the honeycomb structure. This will affect the energy absorption
properties of the structure, making it unable to effectively absorb the
impact energy.

The average crush load Pm is defined as the ratio between the
total energy absorption EA and the effective crush displacement
(Tian et al., 2023), characterizing the level of loading on the
structural specimen during the energy absorption process. It can be
calculated using Equation 2:

Pm =
EA
d

(2)

As can be seen from Figure 5B, the average crushing load of the
specimens showed a trend of increasing and then decreasing with
the increase of loading rate. When the loading rate is 3 mm/min,
the average crushing load increases from 1,332 kN to the maximum
of 2,816 kN, and when the loading rate increases to 4 mm/min, the
average crushing load decreases to 2,402 kN, indicating that there is
a threshold value for the influence of loading rate on crushing load.
When the loading rate is less than the threshold, the crushing load

increases with the increase of the loading rate.When the loading rate
is greater than the threshold value, the crushing load decreases with
the increase of the loading rate.

The compressive collapse force efficiency CFE is defined as the
ratio of the average compressive collapse load Pm to the initial peak
load Pmax.The higher the CFE value, the smaller the initial peak load
generated by the sample while dissipating a large amount of energy.
This shows that the better the load consistency of the structure,
the higher the CFE value, the better the impact resistance of the
structure. The calculation formula is as follows Equation 3:

CFE =
Pm
Pmax

(3)

It can be seen from Figure 5C that with the increase of loading
rate, the crushing force efficiency of the specimen has a consistent
change rule with the crushing load. In the interval of 1∼3 mm/min,
the compressive collapse force efficiency increases with the increase
of loading rate, and starts to decrease when the loading rate
exceeds 3 mm/min, which is consistent with the change of the
average compressive collapse load of the specimens in Figure 5B.The
total absorbed energy, the average crushing load and the crushing
force efficiency of the specimens with different loading rates show
identical trends, which are all increasing and then decreasing with
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FIGURE 6
Evolution characteristics of force and sound emission at different loading rates.

the increase of loading rate. The experimental results show that
the segmented cementitious honeycomb structure can give the best
performance at a loading rate of 3 mm/min.

3.4 Acoustic emission parameter
characteristics

The changes of load, acoustic emission count, cumulative
count and b value of the specimen under different loading rates
are shown in Figure 6. It can be seen from the figure that under
different loading rates, the force-displacement curve is a stable
wave-like curve, and the peak load and displacement distance of
each cycle are roughly equal. Each curve consists of a number of
approximately the same curve fluctuations, each segment represents
a layer of the specimen destroyed, the four specimens experienced
five fluctuations in the displacement are in the vicinity of 15 mm, is
the height of the 5-layer honeycomb skeleton, showing a high degree
of regularity, that is, each fluctuation in the force-displacement curve
of the specimen represents a layer of the honeycomb skeleton was
destroyed, the curve of each fluctuation traveled a distance equal to
the height of a single layer of the skeleton.

The characteristic parameters of acoustic emission have a
good correspondence with the force-displacement curves. The
acoustic emission signal is always generated during the whole

loading process, which means that the uniaxial compression test
is always accompanied by the closing, initiation, expansion and
penetration of microcracks. Therefore, the cumulative AE count
curve increases with the increase of loading time. The acoustic
emission counts and the force-displacement curves have an obvious
peak-to-peak relationship, and the peak of each force-displacement
curve fluctuation corresponds to the peak region of the acoustic
emission counts, which indicates that a large amount of damage
occurs in the segmental cementitious honeycomb structure at the
peak loading.The peak value of acoustic emission is slightly delayed
compared with the peak value of load, because the damage inside
the honeycomb sample is more intense after the peak value. Like the
fluctuation of force-displacement curves in each segment, the peak
counts and count distribution of acoustic emission counts in each
segment are approximately the same, so that the cumulative acoustic
emission counts rise slowly and steadily at a constant rate, and the
shape of the cumulative counts curve is close to a straight line of
the primary function. This result also confirms that the segmental
cement-based honeycomb structure is destroyed layer by layer.

The b-value is derived from seismic studies and is used to
express the relationship between the magnitude and frequency of
earthquakes with the equation shown in Equation 4:

lg N = a− bmsi/20 (4)
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where N is the frequency of earthquakes and msi is the magnitude.
a, b are constants.

In this experiment, the amount of acoustic emission data is
determined by the test time. Under the same displacement size, the
faster the loading rate and the shorter the experiment time, the less
AE data is obtained. The slower the loading rate and the longer the
experiment time, the more acoustic emission data can be obtained.
The number of B-value points is determined by the number of AE
data. The more AE data, the more B-value points, and the less AE
data, the fewer B-value points. When the loading rate is 4 mm/min,
although the number of B-value points is the least, it can still reflect
the change trend of B-value.

In acoustic emission monitoring, the b-value is a function of
the scale of crack extension inside the object, and the dynamic
change of the b-value is characterized by direct physical significance.
Theoretically, the b-value is negatively correlated with the degree
of damage within the material. An increase in the b-value during
the loading process implies an increase in the proportion of small-
scale events, and the microcracks within the material are in a stable
expansion state. The b value is constant or the fluctuation range is
small, indicating that the damage state of the microcrack inside the
material is relatively stable. The decrease of b value means that the
proportion of large events increases, and the microcracks inside the
material are mainly large-scale damage.When the B value fluctuates
greatly, it indicates that the micro-crack state changes suddenly,
indicating that sudden instability failure occurs.

Under uniaxial compression experiment, the change law of
AE b value is obvious under the four loading rates. b value,
AE count and load almost show the same change trend, and b
value and load rise or fall together. When b value and load reach
the extreme point, AE count also reaches the highest point. The
change curve of b value is consistent with the change curve of
load. The change of b value indirectly reflects the damage and
crack development inside the specimen. At the initial stage of
uniaxial loading, the b-value increases, which indicates that the
microcracks inside the specimen are in a stable state of expansion
at the beginning of loading, and the acoustic emission b-value
fluctuates as the load comes to the peak and then falls down,
and then there is a large decrease, at which time, the top layer of
the honeycomb skeleton is greatly damaged, and the honeycomb
structure of this layer is in an overall collapse.With the loading of the
second wave band, the acoustic emission b-value fluctuates, which
may be caused by the destruction of the remaining honeycomb
skeleton in the first layer and the compression of the honeycomb
skeleton in the lower layer at the same time, under which the
destruction of microcracks inside the honeycomb specimen is
relatively stable.The trend of “b value decreasing - b value increasing
- decreasing - increasing” again verifies the progressive damage
mode of the segmental cementitious honeycomb structure layer by
layer. At the same time, the size of b-value is generally more stable,
without obvious large-scale changes, indicating that the damage
state of microcracks inside the material is generally slow, which
reflects the stability of the segmental cementitious honeycomb
structure.

The acoustic emission characteristics of the specimens at
different loading rates are still different. When the loading rate is
low, the size of the AE count is relatively average. As the loading

rate increases, the difference between the high and low counts of
the acoustic emission counts gradually increases, and the counts
fluctuate significantly, indicating that the crack extension of the
specimens is more stable at lower loading rates compared with
higher loading rates, and at higher loading rates, the thin cement
layer is more brittle, and collapses more rapidly under high-speed
compression. At loading rates of 1 and 2 mm/min, the b-values of
the specimens are more stable, and the b-values of the neighboring
points are closer to each other, while the b-values of the specimens
fluctuate relatively obviously at loading rates of 3 and 4 mm/min.
This also indicates that the crack extension of the specimens at
lower loading rates is more stable compared with higher loading
rates, and the b-values of the specimens with higher loading rates
are also larger, which again indicates that the higher the loading
rate, the more intense the damage of the specimens. The effect
of loading rate on b value is greater than that on cumulative AE
count. The acoustic emission counts of the specimens under the
four loading rates do not differ much, while the b-value changes
and sizes are more obviously differentiated, which suggests that
the b-value is more sensitive to the different loading rates, and is
more responsive to the damage characteristics of the segmented
cementitious honeycomb structure under the influence of the
different loading rates.

3.5 Fracture crack type characteristics

In order to study the crack propagation of honeycomb structures
under different loading rates and characterize the internal cracks and
damage of materials. The scatter map is drawn by combining RA
and AF parameters, and the distribution of AE RA-AF values under
uniaxial compression is analyzed.

AF = count/duration, RA = rise time/amplitude.
It is usually considered that the corresponding acoustic emission

RA-AF signals are characterized by “low AF and high RA”
corresponding to the form of damage for shear damage, and on the
contrary, “high AF and low RA” for tensile damage, so the diagonal
line of the distribution of RA-AF values is used as the dividing line
between tension cracks and shear cracks.Therefore, the diagonal line
of the RA-AF value distribution graph is used as the dividing line
between tension cracks and shear cracks, and the judgment method
is shown in Figure 7A.

The RA-AF distributions of the specimens at different loading
rates are shown in Figure 7B. The red part has the densest number
of dots, followed by the green part, and the blue part has the
sparsest number of dots. The scatter distributions are denser near
the origin of the coordinates and sparser away from the origin of
the coordinates. In the scatter plot, the RA value intercepts the part
between 0 and 1,000 ms/V, and the AF value intercepts the part
between 0 and 100 kHz.

It can be seen from the figure that AF values of honeycomb
structures are small at each loading rate, and the scatter distribution
is mainly concentrated in the vicinity of RA, mainly shear cracks.
With the change of loading rate, the proportion of tension cracks
and shear cracks is basically unchanged. The percentage of shear
cracks in the four specimens is only slightly higher than that of
tension cracks, and the shear cracks are less, which may be due to
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FIGURE 7
(A) Crack distribution diagram; (B) RA-AF distribution and crack type proportion of samples at different loading rates.

the fact that the cement layer is thin, and many places do not satisfy
the conditions for shear crack generation. In conclusion, the change
of loading rate has a minimal effect on the type of cracks in the
segmental cementitious honeycomb structure.

4 Conclusion

In this paper, static uniaxial external compression experiments
were carried out on segmental cementitious honeycomb structure,
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exploring the force-displacement curves, acoustic emission
characteristics and the changing law of energy absorption
characteristics of segmental cementitious honeycomb structure
under different loading rates, which is a useful exploration for
the large deformation of the tunnel support and rock explosion,
impact pressure and other power disasters such as energy-absorbing
stabilization control. The main conclusions are as follows:

(1) When the loadwas 1 mm/min, the peak load of the subsequent
wave band showed a large decrease, which was caused by the
uneven cement slurry on the honeycomb skeleton. When the
cement of the honeycomb structure is uniformly grouted, the
peak loads of each band are basically equal, and the overall
change is small; while when the grout of the honeycomb
structure is unevenly grouted, there is a large decrease in
the peak load of a certain band, which in turn affects
the stability of the structure. Therefore, future research on
the use of honeycomb skeleton and cementitious materials
to prepare composite honeycomb structures should further
optimize the process preparation process, so that the outer
cementitious material can evenly cover the inner skeleton, so
as to ensure the strength and overall stability of the honeycomb
structure.

(2) The variation of loading rate has little effect on the fluctuation
of force-displacement curve of honeycomb structure, which
mainly affects the peak load and energy absorption index of
the honeycomb structure.When the loading rate was increased
from 1 to 4 mm/min, the force-displacement curves showed
obvious periodicity, and the initial peak load, total energy
absorption, crushing load and crushing efficiency all increased
and then decreased with the increase of loading rate, and
the maximum values all appeared at 3 mm/min. Segmental
cement-based honeycomb structures have good mechanical
properties and energy absorption properties at high loading
rates, but poor properties at low loading rates. Therefore, the
actual working conditions should be fully considered when
designing and selecting segmental cement-based honeycomb
structures.

(3) The b-values and counts of acoustic emissions showed cyclic
variations. The increasing and decreasing b-values and counts
reveal that the honeycomb structure undergoes a stable stage
of microcrack development under loading, and then suffers
large-scale damage in the first layer of the honeycomb structure
when it reaches the peak load; this cyclic process verifies the
layer-by-layer damage of segmental cementitious honeycomb
structures. The loading rate affects the b-value and the counts
as well, and a faster loading rate leads to a more drastic
change in the b-value, which indicates that the microcracks
in the honeycomb structure develop faster and the damage
is more severe; the increase in the total counts also indicates
that the destruction of the honeycomb structure is more
complete when the loading rate is faster. The RA-AF values
show that the proportion of shear cracks in the honeycomb
structure is higher than that of the tensile cracks, and the
effect of the loading rate on the crack type is smaller, as the
loading rate increases. has less effect and the crack type hardly
changes as the loading rate increases.
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