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Editorial on the Research Topic

Recent advances in durability improvement and low-carbon strategy of
engineering materials and structures
s

Introduction

The pursuit of low carbon and durable civil engineering materials and structures
is a crucial step towards achieving sustainable development in society. Currently, civil
engineering faces challenges including high carbon emissions from the production of
materials, complexmanufacturing and construction processes for structures, and significant
life-cycle management and maintenance costs. It is urgent to explore a comprehensive
path to sustainability that spans material research and development, structural design, and
life-cycle theoretical innovation.

It is a matter of great pride and gratification to come up with the Research Topic for
Frontiers in Materials: Recent advances in durability improvement and low-carbon strategy
of engineering materials and structures. The papers covering the following topics (but not
limited to) were collected and published (after rigorous peer review) for this Research
Topic: 1) low carbon, 2) high performance, 3) durability, 4) construction, 5) structure,
6) long-term performance, 7) strengthening, and 8) life-cycle. For low-carbon building
materials, the performance of recycled concrete and cement soil was investigated (Zhao
et al.; Liu et al.), and the quality grade assessment and fracture failure mechanism were
analyzed within a theoretical framework. On the basis of low-carbon materials research, we
must innovate current structural forms to match new materials. Therefore, a new bridge
structure design method and combined structure connection system based on UHPC
are proposed, and their mechanical properties are obtained through a series of well-
designed tests (Li et al., Jiang et al.). With the material foundation and structural design
established, engineers are increasingly focused on the reliability of healthmonitoring during
both construction and operation. A method was proposed to enhance the longitudinal
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thrust stiffness of the buckle tower by leveraging the joint effect
of approach bridges, achieving full equilibrium for the horizontal
component of the backstay force in cable-stayed arch bridges
(Wang et al.). The monitoring method for detecting debonding
between concrete beams and reinforced steel plates, based on
piezoelectric smart materials, was also updated to improve the
construction quality (Wang et al.). Under the long-term effects of
harsh service environments, even the most robust structures will
suffer performance degradation, such as cracking, spalling, and
reduced bearing capacity. Among them, high temperature and salt
erosion are common afflictions that can easily degrade the properties
of the concrete matrix. It is crucial to understand the deterioration
mechanism and design the corresponding countermeasures (Wang
et al., Li et al.). At the same time, reinforcing deteriorating structures
is often preferred as it is more economical than demolishing
and rebuilding them. A new strengthening technique, based on
multifacetedwrappingwithUHPC, is proposed, and themechanism
by which it enhances damaged structures is studied (Jiang et al.
). The influence of various reinforcement methods and interface
treatments on the damaged RC beams reinforced with UHPC was
analyzed by in-situ tests (Song et al.). In addition, some articles
provide us with research progress related to the Research Topic,
including the performance of new concrete and geomaterials,
optimization of new construction machinery and equipment, and
the basic performance of structural foundation systems. All the
articles on this Research Topic provide reliable theoretical support
for the low carbonization and durability optimization of civil
engineering materials and structures.

This Research Topic has provided multidisciplinary research
opportunity to present the state of the art in the development of
durability improvement and low-carbon strategies for engineering
materials and structures. Additionally, this platform has played
a vital role in connecting prominent scientists, researchers, and
scholars from around the globe.

We are quite sure that this book will play a role catalyst
to have a more extensive exploration of low-carbon building
materials and high-performance durable structures for various
technological applications to address unresolved Research Topic in
civil engineering, including bridge engineering, tunnel engineering,
structural engineering, and geotechnical engineering.
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Experimental study of high
temperature on the shear
properties of early-age concrete

Meilin Li and Fei Gan*

College of Civil Engineering, Guizhou University, Guiyang, China

Fire accidents happen randomly which may occur in the construction of concrete
buildings. In this study, the effects of high temperature and curing ages on shear
properties of early-age concrete were experimentally studied. The pore structure
of early-age concrete before heating, after heating, and re-curing after heating
were examined through nuclear magnetic resonance and scanning electron
microscope tests. Experimental results reveal that high temperature treatment
of early-age concretemultiplies the number of pores but has little influence on the
change of pore size distribution, while the re-curing treatment reduces pore size
but has little influence on the change of pore numbers. Under the same exposed
temperature, the shear strength of concretes before heating, after heating, and re-
curing after heating increases gradually with curing ages. For concretes with
certain curing ages, the shear strength increases first and then decreases with the
exposed high temperature. While the cohesion and internal friction angle show a
negative relationship with elevated temperature. The research can provide base
data for buildings encountering fire accidents.

KEYWORDS

early age concrete, thermal effect, shear behavior, NMR, fire

1 Introduction

Fire has been one of the major threats to the safety of buildings. The mechanical
properties of concrete after fire have become one of the research hotspots (Nadeem et al.,
2014; Khan and Abbas, 2015; Laim et al., 2022). Fire accidents happen randomly and many
of them happen during the construction period of concrete buildings. For example, a large
fire accident happen in a reinforced concrete building in Wuhan, China only after 3 days of
concreting (Wang et al., 2022). The physical-mechanical properties and durability of
concrete show significant degradation after exposure to high temperature. Hence, it is
crucial to understand the thermal damage behavior of early-age concrete after fire.

The thermal damage behavior of concrete has been widely investigated since the
1940s. The compression strength (Pan et al., 2018; Monte et al., 2019; Zhao et al.,
2021a), thermal conductivity (Nguyen et al., 2019), composite behavior (Xotta et al.,
2015), dynamic behavior (Bi et al., 2020), and microstructure change (Liu et al., 2018;
Jia et al., 2019) of concrete exposed to elevated temperature have been investigated
through experimental works. Previous studies have illustrated that the mechanical
properties of concrete suffered significant degradation when exposed to high
temperature. The degradation mechanism of concrete strength can be attributed to
three reasons: 1) incompatibilities between the aggregates and the cement paste (Zhao
et al., 2021b); 2) chemical changes (such as siliceous aggregates transforming from α

phase to β phase) (Masse et al., 2002); 3) and moisture transport (Lim and Mondal,
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2014; Ahn et al., 2016). It should be noted that these
experimental works mainly focused on the thermal behavior
of in-service concrete. Research on the thermal behavior and
mechanical properties of early-age concrete, however, is less
studied. It is well known that the microstructure and chemical
composition of early-age concrete is quite different from that of
concrete in service due to inadequate hydration (Wang et al.,
2022). Some scholars have explored the effect of temperature on
the mechanical properties of early age concretes. For example, Li
et al. (Li et al., 2017) presented a comprehensive experimental
study on the degradation of mechanical properties of cement-
based materials at their early age after fire. Chen et al. (2009)
investigated the splitting tensile strengths of early-age concretes
after heating up to 800°C. Yuan et al. (2021) studied the cracking
resistance of early-age concrete under elevated temperatures.
Shu et al. (2021) analyzed the compressive strength and tensile
strength of early-age concrete after high temperature treatment.
Previous studies mainly focus on the compression or tension
properties of early-age concrete. Research on the shear
properties of early-age concrete, however, is very limited,

especially under the effect of thermal damage. Shear failure
has been detected in many concrete structure engineerings in
practice. For example, tunnel lining concrete may suffer shear
damage due to the rupture of surrounding rock or the excavation
of an adjacent tunnel (Zhang et al., 2018; 2019; Zhao et al., 2020;
Zhao et al., 2021a).

In this study, the effect of high temperature on the shear
properties of early-age concrete is experimentally studied. Pore
structure evolution of early-age concrete before heating, after
heating, and re-curing after heating is investigated through NMR
and SEM tests.

2 Experimental study

2.1 Specimens preparation

Cement-based materials were used in this study. Cubic
specimens were prepared with size of 70 × 70 × 70 mm. They
were made of white Portland cement, water, and standard sand.

FIGURE 1
Schematic diagram of test procedure (Wang et al., 2022).
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First, these materials were stirred in a cement mixer and
then placed into 70 × 70 × 70 mm molds. After casting
for 1 day, the mixtures were demoulded and were placed in a
curing room with a constant temperature of 25 °C and humidity
of 90%.

After the specimens were cured for certain days, they were
exposed to high temperature to simulate fire conditions. To
investigate the effects of curing ages on the shear behavior of
thermal-damaged concretes, four curing ages (i.e. 3, 7, 14, and
28 days) were designed.

2.2 Test procedure

Figure 1 shows the sketch of the test procedure. After specimens
were cured for certain days, NMR tests were first carried out on the
early age concrete to obtain the initial pore structure. Then, these
early-age concrete specimens were heated through an electrical
heating furnace with a heating rate of 5 °C/min. Previous studies
suggest that concretes exposed to temperature over 600 °C exhibited
serious damage and the mechanical properties were degraded
significantly (Li et al., 2017). Therefore, in this study, four groups
of temperature (room temperature, 150°C, 350°C, and 550°C) were
set. To evaluate the repairability of thermal-damaged concretes, the
early-age concretes were re-cured for another 28 days. NMR tests
were carried out again to investigate the pore changes induced by
thermal damage and the re-curing process. Finally, direct shear tests
were conducted on these thermal-damaged concretes.

3 Experimental results and analysis

Figure 2 shows the T2 distribution of early-age concretes before
heating, after heating, and re-curing after heating, respectively. All
NMR tests were successively carried out on specimens with different
curing ages, with the main results being exemplified by specimens
with a curing age of 14 days. As shown in the figure, all T2 curves
exhibited two peaks, which correspond to the micro-pores and
macro-pores, respectively. High temperature causes thermal
damage to early-age concrete. Compared to the initial curve, the
T2 area is significantly enlarged after exposure to high temperature.
Both the two T2 peaks become higher after the high temperature
treatment, while the position of the peaks remains unchanged.
Previous studies indicated that the T2 peak represents the
number of pores and the T2 distribution reflects the form of the
pore size distribution (PSD) (Frosch et al., 2000; Weng et al., 2018;
Zhao et al., 2022). Therefore, high temperature treatment of early-
age concrete multiplies the number of pores but has little influence
on the change of PSD. Moreover, the multiple of pores increases
with the exposed temperature. For example, for samples heating up
to 150°C and 550°C, respectively, the amplitude of the first T2 curve
increased by 29.654 and 78.822 a. u., respectively.

After heating, the early-age concretes were re-cured for another
28 days. The T2 curve of re-cured concrete after heating is also
presented in Figure 2. As shown in the figure, the T2 curve shits to
left on the T2 relaxation time axis but the amplitude of the T2 peaks
remains nearly unchanged. This indicates that pore size decreased
after re-curing but the number of pores kept unchanged.

3.2 Effect of curing ages on shear properties

Figure 3 shows the peak shear strength of tested specimens with
varied curing ages. Note that average values are presented from three
identical specimens. As expected, the peak shear strength of early-
age concrete before heating increases with the curing ages due to the
cement hydration reaction. After exposure to different high
temperatures, one group of specimens was used to carry out
shear tests directly, while the other group was re-cured for
another 28 days.

FIGURE 2
T2 distribution of early-age concretes (14 days curing ages)
before heating, after heating, and re-curing after heating (A) exposed
to high temperature of 150°C; (B) exposed to high temperature of
350°C; and (C) exposed to high temperature of 550°C.
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The peak shear strength of concretes after heating shows a
similar changing trend to that of specimens before heating, i.e., the
shear strength increases with curing ages. After re-curing, the peak
shear strength increases to a certain level depending on the curing
ages. In general, the strength recoverability decreases with the curing
ages. For example, in the case of re-cured concretes after exposing to
350°C, the peak shear strength increased by 0.93, 0.6, 0.24, and
0.15 MPa for concretes with 3, 7, 14, and 28 days curing ages,
respectively.

To further interpret the test results, SEM tests were carried out
on concretes with different curing ages before heating, after heating,

and re-curing after heating. Figure 4 shows the SEM images of the
concretes before heating. With the increase of curing ages, the
hydration products (such as C-S-H, CH) increase gradually,
which results in the enhancement of concrete density and
integration. For specimens with curing ages of 3 and 7 days, the
degree of hydration is very low. There exist a lot of free water and
pore voids within the material. Therefore, the flocculent structure of
hydration products and the internal structure are loose (Li et al.,
2017). While for specimens with curing ages of 14 and 28 days, the
degree of hydration is much higher than the one with 3 and 7 days
curing ages. A larger number of hydration products are generated

FIGURE 3
Peak shear strength of tested specimens with varied curing ages under.

FIGURE 4
SEM images of the concrete before heating with curing ages; (A) 3 days and (B) 14 days.
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which results in a decrease in free water and porosity. Hence, the
flocculent structure of hydration products and the internal structure
become denser. This provides an explanation that the peak shear
strength of early-age concrete before heating increases with the
curing ages.

Figure 5 shows the SEM images of the concretes after exposure
to temperature of 350°C with different curing ages. Thermal-
induced cracks are observed at this temperature regardless of
curing ages. In the case of concretes with curing ages of 3 and
7 days, thermal-induced cracks were induced because of the loose
internal structure. Although the integrity of concretes with 14 and
28 days curing ages are denser, the free water and crystal water were

difficult to release when subjected to high temperature, leading to
high water vapor pressure inside the specimen. As a result, thermal-
induced cracks were also observed in concretes with 14 and 28 days
curing ages.

Figure 6 shows the SEM image of the concretes (curing ages
7 days) re-curing after heating to 350°C. By detail examining the
SEM image of the specimen, there are many remnants of hydration
products within concretes after re-curing. For the specimens with
curing ages less than 28 days, the degree of hydration is low. The less
the curing ages before heating, the less the hydration products. After
re-curing, many remnants of hydration products were generated,
especially for specimens with low hydration degrees. As shown in
Figure 6, these remnants of hydration products can fill the voids or
cracks induced by thermal damage, hence improving the specimen
strength. Since the specimen with 3 days curing ages before heating
had the largest cement continuing to hydrate, the shear strength
increment after re-curing was the largest compared to the concretes
with other curing ages.

3.3 Effect of high temperature on shear
properties

3.3.1 Peak shear strength
Figure 7 shows the peak shear strength of early-age concretes

under different temperature treatments. Under the same curing
ages, the peak shear strength of early-age concretes increases first
and then decreases with the exposed high temperature. For example,
the peak shear strength of concretes at curing ages of 14 days is
4.55 MPa before heating, which increased to 4.79 MPa when heating

FIGURE 5
SEM images of the concretes after exposure to temperature of 350°C with different curing ages; (A) 3 days; (B) 7 days; (C) 14 days; and (D) 28 days.

FIGURE 6
SEM image of concrete (curing ages 7d) re-curing after heating.
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to 150°C. While exposed to temperature of 350°C and 550°C, the
peak shear strength of early-age concretes decreased to 3.67 and
2.12 MPa, respectively.

The main characteristic of early-age concrete is inadequate
hydration reaction. The effect of high temperature on the early-
age concrete is twofold. On the one hand, high temperature
treatment can accelerate the hydration process. Meanwhile, the
evaporation of free water may dehydrated the C-S-H gel, which
results in the hardening of the cement slurry, and an increase in
the chemical bonding forces (Kocak and Nas, 2014; Li et al.,
2021). These factors cause an increase in the peak shear strength.
On the other hand, thermal damage occurs in concrete when
exposed to high temperatures. High temperature can cause
microstructural changes in cement pastes, and produce

thermal stress which induces micro-cracking in concrete. As a
result, the strength of thermal damaged concretes is less than that
of unheated concretes.

In the case of early-age concretes exposed to 150°C, the thermal
damage to the concrete can be ignored. As shown in Figure 8, no
obvious cracks are observed on the concrete surface. While the
hydration reaction is promoted and the chemical bonding forces is
strengthened, leading to an increase in shear strength. In the case of
early-age concretes exposed to 350°C, part of the chemical-bound
water is removed. Several micro-cracks are observed on the crack
surface due to high temperature. Although the accelerated hydration
of cement improves the shear strength, the damage to concretes is
more significant due to the thermal cracking. Therefore, the peak
shear strength of early-age concrete exposed to 350°C is lower than

FIGURE 7
The peak shear stresses of early-age concrete under different temperature treatments.

FIGURE 8
Early-age concretes (14d) after high temperature treatment.
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that of unheated specimens. After exposure to 550°C, both physical
and chemical bond water are released completely. Thermal-induced
micro-cracks increase considerably causing macroscopic damages in

early-age concretes. As shown in Figure 8, a large number of cracks
are observed on the concrete surface. These cracks coalesced causing
a rapid decrease in shear strength.

FIGURE 9
Cohesion of early-age concrete (14d) under different temperature treatments.

FIGURE 10
Internal friction angle of early-age concrete (14d) under different temperature treatments.
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3.3.2 Shear strength parameters
To obtain the shear strength parameters, additional shear tests

were conducted under different normal stresses. Previous studies
have indicated that normal stress can considerably enhance the
shear resistance of concretes (Zhang et al., 2019; Zhang et al., 2020).
Experimental results show that with the increase of normal stress,
the peak strength of specimens for the same temperature treatments
increases linearly. The Mohr-Coulomb criterion can be used to
describe the relationship.

τf � c + σN × tan φ( ) (1)
where τf and σN represent the peak shear stress and normal stress,
respectively, c and φ are the cohesion and internal friction angle,
respectively.

Figure 9 shows the evolution of cohesion c with exposed
temperature. With the increase of exposed temperature, cohesion
c decreases linearly. Meanwhile, concretes with less curing ages
exhibited more reduction of cohesion under the same thermal
treatment conditions. However, this tendency was not found in
the evolution of internal friction angle with exposed temperature. As
shown in Figure 10, the internal friction angle decreased nonlinearly
with temperature. For example, the internal friction angle decreased
by 4.38%, 17.67%, and 65.9% for specimens with 14 days curing ages
when the specimens were heated to 150 °C, 350 °C, and 350 °C,
respectively. In general, both the nominal cohesion and internal
friction angle were reduced after high temperature treatments.
Therefore, thermal damage can result in deterioration of shear
resistance of concrete, especially for concretes with less curing ages.

The cohesion of concretes consists of two parts: 1) interlock
between cement and aggregate; 2) adhesion between the
cementitious pastes and the aggregates (Zhang et al., 2019).
Previous studies show that temperature below 550°C removes the
physical and chemical water which mainly causes the damage of
cement pastes but has little influence on the aggregates (Zhao et al.,
2021a). The thermal damage destroys the cementations matrix
leading to the weakening of the cement-aggregate interlock and
adhesion. Hence, the concrete cohesion decreases linearly with the
exposed temperature.

Internal friction angle includes two portions: contact friction
and shear dilation (Wong et al., 2007). After high temperature
treatment, the pore structures become loose due to the removal of
physical and chemical bound water. This change of microstructure
may result in a decrease in shear dilation angle and friction
resistance of concrete. Such reduction increases with the exposed
temperature. Hence, the concrete internal friction angle decreases
non-linearly with the exposed temperature.

4 Conclusion

In this paper, a comprehensive experimental study on shear
properties of early-age concretes under elevated temperature is
presented. Microstructure characteristic of early-age concretes
before heating, after heating, and re-curing after heating is
analyzed through NMR and SEM tests. The following
conclusions can be drawn.

(1) NMR test results show that the peaks of the T2 curve become
higher after the high temperature treatment, but the
position of the peaks remains unchanged. This indicates
that high temperature treatment of early-age concrete
multiplies the number of pores but has little influence on
the change of pore size distribution. After re-curing, the T2

curve shits to left but the amplitude of the T2 peaks remains
nearly unchanged, indicating that re-curing treatment
reduces pore size of concretes but has little influence on
pore numbers.

(2) Under the same exposed temperature, the shear strength of
concretes before heating, after heating, and re-curing after
heating increases gradually with curing ages. The peak shear
strength of early-age concrete before and after heating increases
with the curing ages due to the cement hydration reaction. After
re-curing, many remnants of hydration products were
generated, which fill the voids or cracks induced by thermal
damage, hence improving the specimen strength.

(3) High temperature treatment can accelerate the hydration
process but also cause thermal damage occurs in concrete.
Therefore, the peak shear strength of early-age concretes
increases first and then decreases with the exposed high
temperature.

(4) Cohesion and international friction angle were altered due to
thermal damage. Both of them decreased over exposed
temperature. This can be attributed to that thermal damage
destroying the cementations matrix leading to the weakening of
the cement-aggregate interlock and adhesion.
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Ultra-high performance concrete has excellent mechanical properties such as
ultra-high strength and high durability, and has a broad application prospect in the
field of bridge engineering. Tomake full use of the superior mechanical properties
of UHPC and reduce the cost of the bridge, the particle swarm optimization
algorithm is used to optimize the structural design of the UHPC beam bridge;
Aiming at the problem that the traditional particle swarm optimization algorithm is
easy to fall into local optimum, the nonlinear adaptive weight update method is
used to improve the particle swarm optimization algorithm. Based on the above-
mentioned improved particle swarm optimization algorithm, the optimal design
method of ordinary reinforced UHPC beams and prestressed UHPC beams with
commonly used highway spans is studied. The reliability of the optimized
structural limit state is analyzed by Monte Carlo (MC) importance sampling
method. The results show that compared with the traditional particle swarm
optimization algorithm, the improved particle swarm optimization algorithm has
higher convergence speed and convergence accuracy. The optimal height-span
ratio of ordinary reinforced UHPC beams decreases with the increase of the span,
and the construction cost gradually increases; The optimal height-span ratio of
the prestressed beam decreases first and then increases with the increase of the
span, and the construction cost gradually increases. The calculation results of load
capacity reliability indexes of optimization results are all higher than the target
reliability indexes of similar components stipulated in China’s “Uniform Standard
for Structural Reliability Design of Highway Engineering”.

KEYWORDS

ultra-high performance concrete, simply supported beam bridge, optimization design,
improved particle swarm optimization, reliability

1 Introduction

Compared with conventional concrete, UHPC, designed based on particle packing
theory, has excellent durability and significant compressive strength (Zhou et al., 2022; Ke
et al., 2023a; Zhou et al., 2023). And UHPC can be combined with carbon fiber-reinforced
polymer for high load or corrosive environments (Ke et al., 2023b; Ke et al., 2023c).
Incorporating UHPC materials into bridge engineering structures can effectively reduce the
structural weight and improve durability, and has broad application prospects (Zhou et al.,
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2018; Xue et al., 2020). To make full use of the excellent performance
of UHPC and minimize the cost, it is necessary to optimize the
design of UHPC simply supported beam bridges.

At present, a lot of research has been carried out on the optimal
design of concrete beams at home and abroad. Giuseppe et al. (Quaranta
et al., 2014) used a special technique based on differential evolution to
minimize the cost of prestressed concrete beams. Guo and Zhang (2022)
proposed a multi-objective model for the optimal design of reinforced
concrete beams, where the optimal solution involves a trade-off between
cost and deflection. Zekeriya et al. (Aydın and Ayvaz, 2013) optimized
the overall cost of prestressed concrete bridges based on an improved
hybrid genetic algorithm, considering working stress, ultimate strength,
ductility limit, deflection, and geometric constraints. Akintunde (2021)
carried out cost optimization of tension reinforcement in structural
members by artificial neural networks. The results show that artificial
neural network (ANN) can be used to design single-reinforced
rectangular beams that minimize the cost of reinforced concrete
beams while meeting code requirements. Although there are many
methods for the optimal design of simply supported concrete beam
bridges, most of them have the disadvantages of complex algorithms,
large amounts of calculation, and difficulty in determining parameters.

Particle Swarm Optimization (PSO) is a concept of swarm
intelligence that draws inspiration from neuroscience, cognitive
psychology, social behavior, and behavioral science research (Wang
et al., 2021). It is mainly used in the field of optimization (Jain et al.,
2018; Aje and Josephat, 2020). In recent years, the PSO has been
gradually applied in the field of civil engineering. For example,Wei et al.
(2022) solved the reasonable main cable curve of the suspension bridge
through the improved particle swarm optimization, and compared it
with the N-R iterative method and the finite element method. The
results show that the proposed improved particle swarm optimization
method has high accuracy and fast calculation speed. Khajehzadeh et al.
(2011) developed an improved particle swarm optimization method to
optimize the design of the extended foundation and retaining wall so
that the total cost is the lowest under the constraint conditions. Luh and
Lin (2011) proposed a two-stage PSO-based optimization scheme for
truss structures. Although PSO algorithms have been applied to the field
of structural engineering, there is limited literature on the optimization
of UHPC simply-supported beams.

In this article, based on the improved particle swarm optimization,
the optimal design of the UHPC simply supported beam bridge is
carried out with the lowest cost of the main beam of the superstructure
as the objective function. Ordinary reinforced UHPC beams with spans
of 10, 13, 16, 20, 25, and 30 m and prestressed UHPC beams with spans
of 20, 25, 30, 35, 40, and 50 m were studied. The influence of the bridge
span and the height of the main beam on the cost is respectively
analyzed in this paper. Finally, The Monte Carlo importance sampling
method is used to analyze the reliability of the limit state of the load-
carrying capacity and the serviceability limit state of the optimization
results and compare the reliability levels of structures with different
spans and different height-span ratios.

2 Particle swarm optimization

Each particle in the particle swarm optimization algorithm
represents a point in the d-dimensional space, and each particle has
its own speed and position, as well as the fitness value of the

corresponding objective function. Assuming that each particle is a
small bird in a flock of birds, the position and speed of each bird
are different. To achieve the purpose of finding food, each small bird
constantly adjusts its position according to its own experience and that
of its companions The flight speed changes its own position; the position
closest to the food experienced by each bird during the flight is called the
individual optimal position, and the optimal position where the entire
population can find food at present is called the global optimal position.

In the standard particle swarm optimization algorithm, the
position and velocity of the ith particle in the d-dimensional
search space are denoted by Xi(xi,1, xi,2. . . xi,d) and Vi = (vi,1,
vi,2. . . vi,d) respectively. In each iteration, the particle updates its
velocity and position through the optimal solution Pi = (pi,1, pi,2. . .
pi,d) found by itself and the optimal solution Pg = (pg,1, pg,2. . . pg,d)
currently found by the entire population. At the same time, a certain
inertial velocity is retained, to achieve the purpose of generating new
populations. Particles update their velocity according to the Eq. 1
and update their positions according to Eq. 2. Position update is
realized by speed update (Zhong et al., 2022).

vi,j t + 1( ) � wvi,j t( ) + c1r1 pi,j − xi,j t( )[ ] + c2r2 pg,t − xi,j t( )[ ] (1)
xi,j t + 1( ) � xi,j t( ) + vi,j t + 1( ), j � 1, 2, . . . .d (2)

where w is the inertia weight, which generally takes the value range
between 0.4 and 0.9; c1 and c2 are the learning factors, which
generally take c1 and c2 as 2; r1 and r2 take the random numbers
uniformly distributed between 0 and 1; t is the number of iterations
(Marini and Walczak, 2015).

2.1 Self-adaptive particle swarm
optimization

The Self-Adaptive Particle Swarm Optimization (SAPSO)
improves the convergence speed and optimization effect of the
algorithm by introducing an adaptive mechanism. The SAPSO
algorithm solves the imbalance problem between the ability to
search the local optimal solution and the global optimal solution
of the PSO algorithm, and changes the constant inertia weight
coefficient to a nonlinear inertia weight coefficient that
dynamically changes according to the fitness value (Chun and
Zhenglin, 2012). The equation is as follows:

w �
w min − w max − w min( ) × f − f min( )

favg − f min( )
f≤favg

w max f>favg

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(3)

where f is the current fitness value of the particle; favg is the average
fitness value of all the current particles of the particle; fmin is the
minimum fitness value of all the current particles of the particle;
wmin, wmax are the minimum and maximum values of inertia
coefficient, generally take wmin = 0.4, wmax = 0.9.

In Eq. 3, the inertia coefficient changes with the change of particle
fitness.When the fitness of each particle tends to be the same or tends to
be the optimal solution, the inertia coefficient will increase, otherwise
the inertia coefficient will decrease. The inertia coefficient is smaller for
particles with better-than-average fitness values, and conversely, it is
larger for particles with worse-than-average fitness values.
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2.2 Breed particle swarm optimization

Breed Particle Swarm Optimization (BPSO) is an algorithm
obtained by referring to hybridization in genetic algorithm based on
the standard particle swarm algorithm (Chun and Zhenglin, 2012).
After each iteration of the algorithm is completed, a certain number
of particles are randomly selected for hybridization according to a
certain hybridization probability, and the same number of offspring
particles (child) are generated by hybridization, and the offspring
particles are used to replace the parent particles (parent). Through
the hybridization operation, the diversity of the particle population
is increased, which is conducive to the optimization results jumping
out of the local optimal solution. The calculation equation of
offspring position is as follows.

child x( ) � p · parent1 x( ) + 1 − p( ) · parent2 x( ) (4)
child x( ) � 1 − p( ) · parent1 x( ) + p · parent2 x( ) (5)

where p is a random number between 0 and 1; parent1 (x) is the
position of the first parent particle; parent2 (x) is the position of the
second parent particle.

The velocity equations of the offspring particles are as follows.

child v( ) � parent1 v( ) + parent2 v( )
| parent1 v( ) + parent2 v( ) | | parent1 v( ) | (6)

child v( ) � parent1 v( ) + parent2 v( )
| parent1 v( ) + parent2 v( ) | | parent2 v( ) | (7)

where parent1 (v) is the velocity of the first parent particle; parent2
(v) is the velocity of the second parent particle.

2.3 Improved particle swarm optimization

The improved particle swarm optimization (IPSO) is based on
the BPSO, adding an algorithm for selecting a hybrid operation, that
is, after each iteration is completed, the fitness values are sorted, and
the target fitness value is selected from it. After each iteration is
completed, the fitness values are sorted, and some particles with

good target fitness are selected from them to directly enter the next-
generation, instead of simply randomly selecting a certain
proportion of particles for hybridization; the remaining particles
are randomly hybridized, Then compare with the particles of the
parent generation, and select the better particles to enter the next-
generation. At the same time, the adaptive inertia weight is used to
improve the learning strategy of the particles, making full use of the
excellent performance of the population, which is more conducive to
jumping out of the local optimal results and speeding up the
convergence speed. The search ability of the area between
particles is improved, and it is easy to get rid of the local optimal
solution, to obtain better search results. The flow chart of the IPSO is
shown in Figure 1, and the specific steps are as follows.

Step 1. Determining the population size;

Step 2. Initialize the velocity and position of the population
particles;

Step 3. Calculate the fitness value of each particle, then sort the
fitness value, and select the particles with better fitness value to
directly enter the next-generation

Step 4. Perform hybrid selection on the particles with poor fitness,
and select the same number of particles from the results to enter the
next-generation

Step 5. The speed and position are updated by Eqs 1, 2, and the
inertia weight is updated by Eq. 3

Step 6. Check whether the iteration termination condition is
satisfied, if not, go to Step 3, until the convergence condition is
met or the maximum number of iterations is reached, and the
corresponding optimal fitness value is obtained.

2.4 Comparison of algorithm convergence

The fitness of PSO is the value of the objective function. This
section compares the convergence performance of each
optimization algorithm by solving the minimal value of the
Ackley function, which has the characteristics of a large space of
feasible solutions and the existence of a large number of local
minima, so it is more difficult to solve the global optimal
solution, which has the following functional form.

f x( ) � −20 exp −0.2
������
1
n
∑
n

i�1
x2
i

√

⎛⎝ ⎞⎠ − exp
1
n
∑
n

i�1
cos 2πxi( )⎛⎝ ⎞⎠ + 20 + e

(8)
The PSO, SAPSO, BPSO, and IPSO are used to calculate the

Ackley function, respectively. The iterative process of calculating the
Ackley function by four different algorithms is shown in Figure 2.
From Figure 2, it can be seen that the smallest fitness is obtained by
using the IPSO calculation. Therefore, it can be proved that the IPSO
proposed in this article is less likely to fall into the local optimum
and the optimal solution obtained is more accurate compared with
the other three algorithms.

FIGURE 1
Flow chart of IPSO.
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3 Optimal design

Many factors affect the cost of the main beam in bridge design.
Themain parameters include the concrete strength grade, the type of
prestressed steel bars and ordinary steel bars, the size of the main
beam section, the formwork cost, and the construction cost. It is very
complicated and unnecessary. To simplify the calculation, in the
optimal design, the parameters that control the project cost are
directly selected as design variables, while other factors do not
change much and can be regarded as constants.

3.1 Design load

3.1.1 Permanent load
(1) Self-weight: calculated based on the actual UHPC and

reinforcement dosage. The self-weight of UHPC is 26 kN/m3,
and the self-weight of reinforcement is 78.5 kN/m3.

(2) Auxiliary facilities and secondary dead loads: Consider bridge
paving and guardrails, calculated according to the actual
situation.

3.1.2 Live load
The moving load is in accordance with the “General Code for

Design of Highway Bridges and Culverts” (JTGD60-2015), the road
is grade I, the lateral distribution coefficient is calculated according
to the hinged beam method, and the impact coefficient is calculated
using the fundamental frequency of the structure.

3.2 Section parameters

The elastic modulus of UHPC used in this paper is 48.5 GPa, and
the compressive strength is 150 MPa. The ordinary reinforced

UHPC and prestressed UHPC T-beam bridges are shown in
Figure 3.

3.3 Structural parameters and design
variables

In this article, the width of the bridge deck is 12 m. When the
bridge span is less than 20 m, the flange width is 1.5 m and eight
beams are used in the transverse direction; when the bridge span is
greater than or equal to 20 m, the flange width is 2 m, and six beams
are used in the transverse direction.

(1) The equivalent thickness of the upper flange plate is taken as hf ≥
13 cm, the thickness of the root of the stalk axle is taken as hf1 ≥
13 cm + b, and the angle of the stalk axle is set at the intersection
of the upper flange and the web, with a slope of tanα = 1:1;

(2) The arrangement of reinforcement for the lower flange plate is
taken into consideration, with ordinary reinforcement section
hd ≥ 13 cm, and prestressed section hd ≥ 18 cm, the lower flange
and web intersection to set the stem axle, stem axle slope to take
tanβ = 1:1;

(3) The width of the web is taken as b ≥ 10 cm, and the thickness of
the end web is taken as bend ≥ b + 8 cm;

(4) Ordinary reinforcement uses HRB400 steel bar with a diameter
of 28 mm. Prestressing reinforcement employs Vs 15.2
1860 steel strand, with the number N of steel bars used as
the design variable during calculation.

3.4 Calculation method

3.4.1 Calculation model for flexural capacity
For ordinary concrete members, due to the small tensile strength

of ordinary concrete, the contribution of its tensile strength to the
structural bearing capacity has not been considered. Compared with
ordinary concrete, UHPC materials have higher tensile strength, so
their contribution to bearing capacity cannot be ignored, and the
contribution of material tensile strength is considered in existing
foreign codes or guidelines. According to the literature (Li, 2010),
the contribution of the tensile strength of UHPC to the section
bearing capacity varies with the reinforcement ratio, and the
variation range is 10%–40%.

Theoretically, the strain value at each position on the
section can be calculated according to the assumption of a
plane section, the stress value can be obtained according to the
constitutive relationship, and finally the bearing capacity of the
section can be obtained through integral calculation. But such a
calculation process is too complicated. In this paper, the
compressive stress distribution and tensile stress distribution
of UHPC are both equivalent to a rectangle, as shown in
Figure 4. According to the principle that the resultant force
and acting position of the UHPC compressive stress remain
unchanged and the resultant force and acting position of the
UHPC tensile stress remain unchanged, the equivalent
coefficient of the compression zone can be determined as α =
0.87, β = 0.68, and the equivalent coefficient of the tension zone
can be determined as k = 0.25.

FIGURE 2
Iterative process of calculating Ackley function by different
algorithms.
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The T-shaped section can be divided into two types according to
the height of the compression zone of the section. The first category
is that the height of the compression zone is smaller than the
thickness of the flange plate; the second category is that the
height of the compression zone is greater than the thickness of
the flange plate. The formulas for calculating the flexural capacity of
these two sections are introduced below.

When the following formula is satisfied, it is the first type of
section:

kft bd − b( )hd + kftb h − hf/β( ) + fyAs + fpAp#αfcbfhf (9)

The height of the compression zone is calculated according to
the following formula:

αfcbfx � kft bd − b( )hd + kftb h − x/β( ) + fyAs + fpAp (10)

The formula for calculating the flexural capacity of the first type
of section is as follows:

M � αfcbfx h0 − x/2( ) − kftb h − x/β( )
h0 − x/β

2
− c0( ) (11)

When Eq. 9 is not satisfied, the section belongs to the second
type of section. The height of the compression zone is calculated
according to the following formula:

αfc bx + bf − b( )hf[ ] � kft bd − b( )hd + kftb h − x/β( ) + fyAs

+ fpAp

(12)

FIGURE 3
Basic section of T-beam. (A) Ordinary reinforced UHPC, (B) Prestressed UHPC.

FIGURE 4
Stress-strain distribution diagram. (A) Strain distribution, (B) stress distribution, (C) equivalent effect of distribution.
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The formula for calculating the flexural capacity of the second
type of section is as follows:

M � αfc bx h0 − x/2( ) + bf − b( )hf h0 − hf/2( )[ ]

− kftb h − x/β( )
h0 − x/β

2
− c0( ) (13)

whereM is the design value of flexural capacity; fc is the compressive
strength of UHPC; ft is the tensile strength of UHPC; fy and fp are the
tensile strength of steel bar and steel strand respectively; As, Ap are
the cross-section areas of steel bars and steel strands, respectively; h0
is the distance from the steel bar to the edge of the compression zone
of the section; and c0 is the distance from the steel bar to the edge of
the tension zone of the section.

3.4.2 Calculation model for shear capacity
According to the French guidelines for the design of UHPC

structures (AFGC/SETRA, 2013), the shear capacity of ordinary
reinforced UHPC and prestressed UHPC members is calculated
according to the following equation:

VRd � VRd,c + VRd,s + VRd,f (14)
VRd,s � Aswzfywd cot θ/s (15)
VRd,f � AfvσRd,f/tan θ (16)

For ordinary reinforced UHPC members:

VRd,c � 0.21k′
���
fck

√
bwd/γcfγE (17)

For prestressed UHPC members:

VRd,c � 0.24k′
���
fck

√
bwd/γcfγE (18)

where VRd,c, VRd,s, VRd,f are the contributions of UHPC,
reinforcement, and fibers to the shear carrying capacity,
respectively; γcf, γE are material sub-factors taken as γcf γE=1.5; fck
is the standard value of the compressive strength of UHPC; bw is the
minimum width of the section in tension; d is the distance from the
tensile reinforcement to the compression zone of the section; Asw is
the area of the vertical shear reinforcement; s is the spacing of the
shear reinforcement; fywd is the yield strength of shear resistant
reinforcement; θ is the angle between the principal compressive
stress and the beam axis; Afv is the area of the fiber affected zone,
Afv = bwd; σRd,f is the participating tensile strength.

Maximum shear capacity:

VRd,max � 2 × 1.14
αcc
γc

bwzf
2/3
ck / cot θ + tan θ( ) (19)

The following equation determines the final shear capacity:

V � min VRd,VRd,max( ) (20)

TABLE 1 Stress constraints of prestressed members.

Calculation project Load combination Stress limit(MPa)

Construction stage stress test calculation Standard combination 58.8

Positive cross-section cracking in the use stage Frequent combination 4.8

Quasi-permanent combination 0

Positive cross-sectional pressure stress testing during the use stage Standard combination 52.5

The main pressure stress test of the use stage Standard combination 63.0

FIGURE 5
Iteration curve. (A) Ordinary reinforced UHPC beam bridges, (B) Prestressed UHPC beam bridges
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3.4.3 Crack width calculation formula
According to the French Design Guide for UHPC structures, the

crack width at the location of the reinforcement is calculated
according to the following formula:

ws � sr,max ,f εsm,f − εcm,f( ) (21)
where sr,max,f is the maximum crack spacing; εsm,f is the average
strain of the reinforcement; εcm,f is the average strain of the UHPC.

The width of surface cracks in UHPC structures can be
calculated based on the width of cracks at the location of
reinforcement:

wt � ws · h − x − x,( )/ d − x − x,( ) (22)
where h is the height of the section; d is the effective height of the
section; x is the height of the compression zone; x’ is the height of the
elastic tension zone.

3.5 Constraint condition

For the design of bridge structures, there are many constraints to
be considered, such as strength constraints, cracking constraints,
and deflection constraints. For ordinary reinforced UHPC
structures, the following constraints are defined:

(1) Flexural capacity constraints

g1 � Md −Mu ≤ 0 (23)
where Md is the design value of the bending moment; Mu is the
flexural capacity.

(2) Deformation constraints

g2 � k · 5MsL
2/48BI − L/600≤ 0 (24)

where k is the long-term growth coefficient of deflection, taken as
1.35; Ms is the frequency value of the moving load; BI is the
converted stiffness of the mid-span section.

(3) Crack width constraint

Due to the excellent crack self-healing ability of UHPC, the
durability of the structure will not be affected when the cracks in
UHPC structures do not exceed 0.05 mm (Makita and Brühwiler,
2014).

g3 � w max − 0.05≤ 0 (25)
where wmax is the maximum crack width.

(4) Stress condition constraints

According to the literature (Ministry of Transport of the
People’s Republic of China, 2004), the stress constraint
conditions of prestressed members are shown in Table 1.

3.6 Objective functions

The determination of the objective function is the most
important step in the optimization design. In the optimal
design of bridge section, the most applicable price standard is
the lowest bridge section cost. The minimum cost of the main

TABLE 2 Optimization results of ordinary reinforced UHPC beams.

L/m h/mm bd/mm N Height-span ratio Weight(kg/m2) Reinforcement(kg/m2) Cost(¥/m2)

10 750 280 7 1/13.3 548.0 21.9 2125.9

13 850 330 9 1/15.3 624.6 27.4 2433.8

16 980 380 10 1/16.3 664.2 31.5 2602.9

20 1,320 460 13 1/15.2 650.0 29.2 2590.5

25 1,450 580 15 1/17.2 706.8 36.0 2776.5

30 1,600 720 20 1/18.8 746.0 46.8 2971.5

TABLE 3 Optimization results of prestressed UHPC beams.

L/m h/mm N Height-span ratio Weight (kg/m2) Reinforcement (kg/m2) Cost (¥/m2)

20 740 27 1/27.0 641.5 16.2 2524.9

25 910 31 1/27.5 651.6 18.4 2575.8

30 1,110 34 1/27.0 677.0 20.1 2680.8

35 1,300 37 1/26.9 698.6 21.9 2771.7

40 1,500 40 1/26.7 737.8 23.4 2926.6

50 1920 47 1/26.0 813.4 27.4 3442.1
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beam of the upper structure is the objective function, as shown in
Eq. 26.

min P � Ac · Pcu/B + Gs · Psu (26)
where P is the cost per unit area; B is the bridge deck width; Ac is the
cross-sectional area of the main beam; Gs is the amount of
reinforcement per unit area; Pcu is the unit price of UHPC; Psu is
the unit price of reinforcement.

4 Optimization results and analysis

4.1 Optimization results

In this paper, the commonly used particle swarm optimization
algorithm is improved, and the optimization program of particle
swarm optimization algorithm is compiled. Using the compiled
MATLAB optimization program, the design and optimization of
ordinary reinforced UHPC beams with spans of 10, 13, 16, 20, 25,

and 30 m and prestressed UHPC beams with spans of 20, 25, 30, 35,
40, and 50 m were carried out. For ordinary reinforced UHPC
beams, only three variables changed during the optimization
design process, namely, beam height: h, base plate width: bd, and
number of steel bars: N. For prestressed UHPC beams, only two
variables changed during the optimization design process, namely,
the beam height h and the number of prestressed steel bars N. The
cost iteration curves of simply supported beam bridges are shown in
Figure 5, where (a) is the cost of ordinary reinforced UHPC beams
with spans of 10–30 m under different iterations; (b) is the cost of
prestressed UHPC beams with spans of 20–50 m under different
iterations.

It can be seen from Figure 5 that when the IPSO is used to
optimize the design of ordinary reinforced UHPC beams and
prestressed UHPC beams with different spans, the number of
iterations is stable and the convergence process is rapid. The
optimization results of ordinary reinforced UHPC beams are
shown in Table 2, and the optimization results of prestressed
UHPC beams are shown in Table 3.

TABLE 4 Optimization results of the fixed beam height of ordinary reinforced UHPC beams.

Span (m) h (mm) bd (mm) N Height-span ratio Cost (¥/m2)

10 500 540 13 1/20.0 2582.8

600 390 11 1/16.7 2271.4

750 280 7 1/13.3 2125.9

850 270 7 1/11.8 2215.9

13 650 510 14 1/20.0 2660.8

750 430 12 1/17.3 2569.5

850 330 9 1/15.3 2433.8

1,000 320 8 1/13.0 2524.3

16 800 510 15 1/20.0 2770.2

900 480 13 1/17.8 2727.8

980 380 11 1/16.3 2602.9

1,100 380 10 1/14.5 2628.1

20 1,000 620 17 1/20.0 2683.3

1,150 540 15 1/17.4 2627.9

1,320 460 13 1/15.2 2590.6

1,500 410 11 1/13.3 2657.0

25 1,250 710 19 1/20.0 2916.8

1,400 620 17 1/17.9 2809.4

1,450 580 16 1/17.2 2776.2

1,600 540 15 1/15.6 2815.9

30 1,250 960 27 1/24.0 3245.2

1,500 790 22 1/20.0 3125.7

1,600 720 20 1/18.8 2971.5

1700 700 19 1/17.6 3096.7
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It can be seen from Table 2 and Table 3 that with the increase of the
span, the optimal beam height of ordinary reinforced UHPC beams
increases, the optimal height-span ratio decreases, and the width of the
bottom plate, the number of steel bars, and the cost all increase; With
the increase of the span, the optimal beam height of the prestressed
UHPC beam increases, the height-span ratio first decreases and then
increases, and the number of steel bars and the cost increase.

4.2 Optimization results for fixed beam
heights

In the bridge design process, there are often requirements for the
clearance height under the bridge, and the height of the main beam
needs to be controlled. Based on the improved particle swarm
optimization algorithm, the optimization results can be obtained
when the beam height is limited to different values. Among them,
Table 4 shows the optimization results of the fixed beam height of
ordinary reinforced UHPC beams, and Table 5 shows the optimization
results of the fixed beam height of prestressed UHPC beams.

From Table 4 and Table 5, it can be seen that when the beam
height is increased on the basis of the optimal beam height, the base
plate width and the number of steel bars of the ordinary reinforced
UHPC beam are reduced; the base plate width of the prestressed
UHPC beam is unchanged, and the amount of steel bars is reduced.
When the beam height is reduced on the basis of the optimal beam
height, the base plate width and the number of steel bars of the
ordinary reinforced UHPC beam and the prestressed UHPC beam

both increase. When the span of the bridge increases, the cost per
square meter of the ordinary reinforced UHPC beam and the
prestressed UHPC beam both increase; under the condition of
the same span of the bridge, with the increase of beam height,
the cost per square meter decreases at first and then increases.

According to the optimization results, the following conclusions are
obtained: 1) The thickness of the upper flange does not change, the
main reason is that the upper flange is wide, and increasing the
thickness has a greater impact on the cost; The thickness of the web
does not change, the main reason is that compared with increasing the
bottom plate width, increasing the web width contributes less to the
stiffness of the beam. 2)When the beam height is increased on the basis
of the optimal beam height, in order to meet the layout of the
prestressed pipe, the width of the beam floor remains unchanged;
when the beam height is reduced on the basis of the optimal beam
height, it is necessary to greatly increase the width of the bottom plate to
meet the requirements of structural stiffness. 3) Under the same span,
the number of steel bars increases with the decrease of beam height,
because with the decrease of beam height, the internal force arm of steel
bar also decreases. In order to meet the requirements of flexural
capacity, it is necessary to increase the number of steel bars. 4) As
the UHPC cost is the main factor affecting the construction cost, the
price of steel bar and steel strand is only a small part, so the change of
beam section size will directly affect the construction cost. For the beam
with higher beam height, the increase of beam height is themain reason
for the increase of cost; for the beamwith lower beam height, in order to
meet the needs of stiffness, the horseshoe section increases greatly,
which leads to the increase of cost.

TABLE 5 Optimization results of the fixed beam height of prestressed UHPC beams.

Span (m) h (mm) bd (mm) N Height-span ratio Cost (¥/m2)

20 700 610 29 1/28.6 2658.0

740 480 27 1/27.0 2504.9

800 480 24 1/25.0 2529.7

25 800 840 38 1/31.3 3076.3

910 480 31 1/27.5 2555.8

1,000 480 27 1/25.0 2600.7

30 1,000 740 38 1/30.0 3013.6

1,110 480 34 1/27.0 2660.8

1,200 480 30 1/25.0 2694.7

35 1,200 690 42 1/29.2 3118.8

1,300 480 37 1/26.9 2751.7

1,400 480 34 1/25.0 2856.3

40 1,400 670 45 1/28.6 3172.4

1,500 480 40 1/26.7 2906.6

1,600 480 37 1/25.0 2950.3

50 1,800 660 53 1/27.8 3618.7

1,920 480 48 1/26.0 3434.3

2,000 480 46 1/25.0 3471.5
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5 Reliability analysis

The reliability analysis of the bridge section optimized results
was conducted under the current bridge design codes in China.
Based on these codes, limit state equations were defined for the

bridge structure’s load-carrying capacity and normal use states. The
Monte Carlo (MC) important sampling method was used to analyze
the reliability of the optimized structure in these limit states. The
reliability levels of beams with different span and height-span ratios
were compared.

TABLE 6 Statistical parameters of random variables.

Random
variables

Average/standard
value

Mutant
coefficient

Distributed
type

References

MD1 1.0212 0.0462 Normality Literature Ministry of Transport of the People’s Republic of
China (1999)

MD2 0.9891 0.1114 Normality Literature Ministry of Transport of the People’s Republic of
China (1999)

VD1 1.0212 0.0462 Normality Literature Ministry of Transport of the People’s Republic of
China (1999)

VD2 0.9891 0.1114 Normality Literature Ministry of Transport of the People’s Republic of
China (1999)

MQ1 0.7995 0.0862 Extreme value I-type Literature Ministry of Transport of the People’s Republic of
China (1999)

MQ2 0.7995 0.0862 Extreme value I-type Literature Ministry of Transport of the People’s Republic of
China (1999)

VQ1 0.7187 0.0769 Extreme value I-type Literature Ministry of Transport of the People’s Republic of
China (1999)

VQ2 0.7187 0.0769 Extreme value I-type Literature Ministry of Transport of the People’s Republic of
China (1999)

fpk 1.0000 0.1000 Normality Literature Ministry of Transport of the People’s Republic of
China (1999)

fy 1.0873 0.0645 Normality Literature Ministry of Transport of the People’s Republic of
China (1999)

As 1.0000 0.0125 Normality Literature Ministry of Transport of the People’s Republic of
China (1999)

fc 1.0146 0.2500 Normality Literature Steinberg (2010)

ft 1.0330 0.0600 Extreme value I-type Literature Steinberg (2010)

hf 1.0320 0.1019 Normality Literature Ministry of Transport of the People’s Republic of
China (1999)

bf 1.0013 0.0081 Normality Literature Ministry of Transport of the People’s Republic of
China (1999)

b 1.0013 0.0081 Normality Literature Ministry of Transport of the People’s Republic of
China (1999)

bd 1.0013 0.0081 Normality Literature Ministry of Transport of the People’s Republic of
China (1999)

h0 1.0124 0.0229 Normality Literature Ministry of Transport of the People’s Republic of
China (1999)

An 1.0000 0.0800 Normality Literature Li and Bao (1997)

fpe 1.0000 0.0400 Normality Literature Li and Bao (1997)

Wn 1.0000 0.0640 Normality Literature Li and Bao (1997)

W0 1.0000 0.0064 Normality Literature Li and Bao (1997)

epn 1.0000 0.0060 Normality Literature Li and Bao (1997)

I0 1.0000 0.0300 Normality Literature Li and Bao (1997)

EC 1.0000 0.0200 Normality Literature Steinberg (2010)
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5.1 Load effects and random variable
parameters

5.1.1 Load effects
For simply supported beams, the effects of constant load and live

load (vehicle load) are mainly considered, and the values of the mid-
span moment and support shear force generated by both are
calculated. MD1 is the value of the mid-span moment for the
self-weight of the precast beam, MD2 is the value of the mid-span
moment for the secondary dead load (including paving and
guardrail), VD1 is the value of support point shear for the self-
weight of the precast beam, VD2 is the value of support point shear
for the secondary dead load (including paving and guardrail);MQ1 is
the bending moment value of vehicle load for the mid-span section,

MQ2 is the bending moment value of the impact load; VQ1 is the
value of vehicle load shear at the support point section, VQ2 is the
value of impact load shear. The load value is calculated based on the
optimization results.

5.1.2 Random variable parameters
Take each parameter in the reliability calculation function as a

random variable, and refer to the relevant domestic and foreign
literature to list the statistical parameters of each random variable in
Table 6. There is no relevant literature on the statistical parameters
of the tensile strength fpk of prestressed steel bars in actual
engineering statistics parameters in China. Here, reference is
made to the data of ordinary steel bars, and its coefficient of
variation is taken as 0.1.

FIGURE 6
Reliability index of ordinary reinforced UHPC beam. (A) Flexural reliability, (B) Shear reliability.

FIGURE 7
Reliability index of prestressed UHPC beam. (A) Flexural reliability, (B) Shear reliability.
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5.2 Reliability of ultimate limit state

For the T-section, the flexural capacity function in the ultimate
limit state is as follows:

The first type of cross-section can be expressed as:

g1 � αfcbfx h0 − x/2( ) − kftb h − x/β( )
h − x/β

2
− c0( )

− 1.1 × MD1 +MD2 +MQ2 +MQ2( ) (27)
where α is the equivalent rectangular stress distribution conversion
factor in the compressive zone; fc is the design value of concrete axial
compressive strength; bf is the calculated width of the flange in the
compressive zone of the T-shaped section; x is the height of the
compressive zone; h0 is the effective height of the section; ft is the
design value of concrete axial tensile strength; β is the equivalent
rectangular stress coefficient in the tensile zone UHPC.

The second type of cross-section can be expressed as:

g2 � αfc bx h0 − x

2
( ) + bf − b( )hf h0 − hf

2
( )[ ]

−kftb h − x

β
( ) · h − x/β

2
− c0( ) − 1.1 × MD1 +MD2 +MQ2 +MQ2( )

(28)

The shear capacity function of the prestressed UHPC beam is as
follows:

g � 0.24
γcfγE

k′
���
fck

√
bwd + AfvσRd,f

tan θ
− 1.1 × VD1 + VD2 + VQ1 + VQ2( )

(29)
where γcf, γE are the material sub-factor, taken as: γcf γE = 1.5; fck is
the standard value of UHPC compressive strength; bw is the
minimum width of the section in tension; d is the distance from
the tensile reinforcement to the compressive flange of the section;Afv

is the area of the fiber affected zone; σRd,f is the participating tensile
strength; θ is the angle between the principal compressive stress and
the beam axis; σRd,f is the participating tensile strength.

According to the structural requirements of ordinary reinforced
UHPC beams, double-leg stirrups with a diameter of 8 mm are used,
and the distance between the stirrups is 15 cm; the function of the
shear reliability of ordinary reinforced UHPC beams is as follows:

g � 0.21
γcfγE

k′
���
fck

√
bwd + Asw

s
zfywd cot θ + AfvσRd,f

tan θ

− 1.1 × VD1 + VD2 + VQ1 + VQ2( ) (30)

where Asw is the area of the vertical shear reinforcement; s is the
spacing of the shear reinforcement; fywd is the yield strength of shear-
resistant reinforcement.

As shown in Figure 6, the reliability index of the flexural capacity
of ordinary reinforced UHPC beams decreases and then increases as
the beam height increases. This is mainly because, at lower beam
heights, the stiffness of the beam and the crack width are the primary
constraints, while the flexural capacity is a secondary constraint. In
order to meet the crack width constraint, additional reinforcement
must be added, which causes an increase in the reliability index.

As the beam height increases, the reliability index of the shear
capacity of ordinary reinforced UHPC beams also gradually
increases. This is because the web mainly provides the shear
capacity of the beam, and as the height of the beam increases, so
does the height of the web. Although the increase in height is
accompanied by an increase in the self-weight of the beam, the
increase in self-weight is slower than the increase in shear capacity.

In the “Unified standard for reliability design of highway
engineering structures (JTG 2120-2020),” the target reliability index
of the bearing capacity limit state of highway bridge structures with a
safety level of one and ductile failure is 4.7, while the target reliability
index corresponding to brittle failure is 5.2. The flexural failure of
concrete beams belongs to ductile failure, while the shear failure belongs
to brittle failure, so 4.7 and 5.2 can be taken as the target reliability
indexes of flexural and shear capacities respectively. It can be seen from
Figure 6 that the minimum reliability indexes of the flexural and shear
capacities of ordinary reinforced UHPC beams at the optimum beam
height are 5.42 and 5.39, respectively. It can be seen from Figure 7 that

FIGURE 8
Reliability index of maximum crack width.

FIGURE 9
Reliability index of normal section crack resistance.
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the minimum reliability indexes of the flexural and shear capacity of the
prestressed UHPC beam at the optimal beam height are 4.92 and 5.35,
respectively. The calculated reliability indexes all meet the requirements
of “Unified standard for reliability design of highway engineering
structures.”

As shown in Figure 7, the reliability index of the flexural capacity
of the prestressed UHPC beam gradually decreases as the beam
height increases. This is because as the beam height increases, the
stiffness constraint condition weakens, and the constraint effect of
the load-carrying capacity increases. In order to find the minimum
solution that meets the requirements of the code, the reliability index
of the flexural capacity is reduced.

5.3 Reliability of serviceability limit states

The reliability standard for highway projects does not clearly
specify the requirements for the reliability of serviceability limit
states. The literature (Li and Bao, 1997) suggests that the acceptable
probability of failure for serviceability limit states is approximately
between 5% and 25%, and the corresponding target reliability index
ranges from 0.675 to 1.645.

5.3.1 Reliability index of maximum crack width
For the serviceability limit state, the specified crack width limit is

taken as the resistance that the structural member should have. The
maximum crack width generated by the beam under the actual load
is considered the load effect. The limit state equation is established as
follows:

g � w max[ ] − wt (31)
where [w max] is the allowable value of the maximum crack width.

As shown in Figure 8, the change law of the maximum crack width
reliability index of ordinary reinforced UHPC beams increases first and
then decreases. The reliability index is the smallest at the optimal result.

5.3.2 Reliability index of normal section crack
resistance of prestressed concrete

The crack resistance of prestressed concrete includes two parts: the
normal section crack resistance and the inclining crack resistance. This
article focuses on the normal section crack resistance. The normal
section crack resistance is primarily governed by the normal tensile
stress of the concrete. The normal section crack resistance test involves
selecting many sections, such as a simply supported beam’s mid-span
section or a continuous beam’s mid-span section and support point
section. The normal tensile stress of the concrete at the edge of the crack
resistance test is calculated under the combined effect of load frequency.

For fully prestressed concrete structures, the limit state equation
for the reliability of normal section crack resistance can be
expressed as:

g � σpeAp

An
+ σpeApepn

Wn
( ) − MD1 +MD2 + 0.7MQ1

W0
+ 0.7ftk (32)

Calculate the reliability index of the normal section crack
resistance of prestressed UHPC simply supported beams under
different height-span ratios, as shown in Figure 9.

It can be seen from Figure 9 that the reliability index of normal
section crack resistance of prestressed UHPC beam increases
gradually with the decrease of the height-span ratio. The main
reason is that as the beam height decreases, it is necessary to increase
the steel strands to meet the requirements of the flexural capacity.
Adding steel strands will increase the prestress of the entire section,
the restraint effect of the normal section crack resistance will be
weakened, and the reliability index will be improved.

5.3.3 Reliability index of deflection
In order to ensure that the structure does not produce excessive

deformation during use, the deflection of the beam in the service
phase is limited. The formula for calculating the deflection of a
simply supported beam is as follows:

FIGURE 10
Deflection reliability index. (A) Ordinary reinforced UHPC beam, (B) Prestressed UHPC beam.
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fs � 5
48

· MsL2

B
(33)

For class A components, take B0 = 0.95EcI0; for concrete
components, the section conversion stiffness B is calculated
according to the following equation:

B � B0

Mcr
Ms

( ) + 1 − Mcr
Ms

( )
2

[ ] B0
Bcr

(34)

The function of deflection reliability is as follows:

Z � L

600
− ηθfs (35)

where L is the calculated span; ηθ is the long-term growth coefficient
of deflection, which is 1.35; fs is the deflection value generated by
deducting the self-weight under the combination of short-term
effects. The results of the deflection reliability calculation are
shown in Figure 10.

The results show that the deflection reliability index of ordinary
reinforced UHPC beams decreases gradually with the decrease of beam
height; The reliability index of prestressed UHPC beams is the smallest
at the optimal beam height. The main reason is that the deflection
constraints of ordinary reinforced UHPC beams are not the main
constraints, while the deflection constraints of prestressedUHPCbeams
are the main constraints. In the optimization process, the deflection
value is close to the limit value, reducing the beam height of the
prestressed UHPC beam requires increasing the transverse dimension
of the section tomeet the deflection constraints, which has little effect on
the reliability index of the deflection. However, increasing the beam
height greatly improves the deflection reliability index.

6 Conclusion

Based on the improved particle swarm optimization algorithm,
the optimal design of ordinary reinforced UHPC and prestressed
UHPC simply supported beam bridges with commonly used
highway spans is carried out.

1) The IPSO is based on the strategy of genetic algorithm to select
hybridization. Non-linear adaptive weights are used to update
the weight coefficients, which solves the deficiency that the
traditional particle swarm algorithm is easy to fall into local
optimal solutions and improves the convergence speed and
convergence accuracy of the algorithm.

2) The optimal height-span ratio of ordinary reinforced UHPC beams
decreases with the increase of the span, and the construction cost
gradually increases; the optimal height-span ratio of the prestressed
beam decreases first and then increases with the increase of the
span, and the construction cost gradually increases.

3) For ordinary reinforced UHPC beams, the main factors affecting
the optimization results are the flexural capacity and the crack
width constraint.

4) For prestressed UHPC beams, the main factors affecting the
optimization results are the flexural capacity and deflection
constraints. As the high-span ratio approaches 1/27, deflection
becomes the primary factor affecting optimization results while
meeting flexural capacity.

5) The calculation results of load capacity reliability indexes of
optimization results are all higher than the target reliability
indexes of similar components stipulated in China’s “Uniform
Standard for Structural Reliability Design of Highway
Engineering".
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Rehabilitation and strengthening of existing masonry structures can improve their
safety, prolong life and save economic costs. In this study, a total of eighteen
masonry column specimens strengthened by ultra-high performance concrete
(UHPC) were fabricated and tested in compression. The effects of strengthening
method, strengthening thickness and loading eccentricity were investigated. The
failure mode, bearing capacity, strain, ductility, and energy dissipation were
discussed in before and after strengthening to evaluate the UHPC
strengthening effectiveness. A three-dimensional numerical model established
using finite element analysis (FEA) was validated with the experimental results.
Results indicated that the brittle failure of masonry columns in compression could
be significantly avoided using UHPC strengthening. Among three methods of
strengthening, hoop strengthening was the most effective in increasing the
ultimate load, ductility, and dissipated energy of masonry columns by 185.81%,
49.09%, and 297.12%, respectively. With the strengthening thickness increased
from 0 to 20 and 30mm, the ultimate bearing capacity of masonry columns was
respectively increased by 29.17% and 117.26%, while the corresponding lateral
displacement was decreased by 32.44% and 37.24%, respectively. The horizontal
buckling of masonry columns can be relieved by UHPC, and the increase in
eccentricity did not weaken the contribution of UHPC in strengthened masonry
columns. The numerical results were in good agreement with the test results, with
errors below 7.6%.

KEYWORDS

ultra-high performance concrete (UHPC), performance improvement,masonry structure,
compressive performance, building structure

1 Introduction

Brick and stone are the most commonly used building materials (Babaeidarabad et al.,
2014). Statistically, more than 70% of buildings worldwide are masonry structures built of
brick and stone (Marthys and Noland, 1989). Masonry structures are typical anisotropic
materials. In the direction of horizontal and vertical mortar joints, its mechanical properties
are clearly distinguished, with high compressive strength and poor tensile and shear
strengths. Consequently, the extremely weak integrity and seismic performance of
masonry structures were presented. Owing to functional changes of use, deterioration of
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materials, lack of maintenance and exceptional events such as
earthquakes, masonry structures accounted for a relatively
substantial proportion of the existing building stock that needed
strengthening or rehabilitation (Krevaikas and Triantafillou, 2005).
The research on the strengthening performance of masonry arches
can be carried out using segmental modeling tests because of the
uncertainties in the constitutive relationships and mechanical
parameters of masonry structures (Zhang, 2014). The ability of
both strengthening layer and original masonry in coordinated
deflections and bearing loads is validated by segmental model
tests of masonry arches, i.e., experimental study of compression
of composite masonry column strengthened (Qiao, 2014). Different
strengthening techniques have been developed in the past to
improve the load-bearing and deformation capacity of masonry
structures. In particular, the strengthening of masonry compression
elements through the use of external confinement has become a
common practice.

The available literature indicated that the commonly used
external confinement for masonry structures were fiber
reinforced polymer (FRP) jackets (Witzany et al., 2014; Youssf
et al., 2017; Alotaibi and Galal, 2018; El-Sokkary and Galal, 2019;
Zou et al., 2023a), textile reinforced concrete (TRC) jackets (Wang
et al., 2020; Li et al., 2021a; Jing et al., 2021), high ductile concrete
(HDC) jackets (Deng and Li, 2020; Li et al., 2021b; Li et al., 2022),
fabric reinforced cementitious matrix (FRCM) jackets (Fossetti and
Minafò, 2017; Murgo and Mazzotti, 2019; Angiolilli et al., 2020).
These strengthening techniques have been demonstrated to be
effective in the field of retrofitting or strengthening masonry
structures. The FPR has become a hot study material for
masonry structures due to its advantages, including high strength
to weight ratio, corrosion resistance, easy construction and so on
(Vincent and Ozbakkaloglu, 2013; Witzany et al., 2014; Fossetti and
Minafò, 2016; Fossetti and Minafò, 2017; Youssf et al., 2017). The
most typical external confinement used in masonry structures is also
the FRP jacket (Witzany et al., 2014; Youssf et al., 2017; Alotaibi and
Galal, 2018; El-Sokkary and Galal, 2019). However, some drawbacks
and limitations have been exposed in the application of FRP-
strengthened masonry structures. The strict external environment
was demanded by epoxy adhesives in order to avoid or mitigate their
being subjected to oxidation and ageing (Fossetti and Minafò, 2016;
Murgo and Mazzotti, 2019; Li et al., 2021a). Otherwise, there was
negatively influence on the effectiveness of the strengthening,
i.e., the durability of masonry structures is weakened (Kouris and
Triantafillou, 2018; Wang et al., 2020). Meanwhile, brittle failure
behavior was exhibited by the structure strengthened using FRP
jacket, due to the low compatibility of FRP with masonry substrate
(Khan et al., 2018). Replacing FRP by ultra-high performance
concrete (UHPC) in FRP jacket may compensate these problems.

An advanced cement-based composite material, UHPC had been
designed based on the principle of densified particle packing (Shi et al.,
2015; Zhang et al., 2023; Zou et al., 2023b). The raw material of UHPC
was composed of cement, silica fume, quartz sand, quartz powder,
superplasticizer and steel fibers. The high compressive and tensile
strengths of UHPC were exhibited (up to 150 and 8MPa,
respectively) (Yoo and Banthia, 2016; Zou et al., 2023c). Over the
past few decades, the mechanical properties and engineering
applications of UHPC have gained numerous studies by civil
engineering scholars (Ragalwar et al., 2020; Zhu et al., 2020; Bajaber

andHakeem, 2021; Bahmani andMostofinejad, 2022;Wang et al., 2022;
Yang et al., 2023). Shao et al. (2021); Dadvar et al. (2020); Hung and Yen
(2021); Zhang et al. (2022) used UHPC jacket for strengthening
reinforced concrete (RC) columns to enhance the mechanical
properties. Farzad et al. (2020) proposed a simplified calculation
method for predicting the structural performance and durability of
RC columns strengthened with UHPC. The calculations showed that
usingUHPC as the repairmaterial of RC columns will extend the service
life up to 5 to 10 times. Zhang et al. (2020) applied UHPC strengthening
to the damaged RC beams and experimentally investigated the flexural
performance of theUHPC-RC combination beams. It was found that the
cracking of the RC beams was successfully restricted after the utilization
of UHPC layer. Prem and Murthy (2016) experimentally investigated
the influence of UHPC on the flexural performance of damaged RC
beams. The results showed that the utilization of UHPC was able to
restore the initial flexural load capacity of the damaged beam,
meanwhile, no debonding was observed at the UHPC-RC interface
under bending action. Yuan et al. (2022) tested 3 circular RC piers
strengthened with UHPC jackets under quasi-static cyclic loading. The
experimental results revealed that the strength and stiffness of the RC
piers were enhanced after strengthening with UHPC. The authors
pointed out that the post-earthquake serviceability of the
strengthened RC piers could be significantly improved through the
use of a 50 mm-thick UHPC jacket. Zhang et al. (2019) investigated the
effectiveness of UHPC to strengthening damaged RC bridge deck slabs
subjected to positive and negative bendingmoments. Their experimental
results indicated that the crack propagation of RC slabs could be
restrained and delayed with ultra-high ductility and strain hardening
properties of UHPC.

To sum, the validity of UHPC in the strengthening of various
structures has been demonstrated by extensive research. However, most
of these studies have focused onRC columns, beams, piers and slabs. The
research work on masonry structures strengthened with UHPC is
relatively unavailable. To investigate the compression performance of
masonry arches strengthened with UHPC, the compression
performance tests under vertical static loads were carried out on
18 segmental models of masonry columns strengthened with UHPC
in this paper. The effects of strengthening method, strengthening
thickness and loading eccentricity were investigated to comprehend
the compression performance of masonry columns. The failure mode,
load-displacement response and load-strain of the specimens were
further analyzed and discussed. Based on ABAQUS, a three-
dimensional nonlinear numerical model was developed in order to
simulate and calculate the segmental model bearing capacity of masonry
arch bridges strengthened with UHPC, which was validated with
experimental results. The numerical model was further used to
evaluate the mechanical property of masonry columns strengthened
with UHPC under vertical static loading conditions.

2 Experimental program

2.1 Description of test specimens

A total of eighteen masonry column specimens were fabricated
in the compression test. Identical dimension of the specimens, i.e., a
height of 870 mm and cross-sectional dimensions of 200 mm ×
200 mm, was adopted. Each specimen was assembled from two
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stones per course, i.e., a total of sixteen stones were used. Cement-
based mortar with an average thickness of 10 mm was used to
connect the stones. The experimental parameters were
strengthening method (one-sided, three-sided, hoop),
strengthening thickness (0, 20, and 30 mm) and loading
eccentricity (0, 30, and 60 mm). A number of 18 specimens and
the associated parameter variables were designed as listed in Table 1.
The experimental parameters were included in the specimen
notation. Each column was provided with the notation B-FX-TY-
EZ-G. The letter B indicated strengthening technique (US for
unstrengthened, S for strengthened with UHPC). The symbol FX

stood for strengthening method type (1 for one-sided strengthening,
3 for three-sided strengthening, 4 for hoop strengthening). The
symbols TY and EZ stood for strengthening thickness and loading
eccentricity, respectively. The letter G indicated the number of
identical columns in one group. As an example, column S-F4-
T20-E30-b was the second masonry column strengthened with a
20 mm UHPC layer on the hoop and tested a loading eccentricity of
30 mm.

After the 18 masonry columns were completely fabricated, they
were placed at room temperature for 14 days. Then, four
unstrengthened columns were retained and strengthening

TABLE 1 Details of test specimens.

Specimen notation Methods of strengthening Thickness of strengthening/mm Load eccentricity/mm No. of specimens

US-F0-T0-E0 - - 0 2

S-F1-T30-E0 One-sided UHPC jacket 30 0 2

S-F3-T30-E0 Three-sided UHPC jacket 30 0 2

S-F4-T20-E0 hoop 20 0 2

S-F4-T30-E0 hoop 30 0 2

S-F4-T20-E30 hoop 20 30 2

US-F0-T0-E60 - 0 60 2

S-F4-T20-E60 hoop 20 60 2

S-F4-T30-E60 hoop 30 60 2

FIGURE 1
Process of making specimens.
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formworks were fabricated for the remaining 14 columns that
required to be strengthened. For masonry columns that were
subjected to eccentric loading, in order to achieve the eccentric
compression effect, both ends of the specimens were designed with
corbels and poured with UHPC. The masonry columns were cured
for 7 days after the UHPC had been completely poured. The process
of making the test column is given in Figure 1.

2.2 Material properties

2.2.1 Stone
The material properties test was carried out on 12 specimens

[tested by 70 mm × 70 mm × 70 mm cubes as per the JTG E41-2005
Standard (JTG E41-2005, 2005)]. The compressive strength of
stones was tested in two groups of six each. All stones used in
this test were prepared from the same batch of quarried stone as the

material properties test. Meanwhile, they were cut and processed in
the same factory. The results of the two test groups are listed in
Table 2. The average value of both test groups, 128.6 MPa, was used
as the compressive strength of the stone to minimize the effect of
errors.

2.2.2 Mortar
The mortar was prepared as per the standard strength grade of

M7.5. Six cubic specimens of 70.7 mm × 70.7 mm × 70.7 mm were
prepared and tested according to JTG D61-2005 code (JTG D61-
2005, 2005) to evaluate the compressive strength of mortar. The test
results are summarized in Table 3.

2.2.3 UHPC
The UHPC used in the experiment was independently

researched and developed. The specific proportions of the raw
materials are given in Table 4. Compared to conventional UHPC,

TABLE 2 Results of the stone compressive test.

Group Block number Specimen dimensions/mm Damage load/kN Compressive strength/MPa Average and COV

1 1 70 × 70 × 70 625.2 127.6 122.8 (8.96%)

2 70 × 70 × 70 524.8 107.1

3 70 × 70 × 70 671.3 137.0

4 70 × 70 × 70 647.3 132.1

5 70 × 70 × 70 603.7 123.2

6 70 × 70 × 70 538.0 109.8

2 7 70 × 70 × 70 699.2 142.7 134.4 (14.78%)

8 70 × 70 × 70 727.6 148.5

9 70 × 70 × 70 564.9 115.3

10 70 × 70 × 70 500.7 102.2

11 70 × 70 × 70 787.4 160.7

12 70 × 70 × 70 671.3 137.0

Note: COV, is the coefficient of variation.

FIGURE 2
Mechanical properties testing of UHPC (unit: mm).
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this material has faster early growth in strength. It has excellent
flowability which is convenient for pouring, and does not demand
steam curing. The slump flow of UHPC can reach 850 mm, and the
setting time of initial and final is 6 and 14 h, respectively.

The compressive strength of UHPC was determined through
standard compression tests of 100 mm × 100 mm × 100 mm cubes
with a testing procedure conforming to GB/T 31387-2015 (GB/T
31387-2015, 2015). For determining the tensile strength of UHPC, a
direct tension test was performed on 3 dog-bone specimens as per
T/CBMF 37-2018 (T/CBMF37-2018, 2018). According to GB/T
31387-2015 Standard (GB/T 31387-2015, 2015), the elastic
modulus was obtained by three prismatic specimens with
dimensions of 100 mm × 100 mm × 300 mm for UHPC. The
tests set-up for the mechanical properties of UHPC are shown in
Figure 2, and the test results are listed in Table 5.

2.3 Test set-up and instrumentation

In this study, the positive face of the load was used as the A face,
followed by the B to the D face in a clockwise direction. In addition,
the D face of specimens subjected to eccentric compression was the
near eccentric face.

For axial compression columns, three vertical and one lateral
strain gauges were assigned in the middle of the A and D faces. To
measure the lateral displacement of the masonry column, one dial
gauge was placed at 3/8H and another at 6/8H from the bottom of
the B face. To measure the vertical displacement of the masonry
columns, one of the dial gauges was placed in the middle of the C
face. For eccentric compression columns, three vertical and one
lateral strain gauges were arranged on the A face, meanwhile, three
vertical strain gauges were arranged on the B and D faces. The dial
gauge layout was the same as the axial compression column. Details
of the layout are shown in Figure 3A.

During the experiments, the columns were loaded by hydraulic
jacks with a range of 2000 kN and the data was obtained from the
pressure sensor below the jack, as shown in Figure 3B. The center

line of the specimen was marked out in advance to establish the
loading point, following which the loading point was aimed at the
test set-up (before loading). The masonry columns were tested
under displacement control at a rate of 0.1 mm/min. Before
formal loading, the specimen was pre-loaded with 20 kN to
determine the accuracy of the test set-up.

3 Results and discussion

3.1 Experimental phenomena and failure
modes

3.1.1 Unstrengthened
Brittle failure behavior was observed on unstrengthened

columns in the compression test. The failure modes of
unstrengthened columns are presented in Figure 4A. For the
axial compression columns, no visible phenomena were observed
in the early stage of loading. When the load was increased to 56%
Pmax (Pmax is the peak load of masonry column), the initial crack was
observed in the stones of the middle of specimen. After thet,
different degrees of peeling appeared in the masonry joints, and
the cracks gradually extended from the middle to the ends of the
specimen. Finally, with the increase in loading, the cracks
propagated through the mortar joints and local continuous
cracks were formed, which resulted in the crushing of the
specimen. For eccentric compression columns, the primary crack
was discovered in the upper middle of the D face of the specimen (D
is the near eccentric face). Then, the cracks rapidly extended in a
downward direction along the masonry joints. As the load increased,
the masonry joints were found to be detached on the D face.
Masonry joints cracking and vertical tension cracks were
observed on the B face, meanwhile, the primary crack extended
towards the A and C faces. With the cracks being penetrated in the
stone, the specimen lost its load-bearing capacity due to the crushing
failure.

3.1.2 One-sided strengthening
The failure of UHPC-masonry composite columns was masonry

crush damage when one-sided strengthening was used. Themasonry
columns played a major role in the overall loading process. The
UHPC layer completely detached from the masonry column
substrate after the peak load. Under the axial compression, the
detached UHPC layer was observed to be only slightly cracked on
the surface. This was attributed that the surface of the masonry
column was not fully wetted when the UHPC layer was poured. This
resulted in the weak bonding performance that was exhibited
between the UHPC layer and masonry columns. In this case, the
compressive strength of the UHPC cannot be adequately utilized.
These are illustrated in Figure 4B.

TABLE 3 Results of compressive strength of mortar specimen blocks.

Strength grade Damage load/kN Average and COV Average strength/MPa

1 2 3 4 5 6

M7.5 34.2 37.2 36.2 35.8 36.6 35.0 35.8 (2.7%) 7.1

TABLE 4 Mix proportions of UHPC (unit: kg/m3).

Component Amount

Cement 1,000

Silica fume 100

Fly ash 300

Basalt sand 1,100

Water 240

Steel fiber 170
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3.1.3 Three-sided strengthening
For masonry columns with three-sided strengthening, it was

observed during loading that the cracks rapidly propagated from the
upper to the lower end of the specimen as the load increased. When
the load was increased to 42%Pmax, the sound of the steel fibers being

pulled off could be heard. This indicated that the UHPC was
participating in the common forces for the masonry columns
during this time. With the load increased to 51%Pmax, the cracks
appeared in the middle of the C face of the masonry column (C is the
unstrengthened face). Subsequently, cracks were discovered in the
UHPC at the bottom of the D face. In this area, the debonding was
exhibited between the UHPC and masonry columns as loading
increased, as given in Figure 4C. This demonstrated that the
effectiveness of the UHPC layer on the end restraint of the
masonry columns was not obvious with three-sided
strengthening. Compared to one-sided strengthening, the UHPC
was better bonded to the masonry column using three-sided
strengthening. To a certain extent, this can prevent the early
damage of specimens caused by poor construction techniques.

FIGURE 3
Measuring point arrangement and test setup (unit: mm).

TABLE 5 Material properties of UHPC at various ages.

Age 1 d 3 d 7 d 14 d 28 d

Compressive strength/MPa 48.2 76.9 115.1 131.4 142.5

Tensile strength/MPa 3.25 5.26 8.02 8.82 9.30

Modulus of elasticity/GPa 25.8 41.1 46.7 50.6 51.5
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3.1.4 Hoop strengthening
In comparison to the previous two strengthening methods, the

strengthening efficiency of masonry columns was significantly
enhanced through hoop strengthening. For the axial compression
columns, the initial crack was discovered at the upper end of the
specimen. The cracks extended towards the middle when the load
was being further increased. In this case, the specimen had different
degrees of damage at the ends and the UHPC appeared slightly
debonded at the upper end. When loaded to peak load, a resounding
sound occurred, this indicated that the strengthened columns were
crushed. For the eccentric compression columns, the majority of
cracks were initiated in the near eccentric face. Then, it extended to
the adjacent face and formed the primary crack. With a further

increase in the load, the cracks continually propagated towards the
downside of the specimen. At later stage of loading, the upper end
joints of the specimens were opened up. As the strengthened column
was loaded to the peak load, the strengthened column was destroyed,
as shown in Figure 4D.

For the strengthened columns, the final failure was caused by
masonry crushing and the UHPC debonding at the mid-height of
specimen. In other words, after cracks were formed in the stone and
mortar, horizontal cracks appeared in the UHPC. As the load was
increased, the swelling and slight buckling of the UHPC were
observed in near the horizontal cracks, resulting in the UHPC
layer being dehollowed, as illustrated in Figure 4E. This can be
attributed to that the masonry columns did not provide lateral

FIGURE 4
Failure modes (A) unstrengthened column; (B) one-sided strengthening column; (C) three-sided strengthening column; (D) hoop strengthening
column; (E) buckling of UHPC layer; (F) severely cracking of internal masonry.
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support to resist buckling and were allowed to swell, thus
aggravating the buckling of the UHPC layer.

Additionally, the UHPC layer was chiselled away along the
primary cracks of the masonry columns that were strengthened

by the hoop, when the loadings were completely finished. It was
noticed that the UHPC layer was tightly bonded to the masonry
columns, meanwhile, the interior masonry was seriously damaged,
as depicted in Figure 4F. This demonstrated that the bearing

FIGURE 5
Load-displacement curves.
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capacity of both the UHPC layer and the masonry column was
maximized. Hence, the high-strength properties of UHPC can be
fully exploited through hoop strengthening when masonry columns
were strengthened with UHPC.

3.2 Load-displacement curves

The load-displacement curves obtained from compression tests
are shown in Figure 5. The force was obtained by the load cell on the
steel plate. The lateral deformation was an average reading of two
LVDTs (Linear Variable Displacement Transducer) on the B face
and the vertical deformation was obtained from LVDT readings on
the C face. It can be seen that the peak load and the stiffness of
masonry columns strengthened with UHPC were improved.
Overall, the loading process of the masonry columns can be
divided into three stages: elastic stage, strengthening stage and
descending stage.

The elastic stage had high structural stiffness and the
displacement varied relatively little with increasing load. This
stage of the load-displacement curves exhibited a linear growth
trend. The strengthening stage was characterized by displacements
significantly greater with increasing load. Compared to the
unstrengthened column, the masonry columns strengthened with
UHPC exhibited a slower increase in displacement during this stage.
Thus, this stage was a relatively high proportion of the whole loading
process. This also clearly indicated the effectiveness of UHPC in
improving the strength and ductility of masonry columns. The
descending stage occurred following the peak load. In contrast to
unstrengthened columns, the load on columns strengthened with
UHPC did not immediately drop when the peak load was reached,
instead fluctuating for a period of time. This was probably attributed
to the “bridging” influence of the steel fibers in the UHPC.

3.3 Performance indices

The strengthening effectiveness of UHPC on masonry columns
was further researched in terms of various performance parameters,
such as the peak load (Pmax), displacement at peak [i.e., the
displacement corresponding to the peak load, including the
lateral displacement (DL) and vertical displacement (Dv)],
ultimate displacement (Du), ductility (μ) and energy dissipation
(E). The ductility of each group of specimens can be defined, with
reference to (Wang et al., 2020), as the ratio of ultimate axial
displacement (Du) to its peak axial displacement (Dv). Based on
the American ACI 440.2R guideline (ACI Committee 440, 2008), the
ultimate displacement was defined as the displacement
corresponding to 0.85Pmax in the descending stage of axial load-
displacement curves. The energy dissipation of each specimen was
quantified as the area under the axial load-displacement curve to the
ultimate state, i.e., the area of the shaded region in Figure 6.

Table 6 and Table 7 list the performance indices for the masonry
columns with different parameters that were obtained from the tests.
It is worth noting that the peak loads of the same groups of
specimens exhibited a high degree of scatter. Based on the overall
results, it was attributable to the construction quality differences and
damage caused during handling.

The statistical results of peak load of masonry columns are
presented in the form of a histogram in Figure 7A. It is obviously
noticeable that the considerable gain in peak load of the masonry
columns was provided by the UHPC. Compared to unstrengthened
columns, the three strengthening methods, namely, one-sided
strengthening, three-sided strengthening and hoop strengthening,
improved the ultimate load capacity by approximately 33.59%,
80.81%, and 185.81% respectively. Those enhancements in peak
loads could be attributed to UHPC, which sustained some of the
axial loads from direct contact with the masonry columns.When one-
sided strengthening was utilized, the masonry columns were not
adequately bonded to the UHPC, resulting in an earlier debonding
of the UHPC layer from the masonry columns. Therefore, the
improved bearing capacity of the masonry columns was not
significant. It demonstrated that the more effective and beneficial
strengthening method for masonry columns was hoop strengthening.
Also, a similar rule of change could be observed between
strengthening layer thickness and strengthening method. The peak
load was increased by 29.17% and 117.26% with the thickness of
strengthening layer from 0 to 20–30 mm. Compared to the
unstrengthened columns, the peak loads were enhanced by
137.94%, 125.79% and 20.62%, respectively, with loading
eccentricity from 0 to 30–60 mm. Observably, the growth rate of
peak load of specimens decreased with the increase in eccentricity.
The average peak load drops of groups S-F4-T20-E30 and S-F4-T20-
E60 were 12.15% and 117.32%, respectively, in comparison to S-F4-
T20-E0. An explanation for the fact that masonry columns failed with
lower load carrying capacity under eccentric loading can be given as
follows: 1) the loading eccentricity reduced the area of compression
region of specimen cross-section, which directly caused the reduction
of bearing capacity; 2) the lateral deformation was increased as a result
of the eccentric compression. The lateral deformation would increase
eccentricity of load, which further reduced the bearing capacity of
specimen. It is interesting tomention that UHPC strengthening could
significantly improve the peak loads of masonry columns under all
eccentric loads. This improvement was especially apparent for
specimens with eccentricity distances up to 30 mm (125.79%).
With other eccentricity distances, the enhancement of peak loads
was relatively weak.

FIGURE 6
Analytical diagram of load-displacement curves.
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The average peak displacements (including lateral and vertical
displacements) of the masonry columns are shown in Figures 7B, C,
respectively. It is noticeable that the deformation capacity at peak
load of specimens decreased with increasing thickness of
strengthening layer. This was probably caused that the UHPC
layer confined the horizontal buckling deformation of masonry
columns. On the other hand, the high elastic modulus of UHPC
improved the bending stiffness for masonry columns. The bending
stiffness was beneficial in restricting deformations. In particular, the
average increases in peak lateral displacement were 7.08%, 94.81%
and 66.04%, and the average increases in peak vertical displacement
were 14.4%, 15.56%, and 29.57% for masonry columns strengthened
with UHPC under loading eccentricities of 0mm, 30mm and 60 mm.
It is worth noting that monotonic and consistent relationships were
presented between deformation and loading eccentricity for control
and strengthened specimens. However, the groups S-F4-T20-
E30 exhibited relatively larger lateral and vertical displacements
compared to the groups S-F4-T20-E60. This could be explained by
the fact that, with little eccentricity, the ductility of the UHPC can
provide a certain deformation capacity for masonry columns.
However, masonry column substrates played a dominant role in

the loading process as the eccentricity was further increased. The
specimens had failed before the high ductility properties of UHPC
were fully exploited, due to crushing of the masonry column
substrate.

The ductility data of masonry columns with and without UHPC
strengthening are shown in Figure 7D. It can be observed that the
average increases in ductility were 13.08% and 44.86% when the
strengthening layer thicknesses were varied from 0 to 20 and 30 mm.
This can be explained in two aspects: 1) the lateral dilation of
masonry core was inhibited by UHPC layer, which resulted in a
significantly high axial deformation capacity. In particular, for the
post-peak load, the confinement capacity could be greater owing to
the rapid lateral dilation; 2) the high toughness characteristics were
provided by the presence of steel fibers in the UHPC under
compression. Hence, UHPC can consistently carry loads and
absorb energy during the decline stage after peak loading. For
masonry columns whose eccentricity was increased from 0mm to
30 mm and 60mm, the average increases in ductility were 30.91%,
13.64%, and 10%. However, the increasing trend of drop was
exhibited in the average ductility. This could be influenced by the
tensile effect of UHPC layers. In this case, the masonry columns

TABLE 6 Comparison of peak load and displacement.

Specimens Pmax/kN Average and COV DL/mm Average and COV Dv/mm Average and COV

US-F0-T0-E0-a 581.47 581.47 (−) 2.12 2.12 (−) 2.57 2.57 (−)

US-F0-T0-E0-b - - -

S-F1-T30-E0-a - 712.8 (−) - 2.04 (−) - 2.95 (−)

S-F1-T30-E0-b 712.8 2.04 2.95

S-F3-T30-E0-a 992.62 1051.38 (5.59%) 2.63 2.5 (5.41%) 3.65 3.18 (14.96%)

S-F3-T30-E0-b 1110.13 2.36 2.7

S-F4-T30-E0-a 1833.59 1661.88 (10.33%) 2.73 2.41 (13.28%) 2.77 2.23 (24.22%)

S-F4-T30-E0-b 1490.17 2.09 1.69

US-F0-T0-E60-a - 543 (−) - 5.21 (−) - 4.73 (−)

US-F0-T0-E60-b 543 5.21 4.73

S-F4-T20-E60-a 822.54 701.37 (17.28%) 2.32 3.52 (34%) 3.78 3.33 (13.68%)

S-F4-T20-E60-b 580.2 4.71 2.87

S-F4-T30-E60-a 1352.29 1179.73 (14.63%) 4.16 3.27 (27.21%) 2.54 1.65 (54.51%)

S-F4-T30-E60-b 1007.17 2.38 0.75

US-F0-T0-E0-a 581.47 581.47 (−) 2.12 2.12 (−) 2.57 2.57 (−)

US-F0-T0-E0-b - - -

S-F4-T20-E0-a 1324.64 1383.55 (4.26%) 2.39 2.27 (5.27%) 2.76 2.94 (6.12%)

S-F4-T20-E0-b 1442.45 2.15 3.12

S-F4-T20-E30-a 1182.95 1312.7 (9.88%) 5.46 4.13 (32.2%) 4.55 2.97 (53.46%)

S-F4-T20-E30-b 1442.45 2.80 1.38

S-F4-T20-E60-a 822.54 701.37 (17.28%) 2.32 3.52 (34%) 3.78 3.33 (13.68%)

S-F4-T20-E60-b 580.2 4.71 2.87

Note: Specimen of US-F0-T0-E0-b and S-F1-T30-E0-a damaged during handling, test invalid.

Data loss of US-F0-T0-E60-a due to equipment damage during the test.

Pmax is the peak load of masonry column. DL, is the lateral displacement of masonry column at peak load. Dv is the vertical displacement of masonry column at peak load.
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were similar to concrete elements under compression subjected to a
combination of axial and bending loads, presenting a weak ductility.

The energy of destruction is a crucial parameter to estimate the
compressive performance of UHPC-confined masonry columns (Jing
et al., 2021). The destructive energy data of each group of masonry
columns are shown in Figure 7E. It can be observed that the energy
absorption capacity of masonry columns strengthened with UHPC was
significantly enhanced. In comparison to unstrengthened columns,
when the strengthening method was changed from one-sided to
three-sided and hoop, the average increases in energy of destruction
were 71.2%, 140.52%, and 297.12%. The increase in energy was the
lowest for group S-F2-T30-E0 (71.2%) due to the earlier dehollowing
between masonry part and UHPC. The best energy dissipation was
observed in group S-F4-T30-E0 (297.12%). This improvement of
energy dissipation capacity was attributable to the considerable
increase in masonry strength and ductility, which highlighted the
superior confinement capacity of UHPC. In addition, the
destruction energy of specimens increased with the increase of
loading eccentricity. Compared to the control group, the average
increases in destruction energy were 263.65%, 157%, and 63.75% for
loading eccentricity of 0, 30, and 60 mm. Interestingly, the trend of
monotonically decreasing average destruction energy was revealed, with

increasing eccentricity. This indicated that the energy required to
destroy masonry columns could be truly decreased by eccentricity,
in spite of the additional confinement. In general, all the characteristic
indices, i.e., peak load, peak displacement, ductility and energy of
destruction, as well as the load-displacement curves, demonstrated
that the mechanical properties of masonry columns could be
significantly enhanced by UHPC.

3.4 Load-strain curves

The effect of the strengthening method, strengthening thickness
and loading eccentricity on the load-strain relationship of the
masonry column is depicted in Figure 8. The positive value
indicated tensile strain while the negative value meant
compressive strain. As shown in Figure 8, the UHPC was subject
to compression in the vertical direction and tension in the lateral
direction. Furthermore, the UHPC exhibited high compressive
strains, of which the yield strains in the peak state were exceeded
in most specimens (e.g., S-F1-T30-E0-b, S-F4-T30-E0-a, S-F4-T20-
E30-b, and S-F4-T20-E60-a). This indicated that the UHPC could be
well utilized in masonry column strengthening.

TABLE 7 Test results on characteristic parameters.

Specimens Pu/kN Average and COV Du/mm Average and COV μ(Du/DL) E(J) Average and COV

US-F0-T0-E0-a 494.25 494.25 (−) 2.82 2.82 (−) 1.1 1007 1007 (−)

US-F0-T0-E0-b - - -

S-F1-T30-E0-a - 605.88 (−) - 3.53 (−) 1.2 - 1724 (−)

S-F1-T30-E0-b 605.88 3.53 1724

S-F3-T30-E0-a 843.73 893.73 (5.59%) 4.06 3.59 (13.09%) 1.13 2614 2422 (7.93%)

S-F3-T30-E0-b 943.61 3.12 2230

S-F4-T30-E0-a 1558.55 1412.6 (10.33%) 3.74 3.5 (6.86%) 1.64 3566 3999 (10.83%)

S-F4-T30-E0-b 1266.64 3.26 4432

US-F0-T0-E60-a - 461.55 (−) - 5.08 (−) 1.07 - 1884 (−)

US-F0-T0-E60-b 461.55 5.08 1884

S-F4-T20-E60-a 699.16 596.17 (17.28%) 4.17 3.97 (5.04%) 1.21 1705 1649 (3.4%)

S-F4-T20-E60-b 493.17 3.77 1593

S-F4-T30-E60-a 1149.45 1002.77 (14.63%) 3.55 2.42 (47%) 1.55 2983 1928 (54.76%)

S-F4-T30-E60-b 856.1 1.28 872

US-F0-T0-E0-a 494.25 494.25 (−) 2.82 2.82 (−) 1.1 1007 1007 (−)

US-F0-T0-E0-b - - -

S-F4-T20-E0-a 1125.94 1176.01 (4.26%) 3.87 4.22 (8.29%) 1.44 3440 3662 (6.06%)

S-F4-T20-E0-b 1226.08 4.57 3884

S-F4-T20-E30-a 1005.51 1115.8 (9.88%) 5.06 3.49 (45%) 1.25 3777 2588 (45.94%)

S-F4-T20-E30-b 1226.08 1.92 1399

S-F4-T20-E60-a 699.16 596.16 (17.28%) 4.17 3.97 (5.04%) 1.21 1705 1649 (3.4%)

S-F4-T20-E60-b 493.17 3.77 1593

Note: Pu is the ultimate load of masonry column. Du is the ultimate displacement of masonry column at ultimate load. μ is the ductility of masonry column. E is the energy dissipation.
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It can be observed that the load-strain curves of the masonry
column were approximately linear during the initial stage of the
loading. The significant elastic behavior of the specimen was

observed. With the increase in load, mortar joints spalling and
stone internal cracking were observed under compression. The load-
strain curves of the masonry column were displayed as the non-

FIGURE 7
Effect of strengthening method, strengthening thickness and eccentricity on peak load (A), lateral displacement (B), vertical displacement (C),
ductility (D) and energy of destruction (E) of specimens.
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linear growth and the specimens entered the crack progression stage.
With the further increase in load, the internal cracks of masonry
columns continually progressed and formed local continuous
cracks. This can be expressed by the load-strain curve which

reached the peak and appeared to soften, i.e., the presence of a
descending stage.

The load-strain relationship of the three strengthening methods
is presented in Figure 8A. As expected, the strength of the masonry

FIGURE 8
Load-strain curves.
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columns strengthened with UHPC exhibited different degrees of
growth as the strengthening method was improved. For one-sided,
three-sided and hoop strengthening, i.e., S-F1-T30-E0-b, S-F3-T30-
E0-b. and S-F4-T30-E0-a, the strengths of the specimens were 712.8,
1110.13, and 1833.59 kN, and the ultimate tensile strains were
225.19, 1434.7, and 137.26 με, respectively in the A face, and the
ultimate compressive strains were 932.27, 1694.33, and 1511.25 με,
respectively in the A face, and the ultimate compressive strains were
563.02, 1309.19, and 2348.17 με, respectively in the D face. It is
worth noting that the tensile strain growth of S-F4-T30-E0-a
specimen (strengthened by the hoop) was relatively slow in the
initial stage of loading. This can be explained that the lateral
deformation of the masonry column substrate was not obvious.
With the further increase in load, the lateral displacement of the
masonry columns was increased, causing the tensile strain to
increase rapidly. Additionally, the lower ultimate strain can be
observed on the A face of the one-sided strengthened specimen,
i.e., S-F1-T30-E0-b. This is mainly attributed to the earlier
debonding of the UHPC-masonry interface, resulting that the
strength of UHPC was not fully utilized under one-sided
strengthening.

The essence of UHPC strengthened masonry columns is to work
by confining the lateral deformation of the column. Hence, the
lateral confining pressure exerted by UHPC on the masonry column
was directly related to the strengthening effectiveness. Figure 8B
shows the effect of strengthening thickness on the load-strain
relationship. It can be seen that the ultimate strain of the
masonry column was improved as the strengthening thickness
increased. This is due to the increase in strengthening thickness,
which enhanced the confinement effect of UHPC on the masonry
columns. Correspondingly, the ultimate load capacity and strain of
the masonry columns were raised. The results of these tests indicated
that the confining effect created by the UHPC layer provided
additional horizontal support to the masonry columns. In
addition, it should be noted that the strain of specimens under
the same load decreased with increasing strengthening thickness.
Comparing specimens S-F4-T30-E60-a and S-F4-T20-E60-b, the
compressive strains on the A face were 298.34 and 698.89 με
respectively when the load was 300 kN. This is because, with
increasing strengthening thickness, the stiffness of the masonry
columns was enhanced. The confinement effect of the UHPC on
masonry column increased, and the lateral deformation of masonry
column strengthened with UHPC was decreased, resulting in the
reduction of strains.

The effect of eccentricity on the load-strain relationship of
masonry columns is shown in Figure 8C. It can be observed that
the initial stiffness of the masonry columns showed great differences
even in the same group of specimens. This may be caused by the
complicated deformation of columns strengthened with UHPC.
During the whole loading process, the ultimate strain of masonry
columns decreased with the increase in eccentricity. This can be
explained that the increase in eccentricity decreased the load-
carrying capacity of the masonry column. Consequently, the
ultimate strain of the masonry column was reduced. Besides, it
can be seen that the strain growth rate of the specimen near the
eccentric face (i.e., D face) was faster than that far from the eccentric
face (i.e., B face). Taking specimen S-F4-T20-E30-b as an example,
the strain on the B face was 221.75 με and the strain on the D face

was 1,242.96 με under the same load of 500 kN. This is attributed
that eccentric loading causing a strain gradient in the axial
deformation of the masonry column. It exhibited a non-uniform
distribution in strain and the strain growth was faster on the near
eccentric face.

4 Finite element modeling

4.1 Establishment of finite element model

4.1.1 Introduction to numerical simulation of
masonry

Presently, there are two main categories for masonry modeling,
separated and monolithic (Pérez and Ortiz-Lozano, 2020). For the
monolithic model, mortar and block, which are originally discrete
medium aggregates, are treated as a unity of homogeneous and
continuous materials. Then, the blocks and mortar are assigned the
integral material properties of the masonry in ABAQUS. In this
modeling approach, the bond slip and corresponding elastic
compression of the block and mortar are ignored. This resulted
that the mechanical mechanisms of the masonry cannot be
adequately displayed after cracking. Cerrolaza et al. (1999) had
shown that the monolithic model was more effective for the
macro component size five times larger than the block. Separate
modeling, in which the block and mortar are distinguished and
given separate material properties. The difference in the constitutive
relationship between block and mortar can be reflected by this
model. In this paper, the separated modeling was used to model the
masonry specimens. The stone and mortar units were modeled
separately and were assigned separate material properties.
Additionally, the analysis of the strengthening effect of UHPC on
masonry columns was concentrated in the present paper, while the
mechanical properties between stone and mortar were not
investigated. Therefore, the contact properties of the stone and
mortar can be referred to in literature (Guo, 2020), using the
“Tie” function as simple bonding.

4.1.2 Element type and meshing
The extensive unit library is available in ABAQUS. In this

numerical simulation, the eight-noded hexahedral linear
reduction integration element (C3D8R) was utilized to simulate
the UHPC, stone, mortar, and loaded end. The C3D8 element has
the advantages of accurate displacement solution, excellent stability
of element twist, suitable for contact analysis and no “shear self-
locking” (Shi, 2006). In this study, the finite element (FE) model was
a symmetrical structure and half of the structure was modeled to
save computational resources. Taking specimen S-F4-T20-E60 as an
example, the FE model and meshing of the UHPC-masonry column
specimen are shown in Figure 9.

4.1.3Modelling of traction separation at the UHPC-
masonry interface

Hussein et al. (2017); Jang et al. (2018) applied a traction-
separation model to simulate the behavior of the UHPC-HPC
interface and the UHPC joint push-out tests, respectively. This
approach was similarly applied in this paper to simulate the
bonding behavior of the UHPC-masonry interface. The traction-
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separation model, which establishes the constitutive relationship
between the interfacial stress and the separation. It consists of the
linear elastic traction-separation, the damage initial criterion (DIC)
and the damage evolution. The traction-separation response
described in the ABAQUS analysis manual is given in Figure 10.

Where t0n(t0s , t0t ) is the peak values of traction, (t0n, t0s , t0t ) = (1.75, 1.2,
1.2). δ0n(δ0s , δ0t ) is the separation of the t0n(t0s , t0t ), δnmax(δsmax, δtmax) is an
effective separation at complete failure.Kn(Ks,Kt) is the contact stiffness
at the elastic stage, (Kn,Ks,Kt) = (3.5, 2.4, 2.4). The plastic displacement
is 4.5 mm. The stabilization is 0.0001. The area surrounded by the curve
and the horizontal axis of the coordinate is the fracture energy (GIC)
(ABAQUS, 2012).Damage evolution is divided into linear andnon-linear
evolution. In order to simplify the calculations, the linear damage
evolution was chosen for the simulations in this paper.

There are four primary damage criteria in ABAQUS, namely,
Maxs Damage, Maxe Damage, Quads Damage and Quade Damage.
However, the failure strain is extremely difficult to measure, and
Maxs Damage would lead to a conservative result. Therefore, Quads
Damage was used in this paper, as shown in Eq. 1.

tn
t0n

( )
2

+ ts
t0s

( )
2

+ tt
t0t

( )
2

� 1 (1)

Where tn,· t0n are the contact stress values and the maximum
stress values in the normal directions of the bonded interface,
respectively. ts,· t0s are the contact stress value and the maximum
stress value in the first shear direction at the bond interface,
respectively. tt,· t0t are the contact stress value and the maximum
stress value in the second shear direction at the bond interface,
respectively.

4.1.4 Constitutive model
4.1.4.1 UHPC

The concrete damage plasticity (CDP) model is based on the
uniaxial compressive and tensile stress-strain relationship of
concrete materials. Its theory of tensile and compressive
damage was used to characterize the inelastic behavior of
concrete. In this paper, the CDP model was utilized to
simulate the UHPC material. The UHPC constitutive model
used for the numerical simulations was obtained from the
literature (Yang, 2007; Zhang et al., 2015) and is shown in
Figure 11. The calculated procedures for UHPC compressive
and tensile stress-strain relationship are given in Eq. 2, 3. Where,
fc is 142.5MPa, n is 1.19, εcp is 0.0035 ξ = ε/εcp, fct is 9.3MPa, εca
is 0.002, εpc is 0.01, ωp is 1 mm, and p is 0.95.

FIGURE 9
The FE model and meshing of UHPC-masonry column.
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(3)

In order to accomplish the definition of the CDP model. Five
main parameters [i.e., the dilation angle (ψ), the eccentricity (e), the
stress ratio (σb0/σc0), the yield surface shape (K) and the viscosity
regularization (μ)] of the UHPC in the CDP were obtained by Li
(2009), as shown in Table 8.

The damage factor dk for UHPC in the plastic stage was
determined from Eq. 4, by Liu (2021).

dk � 1 − ηk( )~εink E0

σk + 1 − ηk( )~εink E0
(4)

where the subscripts k = c and t indicate axial compression and
tension, respectively. ~εink indicates the plastic strain. E0 is the initial
elastic modulus of the UHPC. ηk is 0.6 in compression and 0.9 in
tension.

4.1.4.2 Steel
The trilinear constitutive model proposed by the code (GB 50010-

2010, 2010) was used for the reinforcement, as shown in Figure 11.
Where fy and εy are the yield strength and yield strain of the

reinforcement, fy is 335MPa, εy is 0.0017.fu and εu are the ultimate
stress and ultimate strain, fu is 455MPa, εu is 0.075.

FIGURE 10
Typical traction-separation response with exponential damage evolution.

FIGURE 11
Constitutive law of UHPC and steel bar 4.1.4.3 Stone and mortar.
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According to the relevant literature, the compressed constitution
of stone and mortar in this study are shown in Eq. 5, 6, respectively.
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Where fc and fm are the peak compressive stresses of the stone and
mortar. ε0 and εm are the corresponding peak compressive strains,
where fc is 128.6MPa, fm is 7.2MPa, ε0 is 0.002 and εm is 0.0016.

Considering the plastic damage of stone andmortar, the formula
for calculating the damage factor (Eq. 7) and the values of CDP
model parameters (Table 8) were given.

d � 1 −
���
σ

E0ε

√

(7)

4.2 Verification of finite element model

In this section, the damage evolution and failure modes of FE
model of masonry columns were summarized. The extent of damage
to the model is quantified depending on the compression damage
variable (DAMAGEC), where 0 indicates no damage and 1 indicates
that the model is total loss of strength (El Ezz and Galal, 2017).
Meanwhile, the peak loads of the FE model were compared with the
test results, as showed in Figure 12. In particular, the errors were
between 0.7% and 7.6%, indicating a good agreement on the
simulation and test results. The validity of the ABAQUS
simulation results was confirmed. It is notable that the bearing
capacities predicted by the numerical simulations were slightly
higher than the results of the experimental investigation. This
can be attributed to shortcomings during fabrication and testing
of the specimen in the experiment.

4.2.1 Effect of strengthening method and loading
eccentricity

The damage progression and failure modes predicted by the
numerical model were compared with experimental results.
Comparison of failure modes for masonry columns under
strengthening methods is illustrated in Figure 13A, i.e., the
specimens of US-F0-T0-E0, S-F1-T30-E0, S-F3-T30-E0, and

S-F4-T30-E0. As the peak load was reached, it can be seen that
all the mortar joints were slightly damaged and the upper stones
were seriously damaged. With improved methods of strengthening,
the damage factor of the UHPC was increased, meanwhile the
damage to the masonry columns was effectively relieved. This
confirmed the usability of UHPC in masonry strengthening
applications. Comparing the compressive damage progression
under the failure load, the failure mode was observed to be
consistent with the test. For the one-sided strengthening model,
the failure was caused by the masonry columns being completely
crushed and no extensive damage was observed by the UHPC. The
similar phenomenon was observed during the experiments due to
the earlier debonding of the UHPC from the masonry columns. In
contrast, the effectiveness of the masonry column strengthening
with three-sided and hoop strengthening was significantly
enhanced. This is attributed to the bond between the UHPC and
masonry columns was significantly improved, which resulted in the
UHPC being adequately utilized and the synergy between the UHPC
and the masonry columns was achieved. The satisfactory agreement
was found in the test and FE model, except for the S-F1-T30-
E0 group. The main reason is that the specimens were damaged
during the tests due to fabrication and handling, which resulted in
the lower load capacity of the masonry columns. However, the error
of ultimate load carrying capacity between the tested and simulated
was 7.6%, which was within the acceptable range. It was observed
that the ultimate load capacity of the masonry columns was most
significantly increased by the hoop strengthening. Compared to
S-F3-T30-E0, the UHPC was subject to heavier damage in S-F4-
T30-E0. This means that the masonry columns were protected by
the UHPC, which caused in less damage to the masonry columns.

Figure 13A, i.e., the specimens of S-F4-T20-E0, S-F4-T20-E30,
and S-F4-T20-E60, shows the progression of compression damage
of FE models under different eccentric distances. It can be seen that
the trend was approximately the same for the compressive damage
in the models as the crack propagation in the tests. The masonry
interior of the axial model was crushed at the peak load, where the
UHPC damage was also substantial. At an eccentricity of 30 and
60 mm, the models exhibited the similar form of damage. The
damage initially appeared on the near eccentric face of the
masonry column, and progressed along the adjacent face.
Meanwhile, the damage of the UHPC layer was extended from
this area towards the adjacent face. The damage of masonry columns
and UHPC was drastically reduced with increasing eccentricity
when the failure load was reached. Simultaneously, the
compression damage to the dorsal eccentric face showed a
decreasing trend. When the eccentricity was increased to 60 mm,
the compression damage factor of the dorsal eccentric face became 0,
and it probably presented tensile damage state.

The experimental load-displacement curves and FEM numerical
curves of masonry columns under different strengthening methods
and loading eccentricities are presented in Figure 13B. The predicted
curves obtained by FEM specimens were in excellent agreement in
terms of initial stiffness and peak load in comparison with the test
results. However, the overestimates of FEM were observed in the
post-peak behavior. This could be attributed to the fact that, in the
FEM, a perfect bond between stone units and mortar was assumed.
In conclusion, the overall trends of load-displacement curves
obtained from FEM were satisfactory with test results. In

TABLE 8 Values of CDP model parameters of UHPC, stone and mortar.

Materials ψ e σb0/σc0 K μ

UHPC 38° 0.1 1.14 0.6667 0.0005

Stone 30° 0.1 1.16 0.667 0.00015

Mortar 26° 0.1 1.16 0.667 0.00001
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comparison with test results, the peak load discrepancy of specimens
was within 7.6%, and the overall behavior was adequately captured
by the FEM.

4.2.2 Effect of UHPC layer thickness
Figure 14 presents the progression of compression damage to

the model under different strengthening thicknesses. As can be seen
from Figure 14A, the damages of the masonry columns decreased as
the strengthening thickness increased, in the meantime the damage
of UHPC increased. This means that the UHPC was involved in the
masonry column synergy, and shared partial loads of the masonry
column. This phenomenon was particularly noticeable in the
compressive damage progression of the failure load. With
increasing strengthening thickness, the damage to the masonry
columns did not differ significantly, while the damage to the
UHPC was considerably increased. This confirmed the
effectiveness of UHPC in strengthening masonry columns.

The experimental load-displacement curves and FEM numerical
curves of masonry columns under strengthening thickness are
presented in Figure 14B. For specimens with thickness of
strengthening layer increased, the strength in failure was
overestimated by the models owing to the changes in stiffness
and confinement stresses of UHPC. The results of numerical
modelling and experimental results showed that numerical
models were in close agreement with the experimental results
with regard to the overall response of masonry columns
strengthened with UHPC. In addition, the peak loads and
corresponding lateral displacements for the FE models were
extracted, which were compared with the test, as shown in
Figure 14B. It is observed that the lateral displacement was

reduced at the peak load due to the UHPC layer being sufficient
to restrict the horizontal buckling of the masonry columns. In
addition, it is worth noting that the FE models were in good
agreement with the peak loads of the test results, but the lateral
displacements were considerably different. However, the overall
trend in lateral displacement was consistent, both presenting a
decrease with the strengthening thickness. The main reason for
this was that the lateral displacements could not be accurately
modelled by ABAQUS after the masonry columns had cracked.
The cracking of masonry columns was only represented by the
damage factor reaching a discount to the stiffness. In contrast, the
software was relatively accurate for the simulation of the ultimate
bearing capacity of masonry columns.

In practical strengthening engineering, the thickness of the
strengthening plays an important role in the bearing capacity and
durability of the structure. In order to investigate the optimum
strengthening thickness for enhancing the ultimate bearing capacity
of the masonry columns under axial compression. On the basis of
the hoop strengthening, the FE models of 6 groups were designed.
These models had a strengthening thickness of 35, 40, 45, 50, 55 and
60 mm, respectively. Figure 15 shows the relationships between
strengthening thickness and the peak load raising rate of the FE
models together with the corresponding lateral displacement.

Figure 16 presents the compressive damage progression of the
FEM under different strengthening thicknesses. No significant
distinctions in UHPC damage were observed when the
strengthening thickness was less than 50mm, and the majority of
damage concentrated in the upper part of the column, as shown in
Figure 16A. Eventually, the masonry columns were excessively
damaged leading to the overall failure of the structure. At this

FIGURE 12
The comparison of peak loads from teats and FE models.
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thickness, the damage of UHPC and masonry column in the lower
region was poor, and neither the UHPC nor the masonry column
were fully utilized, as can be seen from Figure 16B. It was observed
that the damage of UHPC extended towards the lower end of the

masonry column when the strengthening thickness reached 50 mm
or more. It indicates that the utilization of UHPC had been
enhanced, resulting in the whole bearing capacity of the masonry
columns was increased.

FIGURE 13
Comparison of finite element analysis and experimental results under strengthening methods and eccentric distances.
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Obviously, as the thickness of the strengthening was increased,
the bearing capacity of the masonry columns and the utilization of
UHPC were improved. However, in practical engineering, the

thickness cannot be increased indefinitely. On the one hand, the
phenomenon is easily seen that the original structure had been
damaged while the strengthening layer had not yet reached its own

FIGURE 14
Comparison of finite element analysis and experimental results under strengthening thicknesses.
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ultimate state. This can result in material properties not being
adequately utilized, and economic waste. On the other hand, the
weak areas for the overall structure (except for the strengthening
layer) are easily formed and result in serious damage, which is a
safety risk. Hence, considering economic and safety factors, it was
recommended that the thickness of the strengthening should be
50 mm.

Besides, the strengthening layer was extremely susceptible to
debonding from the masonry columns, which was observed in the
tests. Resulting in that UHPC cannot adequately participate in
the synergistic forces of the masonry columns. This was reflected
in the FE model by a slight or no damage factor of the
strengthening layer. Therefore, based on the optimal
strengthening thickness model, the strengthening efficiency of
UHPC was analyzed by keyway and planting bars at the bond
interface. Figure 17 shows the progression of compression
damage for the two types of interface treatment.

The peak loads of the keyway and planting bars calculated using
the FE model were 3050 kN and 3377.02kN, respectively. As can be
seen in Figures 17B, C, the UHPC damage factor was significantly
increased for the model after the interface treatment compared to
S-F4-T50-E0 (i.e., Figure 17A). In addition, the masonry columns
were more adequately damaged. This was probably caused that the
bonding of the UHPC to the masonry column was enhanced by the
interface treatment, which increased the effective area to be
subjected to the load. Consequently, the whole of the model was
subjected to a more homogeneous force, while the bearing capacity
of the masonry columns was dramatically increased. Overall, the
combination of a keyway or a planting bars with UHPC was
recommended when the UHPC was applied to strengthening

engineering. Its aims to maximize the superior performance of
UHPC, and thus improved the load bearing capacity and
durability of the structure.

5 Conclusion

The primary conclusions were the following:

(1) Compared to unstrengthened column, the compressive
behavior of masonry columns strengthened with UHPC was
considerably improved. The masonry column failure mode was
changed by UHPC confinement. Numerous small cracks were
observed in the strengthened masonry columns only on the
UHPC surfaces, instead of a few large vertical cracks in the
unstrengthened columns. Ductile failure behavior was exhibited
in masonry columns strengthened using UHPC, owing to the
crack bridging capacity of the steel fibers in the interface.
Moreover, the high elastic modulus of UHPC provided a
guarantee for the initial compressive stiffness of the masonry
columns.

(2) In terms of strengthening methods, the hoop strengthening
provided a greater gain in maximum load and deformation
capacity of masonry columns as compared to one-sided and
three-sided strengthening. The increase in peak load, ductility
and dissipated energy of masonry columns under hoop
strengthening were 185.81%, 49.09% and 185.81%,
respectively, against unstrengthened columns. Meanwhile,
crushing failure of masonry columns can be retarded by
hoop reinforcement, and good integrity of masonry columns

FIGURE 15
Effect of strengthening thickness on peak load raising rate and lateral displacement of masonry columns.
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strengthened using hoop was observed at failure. In practical
engineering, we recommend that hoop strengthening should be
privileged over other strengthening methods in the selection of
UHPC strengthening techniques.

(3) For masonry columns strengthened with UHPC, the compressive
strength, ductility and energy consumption capacity can be
significantly increased by increasing thickness of strengthening
layer. As the thickness of strengthening layer was increased from
0mm to 20 mmand 30mm, the increase range of strengthwas from
29.17% to 117.26%, the increase range of ductility was from 13.08%
to 44.86%, and the increase range of energy dissipation capacity was
from −12.47% to 2.34%. In addition, the lateral displacement
corresponding to the peak load was decreased by 32.44% and
37.24%. It was demonstrated that the strength of masonry columns
was raised by UHPC, and crushing damage of the structure could
be mitigated.

(4) Whether UHPC was used or not, the bearing capacity of masonry
columns was decreased with the increase of eccentricity. However,

compared with the unstrengthened masonry columns (US-F0-T0-
E60), the peak load of the S-F4-T20-E60 column strengthened with
UHPC increased by 29.17%. This phenomenon demonstrated the
effectiveness of UHPC in strengthening masonry columns under
eccentric loading.

(5) The FE model of UHPC strengthened masonry columns was
established by ABAQUS. The simulation results were verified
against the experimental results and the error value was within
7.6%. The model was successful in simulating the strength and
failure mode of masonry columns.

In general, the capacity, ductility and stiffness of masonry
columns can be enhanced significantly by using UHPC
strengthening. However, a weak interface existed in the UHPC-
masonry columns, which was vulnerable to damage caused by
interfacial peeling. Therefore, the shear capacity of these
interfaces should be concerned in the design in order to avoid
structural damage owing to interfacial peeling.

FIGURE 16
Compression damage progression of models with different strengthening thicknesses.
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An elastic-viscoplastic creep
model for describing creep
behavior of layered rock

Yukun Li, Mingxuan Shen, Bin Du* and Shisong Yuan

College of Civil Engineering, Guizhou University, Guiyang, Guizhou, China

To describe the full-stage creep behavior of layered rock accurately, a new elastic-
viscoplastic creep model is proposed based on fractional order theory in this
manuscript, which consists of a Hooke elastomer, a fractional Abel dashpot, a
Kelvin body, and a new non-linear visco-plastic component. The non-linear creep
model can not only describe the changes in three creep stages (primary creep,
steady-state creep and accelerating creep) but also reflect the influence of
different bedding angles of rock. The constitutive equations of the non-linear
creep model are deduced by the empirical model method and plastic theory
method, respectively. The parameters of the non-linear creepmodel are identified
using the Levenberg-Marquardt algorithm from Origin. It shows that the creep
model in this paper are highly consistent with the experimental data under
different load levels, creep stages and bedding angles, and the accuracy and
rationality of themodel are verified. Moreover, the creep constitutive equations for
layered rock derived by the two methods have the same fitting effect on the same
set of experimental data.

KEYWORDS

layered rock, elastic-viscoplastic creep, constitutive model, fractional calculus, non-
linear analysis

1 Introduction

Rock rheology refers to the continuous adjustment and recombination of rock and
mineral fabric (skeleton) with the growth of time, resulting in the continuous increase and
change of its stress and strain state with time (Sun, 2007a). The rheology of rock includes
creep, stress relaxation and elastic aftereffects. Especially, the creep characteristics of rock
are of great significance to the stability of rock engineering, and the research on this aspect
is also of great significance and engineering application value. The study of creep
characteristics of rock began in the 1930s, Griggs (Griggs, 1939) carried out a series of
creep tests on rocks such as limestone, shale and sandstone in 1939, and concluded that
rock creep occurs when the load reaches 12.5%–80.0% of its compressive strength. Several
elasto-viscoplastic creep models have been proposed that can well describe the time-
dependent behavior of rock under certain conditions (Wu et al., 2018; Brantut et al., 2013;
Sone et al., 2014; Xia et al., 2009). In general, the classical rock rheological model theory is
mainly limited to linear rheological problems, and there are two main methods to describe
non-linear rheological problems of rock. The first method is to replace the linear model
theory with a new non-linear rheological theory completely, such as internal time theory,
fracture and damage mechanics theory, etc. The other method is to improve the classical
model theory by using non-linear components (non-linear spring or non-linear dashpot)
instead of linear elements.
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The component model is widely used because of its intuitive
concept and clear meaning. Classical component combination
models include the Maxwell model, Kelvin model, Poyting-
Thomson model, Burgers model and Nishihara model. However,
the basic element of the classical model is linear, it is still linear
whether connection in series or parallel, and can not describe the
non-linear creep characteristics of the rock in the accelerating stage.
Therefore, establishing a creep model which can describe the non-
linear characteristics of the rock creep process has always been a hot
and difficult point in the theoretical research of rock mechanics. In
the present research, scholars (Cheng et al., 2020; Shan et al., 2020;
Wang and Wan, 2016; Yang and Jiang, 2022) having been
established different non-linear creep models by introducing
creep damage theory (Shen et al., 2023a; Zhang et al., 2022a) and
fractional calculus theory. The constitutive model based on
fractional calculus theory with fewer parameters and better fitting
effect has been widely applied in rock rheological mechanics. A
classical example is Koeller (Koeller, 1984) used Riemann–Liouville
(R-L) fractional dashpot to replace the traditional Newtonian
dashpot in the component model in 1978. The R-L type (Zhou
et al., 2018) or Caputo type (Liu et al., 2020) fractional order calculus
theory is used to construct fractional dashpot to replace the
traditional Newtonian dashpot in the element model, and to
establish a creep model that can describe the three stages
(primary creep, steady-state creep and accelerating creep) of rock
creep. However, it lacks physical significance in the accelerating
creep, and it can not well characterize the internal mechanism of
accelerating creep of rock. Therefore, damage factors were
introduced to describe the accelerating creep of rock, and
establish an elasto-viscoplastic creep model reflecting the
complete creep process of rock by combining fractional calculus
theory and damage theory (Deng et al., 2022; Shen et al., 2022; Wu
et al., 2018) becoming a relatively popular study method. In
addition, scholars have study the mechanical characteristics about
the concrete-rock combination (Shen et al., 2022; Zhang et al., 2019)
and other interface (Shen et al., 2023b; Zhang et al., 2023). By
comparing the creep model established by fractional calculus theory,
it is based on the assumption that there are two stages (hardening
and damage) in the creep of rock, and with clear physical
significance for describing the accelerating creep stage. However,
due to various ways of defining damage factors and increasing model
parameters, the calculation is inconvenient.

There are abundant of achievements on creep characteristics for
common rock, but few studies on creep characteristics for layered rock.
In the basic mechanics study area, Ramamurthy (Ramamurthy, 1993)
carried out a study on the physical and mechanical properties of rock
with different bedding angles, explored the anisotropy law of strength
and deformation. Yong (Yong Tsao, 2000; Yong, 2001) studied the
effect of the bedding angle on the strength and elastic modulus for
layered rock, proposed corresponding damage guidelines. Fortsakis
(Fortsakis et al., 2012) modeled the bedding as separate units and
the rock masses as anisotropic materials to investigate the differences in
the analysis of isotropic, anisotropic and transverse isotropic analysis
methods. Studies has also shown the influence of bedding angles in the
basic mechanical properties for layered rock (Celleri et al., 2018; Chang
et al., 2020; Hb et al., 2003; Saeidi et al., 2014;Wu et al., 2015; Yang et al.,
2021). In the experimental creep study, Dubey (Dubey and Gairola,
2008) investigated the creep properties of salt rocks containing

horizontal, vertical and diagonal laminations at different stress levels
by uniaxial compression creep tests, and noted that the higher the stress
level, the less the laminations affected the anisotropy of the creep
properties of salt rocks. In recent years, some scholars (Hu et al., 2019;
Liu et al., 2015; Xu et al., 2019; Zhang et al., 2021) have also studied the
anisotropic creep law of layered rock by uniaxial compression creep
tests and triaxial compression creep tests. In addition, the creep
properties of layered rock under the coupling of multiple factors
have been studied (Tang et al., 2018). In the study of creep
constitutive model for layered rock, an approach is to inductively
derive an empirical model from experimental phenomena (Park
et al., 2016; Zhang et al., 2022b). It is based on the assumption of
constant volume modulus, then to establish a creep constitutive model
by identifying the creep parameters in different directions as different
mutually independent values. Another approach is the plasticity theory
model by assumption of Poisson’s ratio constant (Aravas et al., 1995;
Kou et al., 2023; Wang et al., 2018), which to establish the three-
dimensional creep constitutive model for transverse isotropic rock by
using the transverse isotropic flexibility matrix replace the isotropic
flexibility matrix.

Based on the above analysis, the creep mechanics properties of
rock has been widely studied, but less for layered rock. Therefore, a
non-linear fractional creep model for layered rock was established in
this manuscript by introducing a non-linear Abel dashpot. The
model connected the Hooke body, non-linear Abel dashpot body,
linear Kelvin body and non-linear viscoplastic body in series.
Further more, the non-linear elastic-viscoplastic creep
constitutive equations for layered rock were derived. A practical
method for model parameters identification is proposed, and finally
the accuracy and applicability of the model is verified by using
different rock compression creep test data from relevant literature.

2 Rock creep processes and basic
mechanical models

The typical creep curve of rock is shown in Figure 1. The ABCD
is strain curve, and the A′B′C′D′ is strain rate curve, stage I, II, III is

FIGURE 1
Three stages of the typical creep curve.
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the primary creep, steady-state creep and accelerating creep,
respectively.

When a load is applied, the rock then undergoes a transient
elastic creep in section OA. Continuing to loading, the rock enters
primary creep in the AB section, which exhibits a non-linear
viscoelastic character. With increasing loading stress, the rock
then undergoes steady-state creep in the BC section, which
exhibits an approximately linear viscoelastic-viscoplastic
character. When the loading stress level exceeds the long-term
strength of the rock, the rock undergoes primary creep, steady-
state creep and then enters the accelerating creep phase in the CD
section until creep damage. Thus, the basic equation for the
variation of rock creep strain with time can be expressed as

ε t( ) � εe t( ) + εve t( ) + εvp t( ) (1)

Where εe(t), εve(t), εvp(t) are elastic strain, viscoelastic strain
and viscoplastic strain, respectively.

In rheological theory, a rock creep model should be able to
characterise the processes of decay creep, steady-state creep and
accelerating creep, and reflect the creep characteristics of the rock
at different stress levels. The basic units of the rheological model
are generally divided into elastic, plastic and viscous elements,
and the mechanical model of the three basic units is shown in
Table 1.

As the intrinsic relationships of the basic components are linear,
the various classical rheological models, such as the Maxwell, Kelvin,
Burgers and Nishihara models (Behbahani et al., 2016; Feng, 2021),
which consist of basic components connected in series or parallel,
are also linear in nature.

3 Establishment of elastic-viscoplastic
creep model

3.1 Plastic body elements based on
fractional order derivatives

3.1.1 Definition of fractional calculus
Fractional order calculus is an extension of integer order

calculus. Since the 1990s, the theory and methods of fractional
order calculus have been widely applied to various fields of the
natural and social sciences. In the area of viscous fluid
mechanics, the introduction of fractional order calculus
theory allows for more realistic theoretical models to be
developed in the study of mechanical physical problems
associated with real fluids, leading to accurate conclusions.
The Riemann–Liouville (R-L) type fractional order calculus is
commonly used in the theory of rock rheology studies (Zhou

TABLE 1 The basic mechanical components.

Name Diagram Constitutive equation

Hooke elastomer ε � σ
E

Plastic body ε� 0,σ < σ
s

ε → ∞, σ ≥ σ
s }

Newtonian dashpot σ � η dε
dt

FIGURE 2
0< β≤ 1.

FIGURE 3
β> 1.
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et al., 2018), but its fractional order derivatives are hyper-
singular and limited in applications in engineering and
technology and in physical modeling. In this paper, we use a
theory of fractional order derivatives with weak singular
properties proposed by the Italian geophysicist Caputo. The
Caputo fractional order derivative solves the fractional order
initial value problem in the definition of R-L type fractional
order calculus and has been widely used in the modeling process
of many practical application problems (Liu et al., 2021). The
definition of Caputo fractional order derivative is

C
0D

β
t f t( ) � 0D

β−n
t Dnf t( ) � 1

Γ n − β( )
∫

t

0
t − ξ( )n−β−1f n( ) ξ( )dξ, β> 0( )

(2)
where n is the smallest integer greater than or equal to β; ξ is an
integral variable of [0, t]; f(n)(ξ) is the n th order derivative of
function f(ξ); Γ is Gamma function, defined as

FIGURE 5
Diagram of bedding angle.

FIGURE 6
Creep equation fitting curves (ω� 0%).

FIGURE 7
Creep equation fitting curves (ω� 4.56%).

FIGURE 4
The six-element non-linear elastic-viscoplastic creep model.
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Γ z( ) � ∫
∞

0
tz−1e−tdt� 2∫

∞

0
t2z−1e−t

2
dt (3)

Γ 1 + z( ) � zΓ z( ) z ∈ N*( ),Re z( )> 0. (4)
The Caputo fractional operator is shown in Eq. 5:

C
0D

−β
t f t( ) � 0D

−β
t f t( ) � 1

Γ β( )
∫

t

0
t − ξ( )β−1f ξ( )dξ, β> 0( ) (5)

The Laplace transform formula for the Caputo fractional order
derivative is

L C
0D

β
t f t( )( ) � sβU s( ) −∑

n−1

j�0
u j( ) 0( )sβ−j−1, n−1< u≤ n( ) (6)

where U(s) is the Laplace transform operator of the function f(t).

3.1.2 Establishment of fractional order viscoelastic
and viscoplastic bodies

The theory of fractional order calculus is applied to the
traditional Newtonian dashpot to construct a fractional dashpot,
called the Abel dashpot. As shown in Figure 4:

Define the stress-strain equation for the Abel dashpot as

σ t( ) � η0
dβε t( )
dtβ

(7)

Where η is the viscosity coefficient; σ(t) is the axial stress and
ε(t) is the axial strain.

When β� 0,η0 � E, σ � Eε, representing linear elastomer,
namely, Hooke elastomer; When β� 1, σ � η0dε/dt,
corresponding to Newtonian dashpot and satisfying the ideal

TABLE 2 Parameters of the one-dimensional creep model.

ω% Loading stress E0 (MPa) η0 (MPa) p E1 (MPa) η1 (MPa) η2 (MPa) k R2

0 60 271.49 3.5 × 1019 1 4533.69 7792.56 0.872

70 258.30 2.6 × 1019 1 3769.68 6155.71 0.955

80 264.90 2.21 × 105 1 4783.74 5480.30 200892.84 0.805 0.989

90 268.66 1.37 × 1019 1 2767.25 6797.60 257095.94 1.737 0.988

100 254.45 1.25 × 1021 1 2619.23 8715.35 9.43×1011 17.45 0.983

TABLE 3 Graded loading scheme.

ω/% Confining pressure (MPa) S1/MPa S2/MPa S3/MPa S4/MPa

4.56 1 0.88 1.68 2.48 3.26

8.47 1 0.88 1.28 1.68

12.38 1 0.88 1.28

FIGURE 8
Creep equation fitting curves (ω� 8.47%,ω� 12.38%).

FIGURE 9
Creep equation fitting curve (ω� 8.47%).
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fluid. So, the physical meaning of Abel dashpot can be defined as a
fluid element between Hooke elastomer and Newtonian body.

In the study of rock creep mechanics, σ(t) � σ � const, Eq. 7 is
integrated with Caputo fractional operator, and the creep equation
of fractional Abel dashpot can be expressed as

ε t( ) � σ

η0
· tβ

Γ 1 + β( )
, m≤ β≤m+1 (8)

For Eq. 8, if σ/η0 is a constant, select 0< β≤ 1 and β> 1 to draw
the figure of strain time as follows:

As shown in Figures 2, 3, the growth rate of ε is variate non-
linear follow β. Combining with Figure 1, the constitutive
relationship curves of Abel dashpot can be used to describe
the typical creep properties of the rock. When the stress level

is below the long-term strength of the rock, the decay creep stage
can be characterized by Abel daspot with 0 < β< 1. When the
stress level exceed the long-term strength of the rock, the
accelerating creep stage can be characterized by Abel despot
with β> 1. Therefore, the Abel dashpot body is introduced by
paralleling with the friction plate to construct a fractional order
viscoplastic body, as shown in Figure 4. The stress relationship of
fractional order plastic body as:

σ � σs + σAbel (9)
Substituting Eq. 7 into Eq. 9, the fractional order viscoplastic

body creep constitutive relationship as:

εvp t( ) � σ − σs

η2
· tk

Γ 1 + k( ), k> 1( ) (10)

where η2 is the viscosity coefficient of the viscoplastic body, and σs is
the long-term strength of the rock.

3.2 Elastic-viscoplastic creep model

3.2.1 The elastic-viscoplastic creep model and
one-dimensional creep equation

Based on fractional order calculus theory and Boltzmann
superposition principle, a six-element non-linear elastic-
viscoplastic creep model is proposed as shown in Figure 4 in this
paper. The model consists of a Hooke elastomer, an Abel dashpot
body, a Kelvin body, and a fractional order viscoplastic body in
series. In this case, the instantaneous creep of the rock is
characterized by Hooke elastomer. The non-linear decay creep is
characterized by the Abel dashpot body. The steady-state creep is
approximated by a constant strain with time, as t → ∞, the slope of
the strain-time curve k � dε(t)/dt � const, and the constitutive
relationship for this stage is described by the conventional linear

FIGURE 10
Creep equation fitting curve (ω� 12.38%).

FIGURE 11
Creep equation fitting curves (ω� 0%).

FIGURE 12
Creep equation fitting curves of different bedding angles (β �
0°, 30°,45°).

Frontiers in Materials frontiersin.org06

Li et al. 10.3389/fmats.2023.1286197

60

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1286197


Kelvin body. Finally, the accelerating creep stage is described by the
fractional order viscoplastic body.

According to the series-parallel law for the combined element
model, when the stress is a constant, the stress-strain relationship for

the six-element non-linear elastic-viscoplastic creep model as the
following equation shows:

σ � σe � σve0 � σvel � σvp
ε t( ) � εe t( ) + εve0 t( ) + εvel t( ) + εvp t( )} (11)

TABLE 4 Parameters of the three-dimensional creep model.

ω% Confining stress G0 (MPa) K0 (MPa) η0 (MPa) p G1 (MPa) η1 (MPa) η2 (MPa) k R2

4.56 0.88 2.12 1.65 2.11 0.15 110.75 0.08 0.983

1.68 1.41 1.44 20.22 0.21 41.54 102.22 0.995

2.48 1.44 1.60 20.74 0.23 61.06 26.46 0.968

3.28 1.36 1.59 26.63 0.74 14.32 3.30 1.37 × 10−11 40.94 0.997

8.47 0.88 1.27 1.19 0.77 0.04 9.70 25.92 0.987

1.28 1.13 1.14 0.70 0.06 17.61 15.29 0.995

1.68 0.63 0.61 1.16 0.52 6.12 0.07 1.63 × 10−18 15.40 0.996

12.38 0.88 0.96 1.02 0.28 0.04 1.06 0.001 0.994

1.28 0.50 0.53 0.51 0.03 3.26 39.65 214.95 10.25 0.992

TABLE 5 Parameters of the creep model.

Stress/MPa Model parameters R2

E0/MPa η0/MPa p E1/MPa η1/MPa

2.2 32.16 5.41 × 1017 1 105.24 42.04 0.963

4.4 34.11 3775.19 0.77 138.57 23.34 0.893

6.6 31.28 8261.98 1 264.86 60.38 0.933

7.7 25.93 1306.20 0.50 341.93 767.04 0.995

8.8 22.22 1198.97 0.34 338.98 779.09 0.978

FIGURE 13
Creep equation fitting curves of different bedding angles (β �
60°,90°).

FIGURE 14
Shear modulus vs. elastic modulus.

Frontiers in Materials frontiersin.org07

Li et al. 10.3389/fmats.2023.1286197

61

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1286197


where σe, σve0, σvel, σvp is the stress of Hooke elastomer, Abel
dashpot body, Kelvin body and fractional order viscoplastic body,
respectively. ε(t)e, ε(t)ve0, ε(t)vel, ε(t)vp is the strain of Hooke
elastomer, Abel dashpot body, Kelvin body and fractional order
viscoplastic body, respectively.

(i) When σ < σs, there is only transient elastic creep, decay creep
and steady-state creep in the rock, no accelerating creep has
occurred, and only Hooke elastomer, Abel dashpot, kelvin
body at work, the stress-strain relationship of the model
equation is

σ � σe � σve0 � σvel
ε t( ) � εe t( ) + εve0 t( ) + εvel t( )} (12)

The creep equation of the Hooke elastomer and Abel dashpot
body is

εe t( ) � σ

E0

εve0 t( ) � σ

η0

tp

Γ 1 + p( )

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

(13)

For kelvin body, according to the parallel law, there is

σ � σE1 + ση1
ε � εE1 + εη1
σE1 � E1ε
ση1 � η1 _ε

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(14)

So, the creep constitutive equation of kelvin body is

σ � E1ε + η1
dε

dt
(15)

Solve Eq. 15, obtain the creep equation of the linear kelvin
body is

εvel t( ) � σ

E1
1 − exp −E1

η1
t( )[ ] (16)

where σ is strain, E1, η1 is elastic modulus and viscosity coefficient,
respectively.

Substituting Eqs 13, 16 into Eq. 12, access the equation of ε(t) as

ε t( ) � σ

E0
+ σ

η0

tp

Γ 1 + p( )
+ σ

E1
1 − exp −E1

η1
t( )[ ], σ < σs, 0<p< 1( )

(17)

(ii) When σ ≥ σs, the rock undergoes accelerating creep and the
fractional order viscoplastic body is added to the work, the
stress-strain relationship of the model is given by

σ � σe � σve0 � σvel � σvp
ε t( ) � εe t( ) + εve0 t( ) + εvel t( ) + εvp t( )} (18)

Combining Eq. 10, Eq. 13 and Eq.16 and substituting them into
Eq. 18, access the equation of ε(t) as

FIGURE 15
Steady-state creep rate.

TABLE 6 Parameters of creep model.

Bedding angles Confining stress G0 (MPa) K0 (MPa) η0 (MPa) p G1 (MPa) η1 (MPa) η2 (MPa) k R2

0° 112.05 26.91 1.09 × 1018 418.07 0.20 2.33 × 1026 3.12 × 1026 3.12 × 10−10 24.14 0.947

30° 112.05 22.43 9.69 × 1017 448.66 0.20 807.03 214.28 2.43 × 10−14 18.67 0.981

45° 81.49 22.64 8.77 × 1016 968.18 0.48 1284.48 234.23 6.69 × 10−13 24.06 0.998

60° 61.12 16.42 2.24 × 1014 68.91 0.42 8.06 × 1016 8.05 × 1014 5.40 × 10−5 9.54 0.989

90° 112.05 22.64 1.00 × 1018 1708.78 0.08 547.43 139.69 2.59 × 10−15 20.02 0.998

TABLE 7 Creep parameters of plasticity theory model and empirical model.

θ Model η0/MPa p E1/MPa η1/MPa η2/MPa k R2

0 Theoritical model 2393.96 0.15 3.33 × 1016 2.54 × 1018 1.17 × 1019 61.28 0.918

Empirical model 851.83 0.15 3.53 × 1016 2.78 × 1018 4.38 × 107 61.18 0.918

90 Theoritical model 13338.32 0.81 1752.24 825.82 100469.59 20.53 0.999

Empirical model 4246.85 0.81 557.90 262.94 111.87 20.53 0.999
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ε t( ) � σ

E0
+ σ

η0

tp

Γ 1 + p( )
+ σ

E1
1 − exp −E1

η1
t( )[ ]

+ σ − σs

η2

tk

Γ 1 + k( ), σ ≥ σs, k> 1( ) (19)

In summary, the non-linear creep equation for rock in a one-
dimensional stress state is as follows:

ε t( ) �

σ

E0
+ σ

η0

tp

Γ 1 + p( )
+ σ

E1
1 − exp −E1

η1
t( )[ ], σ < σs, 0<p< 1( )

σ

E0
+ σ

η0

tp

Γ 1 + p( )
+ σ

E1
1 − exp −E1

η1
t( )[ ] + σ − σs

η2

tk

Γ 1 + k( ), σ ≥ σs , k> 1( )

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

(20)

3.2.2 Three-dimensional creep equation
In geotechnical engineering, rocks are often in a complex three-

dimensional stress state. Therefore, in order to reflect the creep
properties of rocks in geotechnical engineering more accurately, the
three-dimensional creep constitutive equation should be adopted.
According to the theory of elasticity, the internal stress tensor σ ij of
rock can be decomposed into a spherical stress tensor σm and
deviatoric stress tensor sij under the condition of the three-
dimensional stress. Similarly, the total strain tensor εij of rock
can be decomposed into a spherical strain tensor εm and a
deviatoric strain tensor eij, and their constitutive relationship can
be expressed, respectively, as follow:

σ ij � sij + σ ijδij
εij � eij + εmδij

{ (21)

where σ ij is the Kronecker delta. The relationship between different
stress tensors and strain tensors is as follows:

σm � 1
3

σ1 + σ2 + σ3( ) � 1
3
σkk

εm � 1
3

ε1 + ε2 + ε3( ) � 1
3
εkk

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(22)

Under the condition of the three dimensional stress, assuming
the total strain of the non-linear creep model is εij(t). ε0ij(t), εve0ij (t),
εvelij (t), εvpij (t) is the strain of Hooke elastomer, Abel dashpot body,
Kelvin body and fractional order viscoplastic body, respectively.
Based on the theoretical superposition principle of the component
combination model, the relationship of strain is

εij t( ) � εeij t( ) + εve0ij t( ) + εvelij t( ) + εvpij t( ) (23)

In rock creep tests, when the first order stress level applied is less
than the long-term strength of the rock, the rock develops transient
strain rapidly, and the constitutive relationship at this stage can be
described by a Hooke elastomer.

For the Hooke elastomer, the elastic constitutive relation can be
expressed by Hooke’s Law as

sij� 2Geij
σ ij� 3Kεij

} (24)

where G, K is the shear modulus and bulk modulus, respectively.
The relationship between the shear modulus G, bulk modulus K,
elastic modulus E, and Poisson`s ratio μ of soil is

G � E

2 1 + μ( )

K � E

3 1 − 2μ( )

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

(25)

Hence, the strain of the Hooke elastomer can be written as

εeij t( ) � 1
2G0

Sij + 1
3K0

σmδij (26)

When the stress keep loading, the rock enters a non-linear decay
creep phase, which is described by the Abel dashpot in this paper,
and the three-dimensional creep constitutive equation as:

εve0ij � 1
2η0

Sij
tp

Γ 1 + p( )
(27)

FIGURE 16
Fitting curves of creep equation by empirical model and plastic theory model [(A,B) is the bedding angle of 0°,90° respectively].
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Then, the rock will undergo steady-state creep, use the
conventional linear Kelvin body to describe this phase of the
rock creep process in this paper. Assuming that the volume
change is elastic and the rheological properties are mainly in
terms of shear deformation (Sun, 2007b), the three-dimensional
creep constitutive equation is

εve1ij � 1
2G1

Sij 1 − exp −G1

η1
t( )[ ] (28)

where G1 and η1 are the shear modulus and viscosity coefficient of
the Kelvin body, respectively.

When the stress deviator tensor s≥ σs, significant plastic
deformation occurs, and the rock enters a phase of accelerating
creep until it breaks down.

In a three-dimensional stress state, when stress exceeds the
viscoplastic yield surface, a viscoplastic strain will be generated.
Based on Perzyna’s limit stress flow law (Perzyna, 1966; Aydan,
2016), the three-dimensional creep equation for fractional order
viscoplastic body in the accelerating creep phase can be obtained as

εvpij t( ) � 1
η2

〈Φ F

F0
( )〉 ∂Q

∂σ ij
tk

Γ 1 + k( ), k> 1( ) (29)

where Φ( F
F0
) is the power function, Φ( F

F0
) � ( F

F0
)m. Q is the plastic

potential function. 〈•〉 is switch function, expressed as:

〈Φ F

F0
( )〉 �

0, F< 0
F

F0
( ), F≥ 0

⎧⎪⎪⎨
⎪⎪⎩

(30)

F is the rock yield function. F0 is the initial value of the rock yield
function, generally taken as F0� 1 (Al-Rub et al., 2013). The
exponent m is a constant and generally taken as m� 1.

Combining Eqs 26–30 into Eq. 23, obtain the three-dimensional
creep equation as follow

εij t( ) �

1
2G0

Sij + 1
3K0

σmδij + 1
2η0

Sij
tp

Γ 1 + p( )
+ 1
2G1

Sij 1 − exp −G1

η1
t( )[ ]

F< 0( )
1

2G0
Sij + 1

3K0
σmδij + 1

2η0
Sij

tp

Γ 1 + p( )
+ 1
2G1

Sij 1 − exp −G1

η1
t( )[ ]

+ 1
η2

F

F0
( )

m ∂Q
∂σ ij

tk

Γ 1 + k( )
F≥ 0( )

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(31)

The classical rock strength criterion includes Mohr-coulomb
criterion, Tresca criterion, Von-Mises criterion and Drucker-Prager
criterion, et al. However, the Mohr-coulomb and Tresca criterion
considers only the maximum and minimum principal stress of the
three principal stresses and does not consider the effect of
intermediate principal stresses in the material. The Von-Mises
criterion does not consider the effect of hydrostatic pressure on
yielding and damage. The Drucker-Prager yield criterion improves
the corner singularity problem of the Mohr-Coulomb criterion, and
is also suitable for describing the yield behavior of rock materials.
Therefore, the Drucker-Prager criterion is chosen as the yield

criterion for rock creep analysis in this paper. In creep
deformation, the creep yield deformation of rock materials
mainly results from the deviator stress tensor, and the spherical
stress tensor has little effect on yield deformation (Zheng and Kong,
2006), which is defined by

F � ��
J2

√ − σs/
�
3

√
(32)

where J2 is the second deviatoric stress tensor invariant. The tested
material is suitable for the associated flow rule when F � Q
(Moghadam et al., 2013).

In the true triaxial stress environment, the rock is stressed from
three directions, and there is

σ1 > σ2 > σ3

σm � σ1 + σ2 + σ3

3

S11 � σ1 − σm � 2σ1 − σ2 − σ3
3

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

(33)

Considering the triaxial creep experiment in the normal triaxial
stress status, i.e., σ1 >σ2 = σ3, we can obtain

σm � σ1+2σ3

3

S11 � 2 σ1 − σ3( )
3

��
J2

√ � 1
�
3

√ σ1 − σ3( )

F
∂F
∂σ11

� σ1 − σ3 − σs
3

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(34)

Substituting Eqs 32–34 into Eq. 31, the full-stage creep strain
under the three-dimensional stress state is obtained as follows:

ε11 t( ) �

σ1 − σ3
3G0

+ σ1+2σ3
9K0

+ 1
η0

σ1 − σ3( )
3

tp

Γ 1 + p( )
+ σ1 − σ3

3G1
1 − exp −G1

η1
t( )[ ]

σ1 − σ3 < σs( )
σ1 − σ3
3G0

+ σ1+2σ3
9K0

+ 1
η0

σ1 − σ3( )
3

tp

Γ 1 + p( )

+σ1 − σ3
3G1

1 − exp −G1

η1
t( )[ ] + 1

η2

σ1 − σ3 − σs
3

tk

Γ 1 + k( )
σ1 − σ3 ≥ σs( )

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(35)

Where ε11(t) represents the vertical strain of the sample under
constant stress.

3.3 Non-linear creep model for layered rock

Due to the existence of weak bedding planes, layered rock often
shows obvious anisotropy characteristic, specifically transverse
isotropic characteristics. According to the results of tests in the
available literature (Hu et al., 2019; Liu et al., 2015; Xu et al., 2019;
Zhang et al., 2021), the angle of the laminae has a large influence
on the creep properties of the rock. For transverse isotropic
material creep models, the research literature (Wang et al., 2018)
is divided into two main types, namely, empirical models
generalized by experiment and theoretical models resolved by
plasticity theory. Based on the viscoelastic-plastic creep model
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established in this paper, the empirical model method and the
plasticity theory analytical method are used to derive the intrinsic
constitutive equations of the creep model for layered rock, and
the relevant experimental data are used for comparative analysis
and verification.

3.3.1 Creep equation of empirical model
The establishment method of the empirical model for layered

rock creep is based on the model of isotropic materials. The creep
equation of layered rock is derived by introducing the influence of
laminae on the mechanical properties of rock creep. For example,
Tang (Tang et al., 2018) gave the relationship between the elastic
modulus, creep rate and bedding angle at the same moisture content
by uniaxial compression creep test as

E � A e
Bβ

1
η
� D e

mβ

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(36)

where A, B, C, D, m is a fitting coefficient, β is the bedding angle.
The paper introduces functional expressions of elastic

modulus and creep rate, and proposes a one-dimensional
creep constitutive equation for layered shale based on the
Burgers model. However, the creep model for the accelerating
creep stage was not given in that paper. Wang (Wang, 2020)
obtained the anisotropic characteristics of long-term strength,
peak strength and elastic modulus of sandstones with different
bedding angles by triaxial creep tests.

In this paper, based on the research, the non-linear elastic-
viscoplastic whole process creep equation for layered rock is
derived analogously from the isotropic rock material creep model
constitutive equation. The one-dimensional creep equation of the
elastic-viscoplastic creep of layered rock is

ε t( ) �

σ

E0 β( )
+ σ

η0 β( )

tp

Γ 1 + p( )
+ σ

E1
1 − exp −E1

η1
t( )[ ], σ < σs , 0<p< 1( )

σ

E0 β( )
+ σ

η0 β( )

tp

Γ 1 + p( )
+ σ

E1
1 − exp −E1

η1
t( )[ ] + σ − σs β( )

η2

tk

Γ 1 + k( ), σ ≥ σs , k> 1( )

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

(37)

where β is bedding angle, and the diagram of bedding angle is shown
in Figure 5. E0(β), η0(β), σs(β) is the functions of the effect of
changes in bedding angle on the elastic modulus, viscosity coefficient
and long-term strength of rock, respectively.

Accordingly, with reference to the derivation of the three-
dimensional creep equation for isotropic rock materials, the
three-dimensional creep equation of the elastic-viscoplastic creep
of layered rock is

ε11 t( ) �

σ1 − σ3
3G0 β( )

+ σ1+2σ3
9K0 β( )

+ 1
η0 β( )

σ1 − σ3( )
3

tp

Γ 1 + p( )
+ σ1 − σ3

3G1
1 − exp −G1

η1
t( )[ ]

σ1 − σ3 < σs β( )( )

σ1 − σ3
3G0 β( )

+ σ1+2σ3
9K0 β( )

+ 1
η0 β( )

σ1 − σ3( )
3

tp

Γ 1 + p( )

+σ1 − σ3
3G1

1 − exp −G1

η1
t( )[ ] + 1

η2

σ1 − σ3 − σs β( )
3

tk

Γ 1 + k( )
σ1 − σ3 ≥ σs β( )( )

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(38)

3.3.2 Creep equation based on plastic theory
The plasticity theory analytical method based on the assumption

of constant Poisson’s ratio (Dathe et al., 2001). It is assumed that
Poisson’s ratio does not change with time and stress, and is
equivalent to the value of elastic stage, μ(σ, t) � μ. Based on the
creep constitutive equation established under one-dimensional
condition, the equation can be extended from one-dimensional
stress state to three-dimensional. Let the creep compliance J(t)
in Eq. 20 is given as:

J t( ) �

1
E0

+ 1
η0

tp

Γ 1 + p( )
+ 1
E1

1 − exp −E1

η1
t( )[ ], σ < σs( )

1
E0

+ 1
η0

tp

Γ 1 + p( )
+ 1
E1

1 − exp −E1

η1
t( )[ ] + 1 − σs/σ

η2

tk

Γ 1 + k( ), σ ≥ σs( )

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

(39)

Then, Eq. 20 can be described as

ε � J t( )σ (40)
For isotropic rock, the creep compliance substitution method

can be used to obtain the basic form of the three-dimensional creep
equation of rock as follows (Li et al., 2021):

ε{ } � J t( ) A[ ] σ{ } (41)
where [A] is Poisson’s ratio matrix for isotropic material; ε{ } and σ{ }
are strain tensor and stress tensor, respectively.

For Eq. 41, scholars (Aravas et al., 1995; Kou et al., 2023) have
carried out a detailed solution, which is not repeated in this paper.
Based on the creep constitutive model established in this paper, the
three-dimensional creep constitutive equation for layered rock is
derived as

ε11 t( ) � 1
E0

+ 1
η0

tp

Γ 1 + p( )
+ 1
E1

1 − exp −E1

η1
t( )[ ] + 1 − σs/σ

η2

tk

Γ 1 + k( ){ }

× −μ′
n

sin 4 θ + cos 4 θ + sin 2 2θ
2

( )σx + sin 4 θ + cos 4 θ
n

+ sin 2 2θ
4

[{

1 + 1
n

( )]σy − μsin 2 θ
μ′
n
cos 2 θ( )σz} (42)

where μ, μ′ is Poisson’s ratio parallel to and perpendicular to foliation
plane, respectively. θ is the bedding angle, defined as the angle with the
horizontal plane. Defining n � Eθ�90°/Eθ�0°, Eθ�90°、Eθ�0° is elastic
modulus perpendicular to and parallel to foliation plane, individually.
σx, σy, σz are the three axes of positive pressure in the direction of the
overall orthogonal coordinate axes, respectively.

4 Parameter identification and model
validation

4.1 Parameter identification of non-layered
rock creep model

4.1.1 The one-dimensional non-linear creep model
The uniaxial compression non-linear creep model is shown in

Eq. 20, and parameters of the model to be determined
are E0, η0, p, E1, σs, η2, k.
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(i) The parameters of E0, σs

In the transient elastic creep stage, E0 could be calculated from
E � σ/ε. σs could be obtained from experimental data.

(ii) The parameters of η0, p, E1, η1

σ, E0 already known. Selecting the corresponding creep test data
of σ(σ < σs) to establish the non-linear function of Eq. 17, fitted by
Origin using the Levenberg-Marquardt iterative method, then
η0, p, E, η1 were obtained.

(iii) The parameters of η2, k

Selecting the corresponding creep test data of σ(σ ≥ σs) to
perform step-by-step fitting, the operation process as follows:
the first step is to take the test data from the decay creep and
steady creep stages and follow the operation of (i) and (ii) in turn
to obtain E0, η0, p, E1, η1, σs, the second step is to take the test
data of σ(σ ≥ σs) to perform the non-linear fitting, then η2, k
obtained.

4.1.2 Three-dimensional non-linear creep model
The triaxial compression non-linear creep model is shown in Eq.

35, and the model parameters to be determined are
G0, K0, η0, G1, η1, p, σs, η2, k. Let the constant as

M � σ1 − σ3
3G0

+ σ1+2σ3

9K0

N � σ1 − σ3
3

R � σ1 − σ3 − σs
3

⎫⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎭

(43)

then Eq. 35 can be described as

ε11 t( ) �

M + 1
η0

N
tp

Γ 1 + p( )
+ N

G1
1 − exp −G1

η1
t( )[ ]

σ1 − σ3 < σs( )

M + 1
η0

N
tp

Γ 1 + p( )
+ N

G1
1 − exp −G1

η1
t( )[ ] + 1

η2
R

tk

Γ 1 + k( )
σ1 − σ3 ≥ σs( )

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(44)

The process of parameter identification is:

(i) The parameters of G0, K0, η0, G1, η1, p

Based on the elastic modulus E and Poisson’s ratio μ from
conventional triaxial compression tests on rocks under the same
circumferential pressure, G0 and K0 are obtained through Eq. 25.
Then, combiningG0, K0 into Eq. 35 to perform the non-linear fitting
with the creep experimental data from the stress of σ(σ < σs).

(ii) The parameters of σs, η2, k

The parameter of σs could be calculated from triaxial creep
experimental data. Selecting the full process of high-stress creep
experimental data and fitting it to obtain G0, K0, η0, G1, η1, p firstly,

then referring to the step-wise fitting method in Section 4.1.1, we
could obtain η2, k.

4.2 Parameter identification of layered rock
creep model

The non-linear creep model for layered rock is shown in Eqs 37,
38 and Eq. 42, and the parameters identification method is similar to
the non-layered rock creep model. In view of space, do not repeat.

4.3 Parameter identification and model
validation

4.3.1 One-dimensional non-linear creep model
The experimental data used for parameter identification in the

one-dimensional creep equation is chosen from Wang (Wang et al.,
2020). The test was carried out using the
MTS815.02 Multifunctional Servo Test System for uniaxial
compression creep testing of sandstone with graded loading, and
the long-term strength given in the paper is 70 MPa. In this paper,
data from the water content test set ω� 0% is taken for parameter
identification of the creep model. The graded loading scheme of the
uniaxial compression creep test is
60MPa, 70MPa, 80MPa, 90MPa, 100MPa, respectively. The
contrastive analysis of the creep calculation curve and
experimental data are illustrated in Figure 6.

Showing in Figure 7, the proposed creep model can accurately
describe the characteristics of three phases of rock creep, the rationality
is verified. The parameters of the creep model listed in Table 2.

4.3.2 The three-dimensional non-linear creep
model

The experimental data used for parameter identification in the
three-dimensional creep equation is chosen from Ye (Ye et al., 2022).
This test was carried out for triaxial compression creep tests at
different water contents ω at an confining pressure of 1 MPa. The
graded loading scheme of the triaxial compression creep test is
shown in Table 3 and the long-term strength of rock is
2.48MPa, 1.28MPa, 0.88MPa, respectively.

Using the method of the previous Section 4.1.2 for model
parameters identification. When the loading stress level is less
than the yield strength, the first equation of Eq. 35 is used for
nonlinear fitting. The fit of the experimental data to the creep
equation was obtained as shown in Figures 8–10.

When the loading stress level is greater than the yield strength, a
step-wise non-linear fitting is made by the second equation of Eq. 35.
The fitting curve of the moisture content under low-stress level is
shown in Figure 8, and the fitting curve of the moisture content of
ω� 8.47%,ω� 12.38% under high-stress level is shown in Figures 11,
12. The parameters of the creep model listed in Table 4.

Analyzing Figures 7, 10, the creep model not only describes
the viscoelastic behavior in the decay creep and steady-state creep
phases of the rock in uniaxial creep experiment and triaxial creep
experiment well under low stress, but also has a good
representation of the non-linear mechanical behavior in the
accelerating creep phase of the rock under high-stress
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conditions. Furthermore, as seen in Tables 2, 4, the correlation
between experimental data and fitting curves is high. The
reasonableness and applicability of the fractional order creep
model proposed in this paper are verified.

4.3.3 Creep model for layered rock
(i) Creep Equation of Empirical Model

The experimental data used for parameter identification in the
one-dimensional creep equation is chosen from Tang (Tang et al.,
2018). Selecting the data of 600 (ω� 0%), and fitting by Eq. 37. The
fitting curves are shown in Figure 11.

The parameters of the creep model listed in Table 5.
The experimental data used for parameter identification in

the three-dimensional creep equation is chosen from Wang
(J. Wang et al., 2020). The author took the triaxial
compression creep tests on five sets of specimens with bedding
angles of 00, 300, 450, 600 and 900 under the confining pressure
condition of 5 MPa. In this paper, selecting five sets of
experimental data from the accelerating creep phase with
different bedding angles to be fitted to identify the model
parameters. The fitting curve is shown in Figures 12, 13.

The parameters of the creep model are listed in Table 6.
Based on the parameters from Table 6, giving the plotting of G0

and 1/η0 with different bedding angles separately, and comparing
with the experimental data in the original paper. We find that the
parameters have a similar trend to the parameters from the
experiment, verifying the influence of the bedding angle on the
creep properties of the rock. As shown in Figures 14, 15.

(ii) Creep Equation of Plasticity Theory

Experimental data were used from the literature (Kou et al.,
2023). In the literature, step-wise loading triaxial creep tests of
phyllite specimens with three kinds of bedding angles (0°, 45° and
90°) are carried out with the confining pressure of 10 MPa. In this
paper, the last stage accelerating creep test data of 0° and 90° layered
rock is taken to validate the plasticity theory creep equation and
compared with the empirical model creep equation simultaneously.
The elastic mechanical parameters of the rock are shown in Table 7.
For the bedding angle of 0°, the elastic modulus, poission ratio and
long-term strength of rock is 26.25GPa, 0.29, 91MPa, respectively.
For the bedding angle of 90°, the elastic modulus, poission ratio and
long-term strength of rock is 29.31GPa, 0.36, 91MPa, respectively.

For Eq. 42, let

F θ( )� − μ′
n

sin 4 θ + cos 4 θ + sin 2 2θ
2

( )σx + sin 4 θ + cos 4 θ

n
[

+sin
2 2θ
4

1 + 1
n

( )]σy − μsin 2 θ
μ′
n
cos 2 θ( )σz (45)

Then Eq. 42 is expressed as

ε11 t( ) � F θ( ) 1
E0

+ 1
η0

tp

Γ 1 + p( )
+ 1
E1

1 − exp −E1

η1
t( )[ ]{

+ 1 − σs/σ
η2

tk

Γ 1 + k( )} (46)

Substituting the elastic parameters from Table 9 into Eq. 45, then

F θ( ) � 76.6305, θ � 0°
85.6391, θ � 90°

{ (47)

Substituting Eq. 47 into Eq. 46, fitting the experimental data as
shown in Figure 16. For the creep equation of the empirical model,
the same set of experimental data was fitted by Eq. 38 using the
method described in Section 4.1.2.

The creep constitutive equations for layered rock derived by the
above twomethods were fitting by the same set of experimental data,
and a curve fit of the experimental data to the creep equation was
obtained as shown in Figure 16.

The parameters of the two models are shown in Table 7.
As seen in Figure 16 and Table 7, the fitting curves of the creep

constitutive equation for layered rock derived by the two methods
are almost identical and have the same fitting correlation
coefficients.

In summary, the non-linear creep model derived in this paper
can not only better characterize the creep properties of layered rock
under low and high-stress conditions, but also better reflect the
influence of different bedding angles on the creep mechanical
properties of rocks. In addition, the empirical creep constitutive
equation derived in this paper and the plastic theory creep
constitutive equation has almost the same fitting results for the
same set of experimental data, which further verifies the accuracy
and applicability of the creep constitutive model for layered rock
established in this paper.

5 Conclusion

Based on fractional-order calculus theory and rheological
element combination model theory, a six-element nonlinear
elastic-viscoplastic creep model is given. The model is used as the
basis for deriving the non-linear elastic-viscoplastic creep
constitutive equation for layered rock, and the accuracy and
applicability of the creep constitutive equation are verified by
selecting creep experimental data for rocks of different
lithologies. The main conclusions are as follows:

(1) Based on fractional calculus theory to introduce the Abel
dashpot body, combined with the classical creep strain-time
curve of rock for analysis, the Hooke elastomer, Abel dashpot
body, Kelvin body and non-linear viscoplastic body are
connected in series, and a six-element non-linear elastic-
viscoplastic creep model is established. Then, the creep
constitutive equation for one-dimensional and three-
dimensional are derived respectively.

(2) Analysing the creep experimental data of layered rock, and
concluding that the effects of different bedding angles on the
creep properties of the rock are mainly the elastic modulus,
creep rate and long-term strength, and deriving the full process
creep constitutive equation for layered rock by empirical model
method and the plastic theory method, respectively.

(3) Based on the Levenberg-Marquardt iterative method of Origin
software, a practical identification method of creep model
parameters is proposed, and parameters are identified by
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using rocks of different lithologies under different stress
conditions from experimental data.

(4) By fitting the creep experimental data of layered rock with
different lithologies to the theoretical curves of the model, it
is shown that the model proposed in this paper can not only
accurately describe the full-stage creep (primary creep,
steady-state creep and accelerating creep) of layered rock,
but also better reflect the influence of different bedding
angles on the creep properties of rocks. As shown in the
tables, the average value of R2 is beyond 0.97, with the
meaning of highly accuracy and applicability for the creep
constitutive equation proposed in this paper. In addition, the
empirical model creep constitutive equation and plastic
theory constitutive equation have almost the same fitting
results for the same set of experimental data.
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The quality grade assessment of coarse aggregate in recycled concrete has great
significance for engineering quality, so the accurate estimation of its quality grade
is vital. However, many factors affect its quality level, and its assessment procedure
has a certain fuzziness and randomness. To overcome the abovementioned
problems, the principal component analysis-cloud model was introduced. It is
a combination of the principal component analytical method (PCA) and the
normal cloud model and has the advantages of the two methods, as well as
being widely applied to assess the quality level of different construction materials.
To evaluate the coarse aggregate quality grade of recycled concrete in the present
paper, the principal component analytical method (PCA) was applied to reduce the
dimension of data and calculate the weight of each index, then a model of coarse
aggregate quality based on cloud theory was constructed. According to the
characteristic parameters of the cloud model, the coarse aggregate quality
grade was determined. The conclusions indicate that the method is feasible for
the accurate assessment of quality grade assessment of coarse aggregate, and its
accuracy is very high. So, a new approach can be provided for the quality grade
assessment of coarse aggregate in the future.

KEYWORDS

cloud model, recycled concrete, quality grade, evaluation, coarse aggregate

1 Introduction

The quality grade evaluation of recycled concrete is of great significance in engineering
construction. It can provide a powerful reference for construction units to achieve a rational
use of recycled coarse aggregate and to comprehensively and accurately reflect the physical
and mechanical properties of recycled concrete aggregate (Gu et al., 2021).

Because recycled concrete aggregate is defined as the recycling and application of the
waste concrete block, it not only saves many construction costs but can also play a good role
in energy conservation and environmental protection (Gu et al., 2021). As such, recycled
concrete aggregates have gained increasingly more attention in many developed countries,
which have carried out an abundance of experimental research (Gu et al., 2022), especially in
determining the quality grade of recycled concrete aggregates. At present, there is a “Quality
trial regulation of recycled concrete”, which was published in Japan in 1994, that selects water
absorption and crushing index as the main measurement parameters to evaluate the quality
grade of aggregates. However, the British Standards (1992) and the ASTM standards (USA)
(2003), as well as other foreign scholars in this area of evaluation research, take the minimum
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apparent density, the maximum water absorption, the maximum
content of needle-like particles, the maximum impact value, the
maximum content of chlorine, and the maximum content of sulfate
as the criteria for judging the quality grade of recycled coarse
aggregate (Gu et al., 2021). Of course, domestic research on
quality grade evaluation of recycled concrete coarse aggregate has
never been interrupted. Based on a large number of experimental
studies, the Ministry of Construction in China promulgated the
standard of recycled aggregate for concrete in 2010 (GB/T 25,177-
2010). It was put forward that the recycled coarse aggregate of
concrete can be divided into three grades by 10 indexes, such as
particle gradation, micro-powder content, mud content, water
absorption rate, and needle-like particle content (Gu and Wu,
2016). Based on the uncertainty of the influence degree of each
evaluation parameter on the quality grade of recycled concrete
coarse aggregate, a fuzzy comprehensive evaluation method was
put forward (Li and Wu, 2019). According to the knowledge of gray
clustering evaluation theory, Bao and Wang. (2014) proposed a gray
clustering evaluation model to evaluate the quality grade of recycled
concrete coarse aggregates. Chai and Liu (2018) performed the
quality grade evaluation of recycled concrete coarse aggregates
based on the entropy weight extension theory.

The abovementioned research and evaluation methods play an
essential role in guiding the rational selection of coarse aggregate in
the concrete construction process (Gu et al., 2019; Gu et al., 2019).
However, the methods mentioned above are limited in their ability
due to the complexity and variability of influential factors that affect
the coarse aggregate quality of concrete, for example, some factors
are certain, some are uncertain, and some are random variables.
Therefore, a comprehensive evaluation method that can better solve
this kind of uncertainty and the multi-attribute problem should be
sought.

The principal component analysis cloud was used in the present
study to solve the problems mentioned above. For the method, the
inner relationship between fuzziness and randomness was described,
and the conversion between qualitative concepts and quantitative
features was considered (Zhou et al., 2008; Zhou et al., 2021).
Compared to the abovementioned methods, its assessment
process has higher reliability and efficiency, so the suggested
model has enormous application prospects.

The present research paper has been organized as follows: in
Section 1, the methodology is introduced; in Section 2, a new quality
assessment model of coarse aggregate is established based on the
principal component analysis-cloud model; in Section 3, the results
are analyzed and discussed; and in Section 4, conclusions are drawn.

2 Methodology

The principal component analysis-cloud model is a combination
of the principal component analytical method (PCA) and the
normal cloud model and possesses the advantages of the two
methods. The principal component analytical method (PCA) was
applied to reduce the dimension of data and calculate the weight of
each index, whereas the normal cloud model was used to estimate
the quality level.

2.1 The principal component analysis

The principal component analysis was provided by Pirsson
(Sheng, 1991) in 1901. It is a statistical analysis method that
converts many variables into a few principal components by
dimensional reduction. The respective principal component is
usually composed of the original variables by using the linear
combination. They are independent of each other, and most of
the information of the original variable is reflected. This method is
mainly applied for dimensional reduction and weight calculation.
The calculative model is listed as follows: it is assumed that there are
n samples and m variables in one instance. Then, the original
assessment index of n × m relative matrix X can be constructed
as follows:

X �
x11 . . . x1m

. . . . . . . . .
x1n . . . xnm

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ (1)

Where xnm denotes the mth variable in the nth sample.
Assuming that new variables z1 z2 z3 , . . . , zt (t≤m) are
the synthetic index of dimensional reduction, then it can be
met with:

z1 � l11x1 + l12x2+...+l1mxm

z2 � l21x2 + l22x2+...+l2mxm

...
zm � lm1x1 + lm2x2+...+lmmxm

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(2)

Where the defining principle of coefficients l is the square sum of
coefficients in the different equations in the formula and is equal to
1, the principle components are independent of each other, and z1 is
the maximum variance of all the linear combination about the
variables x1, x2, ...,xm; z2 is irrelevant of z1 and the maximum
variance of all the linear combination about the variables
x1, x2, ...,xm; likewise, zi is irrelevant of z1, z2, ...zi−1 and the
maximum variance of all the linear combination about the
variables x1, x2, ...,xm.

Based on the relevant matrix, the weight coefficients of different
indices can be obtained as follows (Alison et al., 2020):

1) the normalization of the sample matrix:

Xij � xij − xj

si
i� 1, 2, ...,n; j� 1, 2, ...,m( ) (3)

xj �
∑
n

i�1
xij

n
, s2j �

∑
n

i�1
xij − xj( )

n−1 (4)

Where xij represents the normalized jth index of the ith sample;
xj and s2j represent the mean and variance of the jth index,
respectively.

2) The calculation of the Pearson relative coefficient matrix R
among the different indices, namely:

R � rij( )
m×m

i� 1, 2, ...,m( ) (5)

Where rij is the relative coefficient between the ith and jth
indexes; rij can be depicted as:
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rij �
∑
m

k�1
xki − xi( ) xki − xj( )

��������������������

∑
m

k�1
xki − xi( )

2 xki − xj( )
2

√ (6)

3) The calculation of eigenvalues and eigenvectors of the relevant
coefficient matrix R; the eigenvalue is marked as λ and the
normalized unit eigenvector corresponding to the eigenvalue
is marked as p.

4) Calculating the number of principal components. The
cumulative contribution rate of principle components was
calculated. Its eigenvalue was greater than 1. The
accumulative contribution rate of 85%–95% corresponding to
the former k principal component is depicted as:

]s � λs/∑
m

s�1
λs

s� 1, 2, ...,m( ) (7)

]sumk � ∑
k

s�1
λs/∑

m

s�1
λs

k� 1, 2, ...,m( ) (8)

Where ]s is the contribution rate of variance at the sth principal
component. ]sumk is the contribution rate of accumulative variance
at the former k principal components.

5) the coefficient matrix of the principal component to meet the
cumulative contribution rate of 80% can be extracted as:

Uk � p1, p2, ...,pk( ) (9)

6) The calculation of different index weights ω:

ω � Uk × ]k/]sumk

∣∣∣∣∣∣

∣∣∣∣∣∣/∑
k

i�1
Uk × ]i/]sumk

∣∣∣∣∣∣

∣∣∣∣∣∣
(10)

2.2 The normal cloud model

The cloud model was provided by Li et al. (1995) in the 1990s; it
is a cognitive model applied to deal with the two-way conversion
between qualitative concepts and quantitative data. According to
vague mathematics and random mathematics, the theory is
performed as a unified portrayal between the uncertainty of
vague problems and the randomness of membership degree. It
can deal with vague and random events; the cloud model has
been successfully applied to wide-field (Xu et al., 2011).

The cloud model is defined as follows: x, Y, C is assumed as a
common quantitative set, Y is called the domain; where x ∈ Y, C is
the qualitative conception in the domain Y. For the random research
object x in the domain Y, there still exists a random number with a
stable tendency u(x) ∈ [0, 1], then is called the membership degree
of x corresponding to C, or it is called the definitive degree. The
distribution of the definitive degree in the domain Y is called the
membership cloud. If x meets with x ~ N(Ex, En,2), and
En, ~ N(En,He2), and then can be expressed as:

u x( ) � exp − x − Ex( )2
2En,2

[ ] (11)

Where the distribution definitive degree in the domain Y is also
called a normal cloud or Gauss cloud. For the quality grade of coarse
aggregate, the Expectation Ex, Entropy En, and hyperentropy dx(1)

dt +
ax(1) � u are applied to represent the digital features of stable
definition at certain coarse aggregates to demonstrate the
uncertainty of the stable state. Ex can represent the point of
certain conception in the domain of quality grade of coarse
aggregates, namely, it is the center value of conception in the
domain space; En is determined by the vagueness and
randomness of the conception of quality grade of coarse
aggregates and it reflects the accepting range of conception; dx

(1)
dt +

ax(1) � u demonstrates the uncertainty of Entropy and its
magnitude reflects the thickness of cloud drop. Expectation Ex,
Entropy En, and hyperentropy dx(1)

dt + ax(1) � u of different grades in
the cloud model can be calculated as follows (Chen et al., 2022; Gu
et al., 2022):

Ex � c+ + c−

2
(12)

En � c+ − c−

6
(13)

He � k1 (14)
Where c+ and c− are, respectively, the upper and lower

bounds corresponding to the grade standard of a specific
index; for the case of a single boundary, the default bound can
be determined by using the upper and lower bounds of actual data
at the same grade. The hyperentropy dx(1)

dt + ax(1) � u can be
selected as a proper constant k according to the maximum
range of different indices, commonly in the cloud model,
He ≤ 0.5. If He ≥ 0.5, it demonstrates the distance of adjacent
cloud drops is too great, so the discreteness of cloud drops is bad.
k is set as 0.01 in the investigation.

If a variable has only a single boundary, such as [−∞, xu] or [xl,
+∞], the corresponding characteristic parameters are depicted as
follows (Zhou et al., 2016; Klauer et al., 2016):

Ex� 1.5xl (15)
En � Ex

6
(16)

3 The establishment of the assessment
model

To assess the quality grade assessment of coarse aggregates, the
assessment model should be established. The procedure is listed as
follows:

3.1 The construction of an index system

Many factors result in the quality grade of coarse aggregate;
according to the relevant research (Wang and Park, 2001), the
quality grade of coarse aggregate is affected by seven assessment
indicators: apparent density(X1), the porosity (X2), the
sturdiness(X3), the crushing index(X4), the micronutrient
content(X5), the soil content(X6), and the water absorption(X7).
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These indicators are quantitative ones and the seven risk assessment
indicators are classified into five levels: excellent (I), good (II),
medium (III), qualified (IV), and bad (V), as shown in Table 1.

3.2 The construction of the assessment
frame

The quality grade of coarse aggregates not only affects the
construction of concrete engineering but can also endanger

human life. Consequently, evaluating the coarse aggregate quality
grade of recycled concrete is essential (Chen and Li, 2008).

The flowchart of the assessment frame is plotted in Figure 1. At
first, the predicting index and corresponding quality level intervals
were determined and then, the weight calculation of a sample datum
was performed using the principal component analytical method.
Based on the classification interval of the assessment index,
characteristic parameters Ex, En, and dx(1)

dt + ax(1) � u were
calculated in the cloud model. Finally, the synthetic membership
degree

TABLE 1 The classification standard of the assessment index.

Assessment index The stability level of seismic slopes

I II III IV V

X1 >2,450 (2,350, 2,450) (2,300, 2,350) (2,250, 2,300) ≤2,250

X2 <47 (47, 49) (49, 51) (51, 53) ≥53

X3 <5.0 (5.0, 9.0) (9.0, 12.0) (12.0, 15.0) >15.0

X4 <12 (12, 18) (18, 24) (24, 30) ≥30

X5 <1 (1, 2) (2, 2.5) (2.5, 3) ≥3

X6 <0.5 (0.5, 0.7) (0.7, 0.85) (0.85, 1) ≥1

X7 <3 (3, 5) (5, 6) (6, 7) ≥7

FIGURE 1
The flowchart of the assessment frame.
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M (shown in Eq. 17) of different samples could be obtained by
using the datum to be assessed, and in combination with the weight
of the assessment index. The quality grade of coarse aggregate could
be determined according to the maximum certainty degree criterion.

M � ∑
n

i�1
uiωi (17)

3.3 The determination of index weight
coefficients

The abnormal cloud model was constructed because of the
randomness and fuzziness of quality assessment. To evaluate the

weight coefficients of each assessment index, the original data of six
assessment indexes are shown in Table 2.

Based on Eqs 1–6, and in combination with Table 2, the
correlation coefficient matrix is shown in Table 3.

According to Eqs 7–9, the accumulative contribution rate of the
principal component is shown in Table 4.

It can be seen in Table 4 that the accumulative contribution rate
of the former two principal components arrived at 81.797%. Its
magnitude was greater than 80%, so the former two principal
components were selected to calculate the weight of the
predicting index. According to Eq. 10, the corresponding index
weight was calculated as follows.

ω � 0.0011 0.003 0.3894 0.0768 0.3619 0.0598 0.1079[ ] (18)

TABLE 2 Measured index values of waiting for the estimated sample.

Number of the pending judgment sample X1 X2(%) X3(%) X4(%) X5(%) X6(%) X7(%)

1# sample 2,300 53 12 17.5 1.4 0.7 9

2# sample 2,500 50 9.2 9.8 2.4 0.5 10.2

3# sample 2,435 44 1.4 23.1 0.18 1 4.9

4# sample 2,360 46 3.1 31.6 0.43 0.4 5.8

5# sample 2,620 53 1 16 3.4 0.9 2.5

TABLE 3 The correlation coefficient matrix.

Correlation X1 X2(%) X3(%) X4(%) X5(%) X6(%) X7(%)

X1 1 0.237 −0.519 −0.47 0.745 0.366 −0.504

X2 0.237 1 0.487 −0.642 0.808 0.000 0.153

X3 −0.519 0.487 1 −0.471 0.08 −0.425 0.906

X4 −0.47 −0.642 −0.471 1 −0.742 −0.156 −0.401

X5 0.745 0.808 0.08 −0.742 1 0.091 −0.098

X6 0.366 0.000 −0.425 −0.156 0.091 1 −0.568

X7 −0.504 0.153 0.906 −0.401 −0.098 −0.568 1

TABLE 4 The accumulative contribution rate.

Component Initial eigenvalues Extraction sums of squared loadings

Total % Of variable Cumulative % Total % Of variable Cumulative %

1 2.956 42.236 42.236 2.956 42.236 42.236

2 2.769 39.561 81.797 2.769 39.561 81.797

3 0.734 10.572 92.369

4 0.534 7.631 100

5 5.601 × 10−16 8.002 × 10−15 100

6 1.931 × 10−16 2.758 × 10−15 100

7 −9.462 × 10−18 −1.352 × 10−16 100
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It was found that indexes X3, X5, and X7 had a great influence on
the quality grade of coarse aggregate, and the effects of the other four
indices were small in comparison.

3.4 The determination of digital features in
the normal cloud model

Based on Table 1, and in combination with Eqs 11–14, the
classification standard of normal cloud about the coarse aggregate is
depicted in Table 5.

According to Table 1, the characters of the cloud model
corresponding to different indices were calculated using the
forward cloud generator and are plotted in Figure 2. The
horizontal coordinates represent the magnitude of other
variables, whereas the vertical coordinates denote the magnitude
of certainty degree. A sub-figure in Figure 2 includes five clouds,
namely, I, II, III, IV, and V.When a particular variable was fixed, the
certainty degree of a certain point at the state grade could be
obtained.

According to Tables 2, 4, and in combination with Eqs 11, 17 18,
finally, a comprehensive certainty degree was obtained, and it was
compared with the actual investigation results. This is listed in
Table 6.

The principal component analysis-cloud model was applied
to assess the quality grade of coarse aggregate. The outcomes are
shown in Table 6. As shown in Table 5, the quality grades of
coarse aggregate from samples 1 to 5 were different. The stable
level from samples 2 to 5 was I, which means that the quality
grade of coarse aggregate in these samples was excellent, so no
measurement needed to be done. The quality grade of coarse
aggregate in sample 1 was V, meaning that its grade of coarse

aggregate was bad and that the necessary consolidation
measurement should be performed for the sample.

According to the comparative results of the different evaluation
models in Table 5, it could be concluded that the outcomes assessed
by the principal component analysis-cloud method were consistent
with the actual investigations for five different samples; its accuracy
reached 100%, which is higher than the results from the Extension
Theory (80%) (Chen and Li, 2008). The conclusion was drawn that it
is feasible to evaluate the quality grade of the coarse aggregate of
recycled concrete using the text model.

The model not only achieved accurate results but also
provided more details for the quality grade of coarse
aggregate. For example, the quality grade of sample 4 more
likely belonged to level I than that of samples 2 and 3 because
the certainty degree of sample 4 for grade I (0.644) was higher
than that of samples 2 (0.123) and 3 (0.221).

In total, the results based on the principal component analysis-
cloud model could reflect the quality grade of coarse aggregate. It
provides a new method and knowledge for the quality grade of
coarse aggregate in the future.

3.5 Engineering example II

The regenerated fine aggregate produced by the Resource
Company Limited was taken as the evaluation object. Its
monitoring magnitude is listed as follows: X1 is 2351 kg/m

3, X2 is
4.7%, X3 is 3.6%, X4 is 1.33, X5 is 0.71%, X6 is 0.95%, and X7 is 8.2%.
The quality grade of recycled fine aggregate produced by the
company was evaluated by the model in this paper; its procedure
was similar to the abovementioned example and its results are
shown in Table 7.

TABLE 5 The digital feature of the cloud model.

Quality grade The digital feature X1 X2 X3 X4 X5 X6 X7

I Ex 2,500 23.5 2.5 6 0.5 0.25 1.5

En 16.667 7.833 0.833 2 0.167 0.0833 0.5

dx(1)
dt + ax(1) � u 0.01 0.01 0.01 0.01 0.01 0.01 0.01

II Ex 2,400 48 7 15 1.5 0.6 4

En 16.667 0.333 0.667 1 0.167 0.033 0.333

dx(1)
dt + ax(1) � u 0.01 0.01 0.01 0.01 0.01 0.01 0.01

III Ex 2,325 50 10.5 21 2.25 0.775 5.5

En 8.333 0.333 0.5 1 0.0833 0.025 0.167

dx(1)
dt + ax(1) � u 0.01 0.01 0.01 0.01 0.01 0.01 0.01

IV Ex 2,275 52 13.5 27 2.75 0.925 6.5

En 8.33 0.333 0.5 1 0.0833 0.025 0.167

dx(1)
dt + ax(1) � u 0.01 0.01 0.01 0.01 0.01 0.01 0.01

V Ex 2,225 79.5 22.5 45 4.5 1.5 10.5

En 8.33 13.25 3.75 7.5 0.75 0.25 1.75

dx(1)
dt + ax(1) � u 0.01 0.01 0.01 0.01 0.01 0.01 0.01
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The results obtained from Table 7 demonstrate that the
suggested method is consistent with the current specification,
and unascertained theory (Wan et al., 2019). The principal
component analysis-cloud model is feasible for the accurate
assessment of coarse aggregate quality grade of recycled
concrete.

4 Conclusion

Taking into consideration the value of apparent density (X1),
porosity (X2), sturdiness (X3), crushing index (X4), micronutrient
content (X5), soil content (X6), and water absorption (X7), a new
multi-index evaluation method was introduced in this research

FIGURE 2
Cloud model of each assessment index.
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paper to evaluate the quality grade of the coarse aggregate of recycled
concrete using the principal component analysis-cloud model. The
different indexes’ weighting coefficients were calculated using the
principal component analysis method. The seismic stable level of
slopes was judged using the normal-cloud model.

The present model was used for the quality grade of the coarse
aggregate of recycled concrete. Finally, its outcomes were compared
with the actual investigation and the calculated results obtained by
using the Extension method; its accuracy reached 100%, which is
higher than the results from the Extension method (80%), leading to
the conclusion that it is feasible to evaluate the quality grade of the
coarse aggregate of recycled concrete using the text model. It
provides a new method and knowledge for the future quality
grade evaluation of coarse aggregate.
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Concrete structures usually have to experience some unfavorable environmental
actions during their service life, leading to the mechanical properties degradation,
moreover, cyclic loadings such as traffic loads, wind loads may further accelerate
structural damage, therefore, improving durability of concrete is of vital for
structures servicing in severe environment. Graphene oxide (GO), as a new
nano-reinforced material, has ultra-high mechanical properties and large
specific surface area as a concrete reinforcing material. This study entailed an
examination of the properties of Graphene Oxide Concrete (GOC) with varying
levels of GO incorporation (0, 0.02, 0.05, 0.08 wt%). It also encompassed an
analysis of the fatigue properties of GOC under different stress levels and varying
sulfate wetting and drying cycles. Additionally, the investigation delved into the
degradation mechanisms affecting Graphene Oxide Concrete (GOC) when
subjected to sulfate erosion conditions. Furthermore, the study assessed the
mass loss of specimens and their fatigue life under diverse environmental
conditions. The results showed that appropriate GO incorporations could
enhance concrete’s mechanical and fatigue properties after sulfate attack. In
addition, scanning electron microscope (SEM) analysis showed that GO could
adjust the aggregation state of cement hydration products and its own reaction
with some cement hydration crystals to form strong covalent bonds, to improve
and enhance microstructural denseness.

KEYWORDS

graphene oxide, mechanical property, sulfate corrosion, fatigue life, concrete, SEM

1 Introduction

In recent years, with the rapid development of nanomaterials, scholars have been
researching ways to improve structural performance (mechanical properties, durability, and
long-term performance, etc.) by incorporating nanomaterials (Zhang and Li, 2011; Ali et al.,
2013; Zhu et al., 2022; Gul et al., 2023). However, the application of nanotechnology in
construction engineering is complex (Pacheco-Torgal and Jalali, 2011). The main
nanomaterials currently incorporated into concrete are carbonaceous nanomaterials,
nano metals and metal oxides and inorganic nanomaterials. Among them, GO is one of
hot spots in nanomaterial researches (Chen et al., 2018; Li et al., 2018; Lu et al., 2018). The
oxygen-containing functional groups make the GO-dispersion hydrophilic and dispersive
(Dreyer et al., 2014), which can help forming hydration products. These make hydration
products interweave and penetrate into a uniform and dense microstructure (Raki et al.,
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2010; Amin and Abu el-Hassan, 2015; Nirmala and Dhanalakshmi,
2015), resulting inmicrocosmic defect reductions (Zhao et al., 2020),
and thus significantly improve the strength, toughness, and
durability of cement composites (Peng et al., 2019).

Lv et al. (2013) investigated the effect of GO nanosheets on the
microstructure and mechanical properties of cement composites.
They showed that GO nanosheets could modulate the formation of
flower-like crystals and significantly enhance the tensile and flexural
strength of the materials. Jiang et al. (2018) studied the effects of GO
and polyvinyl alcohol (PVA) fibers on the mechanical properties,
durability, and microstructure of cement materials, and the results
showed that the addition of polyvinyl alcohol fibers and GO
significantly enhanced the mechanical strength and durability of
cement-based materials. Gong et al. (2015) also demonstrated that
the usage of GO in cement composites and mortar could enhance
their mechanical properties.

On the other hand, sulfate attack is one of main reasons that may
reduce durability of concrete (Zhang et al., 2021), developing high-
performance concrete has critical engineering applications (Han and
Tian, 2018). Yang et al. (2017) used long-term immersion to simulate
structures immersed in seawater or groundwater to study the
corrosion resistance, and the test results showed that incorporating
GO could significantly improve the corrosion resistance coefficient of
concrete. Cheng et al. (2021) investigated the durability performance
of concrete specimens exposed to sulfate attack, the results
showed that the integral area of sulfate ion distribution was a
suitable index to describe the nonhomogeneous deterioration
behavior of sulfate-attacked concrete. Mohammed et al.
investigated the effect of GO on concrete properties by
experiment, which showed that GO enhanced resistance to
chloride attack and water permeability (Mohammed et al.,
2015), demonstrating that GO could refine the pore structure
of cementitious materials (Mohammed et al., 2016).

For GOC, a new high-performance concrete material, there are
few studies on its durability and fatigue performance under sulfate
attack. Since the applications of GO nanomaterials in constructions
will significantly impact properties and durability of structures in
long term, it is necessary to investigate the degradation mechanism
of GOC under corrosive environments, to comprehensively
understand the performance of this new material and its
application in concrete structures. This study concerns GO
nanomaterials’ effects on mechanical properties of concrete, and
mainly focus on the degradation of mechanical properties of GOC in
sulfate erosion environments as well as its fatigue performance after
sulfate attack, by conducting static loading test and fatigue loading
test. In which, different stress levels and number of cycles are taken
into account, to understand if these variable factors will impact on
the fatigue performance of GO concrete.

2 Experimental investigation

2.1 GOC material

The specimens were prepared in accordance with Chinese code
GB/T 50081 (Ministry of Housing and Urban-Rural Construction of
China, 2019), having standard dimensions of 100 mm × 100 mm
× 100 mm and consisting of complex Portland cement, multilayer

GO-dispersion, aggregates (crushed stone as coarse aggregates and
manufactured sand as fine aggregates) and water.

2.1.1 Complex portland cement
All indexes (fineness, stability, mechanical properties, etc.) of

P.C. 42.5 complex Portland cement meet the requirements of
Chinese code GB175 (Chinese Standards Institute, 2020). 3 and
28 days flexural strengths are no less than 3.5 and 6.5 MPa,
respectively, while compressive strengths are no less than 15 and
42.5 MPa, respectively. Its chemical composition is shown in
Table 1.

2.1.2 Multilayer GO-dispersion
The multilayer GO was frozen, dried and dispersed by the

modified Hummers method (Hummers and Offeman, 1958), and
the finished product had no precipitation but good dispersion. Its
dispersion is black oily liquid with a concentration of 10 mg/mL.
The parameters and components of GO are shown in Table 2.

TABLE 1 The components of the P.C. 42.5.

Components of P.C. 42.5 Percentage (%)

CaO 65.32

SiO2 21.48

Al2O3 4.12

Fe2O3 3.22

MgO 2.82

K2O 0.93

SO3 0.68

Na2O 0.47

TiO2 0.19

P2O5 0.10

MnO 0.06

Loss on ignition 0.56

TABLE 2 The physical parameters and chemical components of GO.

Specification Contents

Physical parameters Purity >95 wt%

Thickness 3.42–7.82 nm

Layers 0.79 nm

Specific surface area 130–260 m2/g

Lamellar diameter 12–40 μm

Chemical components (from XRD test) C 69.26 %

O 30.16 %

S 0.28 %

Si 0.16 %

Cl 0.11 %
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2.1.3 Concrete aggregates
The coarse aggregate of GOC specimens is 5–20 mm grade

crushed stone, and the fine aggregate is manufactured sand,
whose details are shown in Table 3.

2.2 Specimen testing

The test procedure in this study is shown in Figure 1.

2.2.1 Preparation for specimens
The tested GOC specimens were all with a water-cement ratio of

0.50 and a sand rate of 35%, and the GO-dispersions of 0, 0.02, 0.05,
0.08wt% (the mass ratio of GO to cement) were thoroughly mixed
with water before the test. The concrete was configured according to
the mixture proportion (Table 4) and injected into the cube mold of
100 mm × 100 mm × 100 mm, finally, the marked specimens were
put into the curing room and cured in standard conditions. All the
above procedures were completed according to the requirements of
Chinese code GB/T50082 (Ministry of Housing and Urban-Rural
Construction of China, 2009).

2.2.2 Test situation
1) Load test after sulfate attack

Na2SO4 solution with a mass fraction of 10 wt%was added into the
test chamber, and specimens were subjected to 0, 30, 60, 90, and
120 dry-wet cycles according to the cyclic system. The fabricated

samples were named according to the test environment and GO
incorporation; for example, SA30-GOC0.02% indicated sulfate erosion
GOC with 30 wetting and drying cycles and 0.02 wt% GO.

2) Fatigue test after sulfate attack

Another 18 prisms GO concrete specimens (marked as S45-
FGOC-a-1~3 and S90-FGOC-a-1~3, respectively) were fabricated
for fatigue testing, where S45 and S90 represented the specimens
underwent 45 times and 90 times sulfate wetting and drying cycles,
respectively; a represented the stress level, which was individually set
as 0.75, 0.80 and 0.85 in the fatigue test. To be comparable, the
counterpart specimens without sulfate erosion were also accordingly
prepared to carry out the same fatigue test. The axial compression
fatigue test was carried out by an electrohydraulic servo fatigue
testing machine. The test parameters were set according to the load
test results. Fatigue loading was carried out in a load-controlled
manner, and the fatigue loading was carried out in the form of a sin-
constant amplitude load spectrum. The cyclic loading started,
ranging from the minimum fatigue stress to the maximum
fatigue stress at the specific frequency of 10 Hz. Herein, the stress
ratio was the ratio of the minimum fatigue stress to the maximum
fatigue stress and was set at 0.1 in this study.

3) Measurement indexes

This test was referenced to Chinese code GB/T 50081 (Ministry of
Housing and Urban-Rural Construction of China, 2019), and the
measurements included mass and fatigue life. The detailed steps were
as follows:

a. When the cycle number reached to the test design values,
specimens were firstly dried to observe surface damages.

b. Then the mass of each specimen was measured and recorded in
detail.

c. The prism specimens were taken fatigue load, the stress level and
fatigue life were measured during the test.

d. Fractures of the specimens were observed using the
Quattro setup, to investigate the effect of GO incorporation
on concrete microstructure at different cycle counts.

TABLE 3 The particle gradation of fine aggregates.

Nominal diameter (mm) 0 0.15 0.3 0.6 1.18 2.38 4.72

Accumulated sieve residue (%) 100 89.34 74.98 52.96 37.45 18.76 0.96

FIGURE 1
Test Procedure.

TABLE 4 Test design and mixture proportion (unit: kg/m3).

Specimen No. Cement Manufactured sand Crushed stone Water GO

5–10 mm 10–20 mm

GOC0% 398 623 450 734 195 0

GOC0.02% 398 623 450 734 195 0.080

GOC0.05% 398 623 450 734 195 0.199

GOC0.08% 398 623 450 734 195 0.318
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The environmental and mechanical test setup described in this
section was shown in Figure 2.

3 Results and discussion

In this study, properties of GOC with different GO incorporations
(0, 0.02, 0.05, 0.08 wt%, respectively) and fatigue properties of GOCwith
different stress level and sulfate wetting and drying cycles were tested.
Generally speaking, GO incorporation was in the range of 0–0.08 wt%,
GO can disperse nicely, participate in and regulate the cement hydration
process, making the formation and aggregation of cement hydration
productsmore regular and effective, reducing the cracks and pores inside
the concrete. There were physical and chemical reactions. Graphene
oxide had excellent mechanical strength and stiffness, and its plate
structure could prevent sulfate from invading the interior of concrete,
thereby improving the ability to resist sulfate corrosion. At the same time,
the high surface area and functional groups of GO may also adsorb and
hydrate with sulfate ions, thereby forming protection inside the concrete.

3.1 Appearance phenomena

The sulfate attack of concrete can be divided into two main
categories: physical and chemical erosion (Liu et al., 2011). During
the physical attack, the cracking damage of concrete is caused by the
swelling stress generated around the concrete’s pore walls, which is
greater than the tensile strength of concrete, and the swelling stress
originates from the pressure generated by the crystals on the pore walls.
During the chemical attack, sulfate ions react with cement hydration
products to produce swelling products, which are about 2.5 times larger
than the initial reaction phase, thus causing swelling cracking of
concrete (Neville, 1995; Leng et al., 2012), as shown in Figure 3.

This damage usually causes peeling, and many micro-cracks
appear on the surface of concrete specimens. The specimens show
spalling at the edges and corners when the attack is aggravated. As
shown in Figure 4, the GO-doped specimens maintained good
integrity, and the surface condition remained intact in the less
severe case (60 cycles). In the case of severe erosion (120 cycles),
both GO-doped and non-GO-doped specimens were severely

FIGURE 2
Test setup (A) IMGS-54 setup for sulfate attack; (B) Quattro setup for SEM.

FIGURE 3
Schematic diagram of damage to concrete under sulfate attack.
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damaged, compared to the GO-doped specimens, which had
relatively good integrity and fewer internal traces of sulfate
attack.

3.2 Mass variation

Figure 5 shows the mass variation of the specimens under the
sulfate attack test. The results show that the masses of all specimens
showed a trend of “first increase and then decrease”with the increase
of cycle time and GO incorporation, respectively, and the masses of

GOC specimens with 60 cycles and 0.05 wt% GO increased most
significantly. The mass of all specimens was higher than the initial
mass for 30–60 cycles and lower than the initial mass for
90–120 cycles. After the specimens started to show a mass loss,
the mass loss rate of GO-doped specimens was significantly lower
than that of the non-GO-doped specimens. For example, the mass
loss rate of GO-doped specimens ranged from 3.073% to 3.991%
after 120 cycles, compared with 4.839% for non-GO-doped
specimens. The test results indicate that GO enhances the
performance of concrete in resisting mass loss under the action
of a sulfate attack environment.

FIGURE 4
The appearance of specimens under the sulfate attack test.

FIGURE 5
The mass of specimens under the sulfate attack test.

FIGURE 6
Failure mode of sulfate erosive specimens under fatigue testing.
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3.3 Fatigue properties

The maximum fatigue load was determined by the mean value of
ultimate load for the static load test, multiplying the stress level, while
the minimum fatigue load was then calculated by the stress ratio of
0.1. The failure mode of specimens was shown in Figure 6.

As seen, specimens seriously damaged with wide cracks and
local concrete collapse. A large amount of concrete debris fell off in
Figure 6B, indicating specimens under 90 times sulfate wetting and
drying cycles suffering severer damages. The relationship between
fatigue life of specimens and stress level was plotted in Figure 7. In
which, (a) compared the mean fatigue life of normal GO concrete

FIGURE 7
Relationship between fatigue life and stress level: (A) Mean fatigue life vs stress level, and (B) S-N curves.

TABLE 5 Linear regression results for general environmental condition.

Specimen number Fatigue life Ni lnNi Survival Rate P ln[ln(1/P)] b a

FOC-0.75-1 135537 11.817 0.75 −1.2459 1.568 −19.747

FOC-0.75-2 226534 12.331 0.50 −0.3665

FOC-0.75-3 369827 12.821 0.25 0.3266

FOC-0.80-1 36558 10.507 0.75 −1.2459 1.677 −18.777

FOC-0.80-2 53344 10.885 0.50 −0.3665

FOC-0.80-3 91831 11.428 0.25 0.3266

FOC-0.85-1 2496 7.822 0.75 −1.2459 1.361 −11.941

FOC-0.85-2 5652 8.640 0.50 −0.3665

FOC-0.85-3 7383 8.907 0.25 0.3266

FGOC-0.75-1 168641 12.036 0.75 −1.2459 1.519 −19.506

FGOC-0.75-2 288475 12.572 0.50 −0.3665

FGOC-0.75-3 475368 13.072 0.25 0.3266

FGOC-0.80-1 51917 10.857 0.75 −1.2459 1.717 −19.609

FGOC-0.80-2 74583 11.220 0.50 −0.3665

FGOC-0.80-3 109532 11.604 0.25 0.3266

FGOC-0.85-1 6338 8.7543 0.75 −1.2459 1.897 −17.172

FGOC-0.85-2 8449 9.042 0.50 −0.3665

FGOC-0.85-3 9746 9.185 0.25 0.3266
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TABLE 6 Linear regression results for sulfate erosion condition.

Specimen number Fatigue life Ni lnNi Survival Rate P ln[ln(1/P)] b a

S45-FGOC-0.75-1 153523 11.942 0.75 −1.2459 1.691 −21.415

S45-FGOC-0.75-2 248765 12.424 0.50 −0.3665

S45-FGOC-0.75-3 389501 12.873 0.25 0.3266

S45-FGOC-0.80-1 32488 10.389 0.75 −1.2459 1.666 −18.553

S45-FGOC-0.80-2 54981 10.915 0.50 −0.3665

S45-FGOC-0.80-3 83541 11.333 0.25 0.3266

S45-FGOC-0.85-1 3204 8.072 0.75 −1.2459 1.494 −13.154

S45-FGOC-0.85-2 4497 8.411 0.50 −0.3665

S45-FGOC-0.85-3 8742 9.076 0.25 0.3266

S90-FGOC-0.75-1 107455 11.585 0.75 −1.2459 2.014 −24.531

S90-FGOC-0.75-2 154331 11.947 0.50 −0.3665

S90-FGOC-0.75-3 233764 12.362 0.25 0.3266

S90-FGOC-0.80-1 17407 9.765 0.75 −1.2459 1.521 −15.984

S90-FGOC-0.80-2 25518 10.147 0.50 −0.3665

S90-FGOC-0.80-3 47554 10.770 0.25 0.3266

S90-FGOC-0.85-1 998 6.906 0.75 −1.2459 1.262 −10.006

S90-FGOC-0.85-2 2451 7.804 0.50 −0.3665

S90-FGOC-0.85-3 3166 8.060 0.25 0.3266

TABLE 7 Linear regression results for freeze-thaw condition.

Specimen number Fatigue life Ni lnNi Survival Rate P ln[ln(1/P)] b a

D75-FGOC-0.75-1 130547 11.779 0.75 −1.2459 1.683 −21.110

D75-FGOC-0.75-2 243433 12.403 0.50 −0.3665

D75-FGOC-0.75-3 322520 12.684 0.25 0.3266

D75-FGOC-0.80-1 31464 10.357 0.75 −1.2459 1.944 −21.427

D75-FGOC-0.80-2 54522 10.906 0.50 −0.3665

D75-FGOC-0.80-3 68534 11.135 0.25 0.3266

D75-FGOC-0.85-1 3185 8.066 0.75 −1.2459 1.750 −15.230

D75-FGOC-0.85-2 4327 8.373 0.50 −0.3665

D75-FGOC-0.85-3 7552 8.930 0.25 0.3266

D150-FGOC-0.75-1 76553 11.246 0.75 −1.2459 1.837 −21.762

D150-FGOC-0.75-2 101568 11.528 0.50 −0.3665

D150-FGOC-0.75-3 173764 12.065 0.25 0.3266

D150-FGOC-0.80-1 13407 9.504 0.75 −1.2459 2.018 −20.467

D150-FGOC-0.80-2 22518 10.022 0.50 −0.3665

D150-FGOC-0.80-3 28554 10.260 0.25 0.3266

D150-FGOC-0.85-1 868 6.766 0.75 −1.2459 1.915 −14.011

D150-FGOC-0.85-2 1351 7.209 0.50 −0.3665

D150-FGOC-0.85-3 1684 7.429 0.25 0.3266
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with that of GO concrete with sulfate erosion, and (b) showed the
corresponding S-N curves. It can be seen in both two figures, high
stress level and sulfate erosion would remarkably reduce
fatigue life.

3.3.1 Weibull distribution
The Weibull distribution is a widely used probability

distribution that is used to depict the correlation between an
object’s life and various factors such as stress, strain, or durability
(Zhang et al., 2019; Zhang et al., 2020a; Zhang et al., 2020b; Zhang
et al., 2022). Previous studies show that a Weibull distribution is
proper for fatigue estimation of concrete materials (Hong et al.,
2020). Therefore, a Weibull distribution is used to assess fatigue life
of concrete specimens in this study, which can be expressed as

ln ln 1/P( )[ ] � blnNP − blnNa (1)
in which, P is the survival rate; Np is the fatigue life, Na is the
characteristic life parameter; and b is the slope of the linear equation.

The empirical formula of survival rate P is

P � 1 − i
1 + k

(2)
where i is the serial number of the test specimen according to the
fatigue life from low to high; and n is the number of test specimen
per group.

Letting the Weibull parameters Y = ln[ln(1/P)], X = lnNP and,
a = -blnNa, then using Y = bX+a to conduct Weibull distribution
tests on the fatigue life of specimens at different stress levels. The
results by linear regression analysis for general environmental
condition, sulfate erosion condition and freeze-thaw condition
were listed in Tables 5–7 as below.

3.3.2 Fatigue equation and S-N curve
Fatigue equation is usually used to present the relationship between

fatigue life N and stress level S, by which, the stress level and cycle
number can be obtained when structure fails. The fatigue equation can
also be expressed by curves in logarithmic coordinates, namely, the so-

FIGURE 8
Linear regression equations for sulfate condition.
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called S-N curve, to demonstrate fatigue characteristics of materials. The
fatigue equation can be expressed as

S � AlgN + B (3)
in which, S donates the stress level; N is the fatigue life; A and B are
coefficients.

Note that a survival rate of 0.5 is taken in default and failure
probability is not covered in Equation 3, for structure safety, fatigue
equation with higher survival rate needs to establish. Taking the
regression results of Weibull distribution, the fatigue life with
survival rate P could be calculated by Equation 4, where the
parameters are the same as before. Let Np replace N, then fatigue
life considering different survival rates could be obtained. In this
study, four survival rates of 0.6, 0.7, 0.8 and 0.9 were taken.

NP � exp
ln ln 1/P( )( ) − a

b
(4)

Figure 8 depicts the linear regression equation that represents
the relationship between sulfate corrosion and various survival rates.
The observation depicted in Figure 8A reveals a steady decrease in
the fatigue properties of GOC specimens as the number of sulfate
dry and wet cycles increases, while maintaining a constant stress
level, when the survival rate P is 0.9. The sensitivity of the sample to
stress increases in proportion to the extent to which it is influenced
by the frequency of sulfate exposure during dry and wet cycles.

Furthermore, it is evident from Figures 8A–D that as the survival
rate P lowers from 0.9 to 0.6, there is a rise in the horizontal
coordinate values for each set of curves. The findings indicate that
the fatigue life of GOC specimens exhibits an upward trend when the
survival rate P decreases following various durations of sulfate dry
and wet cycling.

3.4 SEM

To explain the results obtained in the previous section, the
microstructure of specimens with different GO incorporations
under 120 sulfate dry-wet cycles was compared and analyzed.
The SEM images are shown in Figure 9. Figure 9A shows a large
number of AFt produced by sulfate attack in non-GO-doped
specimens. These AFt crystals are arranged disorderly, and there
are many cracks and pores around them, further aggravating the
attack of sulfate ions on concrete. When some amount of GO is
incorporated, GO sheets and clusters appear in large-scale
agglomeration or clustering (Figure 9B). Many cement hydration
crystals are distributed around them in a disorganized manner, the
number of pores increases, the denseness of microstructure
decreases, and the load transfer efficiency between cement matrix
and GO is affected and starts to decrease, which instead affects the
concrete resistance to sulfate attack. As seen in Figures 9C, D, GO

FIGURE 9
The SEM images of specimens under the sulfate attack test.
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sheets prevented interior concrete from sulfate eroding at some
extent, but with the occurrence of cracks on GO sheets, the
structural fatigue performance declined and finally failed.

The results show that, on the one hand, GO can reduce the
number of products produced by sulfate attack so that the
microstructure of concrete remains relatively dense when subjected
to sulfate attack. On the other hand, it improves the erosion resistance
of concrete by promoting the generation of regular cement hydration
products and optimizing the crystal arrangement to reduce the size
and number of micro-cracks and pores.

4 Conclusion

This paper tested the mechanical and fatigue properties of GOC
under sulfate erosion. The test results were given and explained
concerning the mechanical behavior of GO cement paste and the
microstructures of GO cement paste observed by SEM. The
following conclusions can be obtained in this study:

1) For the sulfate erosion environment, the degradation of the
mechanical properties of concrete-resistant sulfate attack was
significantly improved by incorporating GO, and this
enhancement was most significant at 0.05 wt% GO incorporation.

2) Sulfate erosion would accelerate fatigue damage accumulation in
concrete, then remarkably reduce fatigue life and strength. But
comparatively, stress level would affect the fatigue life more
seriously. While Weibull distribution can be used to assess the
fatigue life of GO concrete under any environmental conditions.

3) It can be seen from SEM microstructure that GO sheets generally
improved the compactness of concrete and restrained crack
development and spread further, even under severe environmental
condition, GO sheets could also relieve sulfate erosion damage.
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Study of the damage
characteristics and corrosion
mechanism of tunnel lining in a
sulfate environment

Xinrong Liu, Yang Zhuang, Xiaohan Zhou*, Ninghui Liang*,
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School of Civil Engineering, Chongqing University, Chongqing, China

Sulfate corrosion is one of the main causes of tunnel lining deterioration. An
accurate understanding of the damage characteristics and corrosionmechanism
of sulfate-corroded tunnels is the basis for the anti-corrosion design and damage
control of the tunnel lining. Based on a project concerning a sulfate-corroded
tunnel in the mountainous area of Southwest China, this study conducted a field
investigation and laboratory tests and, combined with existing research data,
summarized the damage characteristics and corrosionmechanism of this type of
tunnel and proposed the characteristic corrosion state of tunnel lining in a sulfate
environment. The results show that 1) sulfate corrosion led to leakage, surface
spalling crystallization, and strength loss, and the corrosion typically occurred
at the arch waist and arch foot. 2) Physical and chemical corrosion occurred in
the tunnel lining, and the corrosion products included sodium sulfate, calcium
carbonate, gypsum, ettringite, and thaumasite. 3) In China, this type of tunnel is
mainly located in the Southwest and Northwest, and its lining is in a special state
of “one-sided accelerated corrosion.”

KEYWORDS

sulfate corrosion, lining corrosion, water leakage, strength degradation, one-sided
accelerated corrosion

1 Introduction

Concrete corrosion will result in the loss of the bearing capacity of a structure.The lining
of a tunnel is an important part of the underground structure. Most of the lining is made
from reinforced concrete; therefore, it also faces the problem of concrete corrosion. Up until
now, tunnel construction in many countries has passed the period of rapid development and
begun to transition to a period of maintenance (Zhang et al., 2019). Thus, lining corrosion
problems are a growing concern for scholars all over the world. Among various corrosion
factors, sulfate is one of the most important causes of tunnel lining corrosion (Zhuang et al.,
2022; Zhang et al., 2023).

At present, there aremany reports of tunnels corroded by sulfate. For example, Long et al.
(2011) investigated the Fala Tunnel and found that a large number of white crystals were
distributed on the lining surface, accompanied by surface spalling and even paste substances.
Qi et al. (2005) introduced the phenomenon of salt crystallization and cracking on the lining
surface of the Jinjiguan Tunnel. Liu et al. (2023) conducted a damage survey on a highway
tunnel in Chongqing that was severely corroded by sulfate and found that the strength of
the corroded lining was lower than the designed value. However, the relevant reports were
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FIGURE 1
Schematic diagram of the location of the damaged tunnel.

mainly focused on a simple description of the service environment
of a tunnel and its damage phenomenon, but there is a lack
of systematic and comprehensive analysis and summary of the
corrosion environment and typical damage characteristics of this
type of sulfate-corroded tunnel.

The full-immersion corrosion test is widely used to study the
mechanism of sulfate attack on tunnel lining. Results have shown
that sulfate chemically reacts with the cement hydration products of
concrete, such as calcium hydroxide, calcium silicate hydrate, and
calcium aluminate hydrate, and generates insoluble and expansive
corrosion products, such as ettringite and gypsum (Hobbs and
Taylor, 2000; Crammond, 2002; Lee et al., 2008). These corrosion
products will continuously accumulate in the pores of the concrete
and generate crystallization pressure on the pore wall. When the
expansion stress is greater than the tensile strength of the concrete,
serious material cracking and mortar spalling will occur, resulting
in a reduction in the concrete bearing capacity (Chen et al., 2008;
Ma et al., 2012). However, the actual corrosion condition of the
tunnel lining cannot be reproduced in a laboratory environment,
and full immersion is not the real corrosion condition of the tunnel
lining; therefore, the experimental results cannot capture the real
phenomena of tunnel lining corrosion.

Therefore, based on the field investigation and testing of a tunnel
severely corroded by sulfate in the mountainous area of Southwest
China, this study summarizes the typical damage characteristics of
this type of tunnel. Furthermore, a combination with existing tunnel
reports corroded by sulfate and the typical working environment
of “one-sided accelerated corrosion” of tunnel lining in a sulfate
environment was revealed. Finally, the corrosion mechanism was

discussed. This study could provide a reference for the corrosion
protection design of tunnel lining in a sulfate environment.

2 Damage characteristics of tunnel
lining

2.1 Tunnel profile

The project tunnel is an extended tunnel in the mountainous
area of Southwest China, with the length of both the left and right
openings exceeding 7 km. The distance between the left and right
openings of the entrance is approximately 18–10 m, and the distance
between the left and right openings of the central section is 30 m.
The maximum depth of the tunnel is approximately 650 m. The
corrosive ions in the tunnel groundwater are mainly sulfate ions,
and the highest concentration reaches 2,775.56 mg/L. The average
annual temperature at the location of the tunnel is 16°C–18°C, and
the average temperature in the coldest month is 4°C–8°C.

A previous investigation showed that there were a lot of
circumferential oblique longitudinal cracks and some network
cracks in the secondary lining of the tunnel, and some areas with
dense crackswere also the corrosion areas of the lining. Additionally,
the rest of the sectionswere found to be corroded to different degrees
in the follow-up investigation. Five years after the grouting treatment
of the cracks of a larger width, it was observed that the number of
cracks increased again, and the area of corrosion in the secondary
lining increased. The corroded sections of the tunnel lining were
mainly concentrated in the middle and back sections of the tunnel.
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FIGURE 2
Leakage locations in the right opening (A) and left opening (B).

As shown in Figure 1, there were fivemain corrosion sections on the
left opening and eight on the right opening.

2.2 Leakage analysis

Water leakage is a common problem in mountain tunnels, with
corrosive ions corroding the lining structure. Therefore, first of all,
the leakage situation of the left and right openings of the tunnel
was comprehensively investigated, the position of the lining leakage
section was determined, and the leakage status was observed and
recorded. At the same time, a typical leakage section was selected
for water quality sampling to detect the concentration of corrosive
ions in the water.

As shown in Figure 2, there were 15 leakage points on the right
opening and 23 leakage points on the left opening of the tunnel. The
leakage mainly occurred at the arch foot of the tunnel, as shown in
Figure 3A, then at the arch waist, and occasionally occurred at the
vault. Additionally, the leakage was not isolated but usually occurred
with cracks and corrosion in the lining, as shown in Figure 3B.
Furthermore, no freezing phenomena were observed during the
coldest months.

A certain amount of water leakage was collected and analyzed
in the left and right openings where the leakage was serious and
could be easily sampled. The results showed that the leakage water
mainly contained sulfate ions; the concentration of sulfate ions
in most of the leakage water was greater than 200 mg/L and the
highest was 1,410 mg/L. According to the Code for Durability
Design of Concrete Structures inHighway Engineering (JTGT3310-
2019), the environmental levels of water in the chemical corrosion
environment were divided, and the results are shown in Figure 4.
Most of the leakage points in this tunnel were moderately corroded,

but in certain places, the degree of corrosion even reached a
serious level.

2.3 Lining corrosion

Based on the investigation of the corrosion section of the tunnel,
it was found that the corrosion areas weremainly concentrated at the
arch foot and waist of the Z1 and Z2 sections of the left opening.
This may be because the drainage system of these sections of the
tunnel was blocked and corrosive groundwater accumulated in the
site, converting the site to a long-term contact site, resulting in lining
corrosion.

The corrosion phenomenon is shown in Figure 5. The lining
surface, which had a certain strength, was dry and peeled off in large
areas, as shown in Figure 5A. Soft white crystals that could be easily
removed were present on some parts of the corroded lining surfaces,
as shown in Figure 5B. Additionally, the corrosion was deeper in
the area of the cracks as shown in Figure 5C. Travertine that was
hard and difficult to remove was present in some parts of the cracks,
as shown in Figure 5D. Some areas of the arch foot lining were
immersed in leakage water, appearing muddy and completely losing
their strength, and could be easily observed, as shown in Figure 5E.
Cracks and lining corrosion reappeared in some grouting repair
sites, as shown in Figure 5F.

3 Testing and results

Owing to the construction period and other factors, we only
tested the lining corrosion of the left opening in detail. The
strength of the corroded lining was measured using the rebound
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FIGURE 3
Typical tunnel leakage phenomena at the arch foot (A) and lining cracks (B).

FIGURE 4
Corrosion degree of water leakage in the right opening (A) and left opening (B).

method on the areas with a smooth surface and easy to test,
and drill holes were used for strength testing in the areas where
corrosion was too severe for testing with the rebound method. At
the same time, the corrosion products of the tunnel lining were
analyzed microscopically to obtain the corrosion mechanism of the
tunnel lining.

3.1 Rebound strength test

To facilitate the operation process, 40 test samples in the
Z1 section and 63 test samples in the Z2 section were tested
to determine the rebound strength. The test methods referred
to the Technical Specifications for Testing Concrete Compressive
Strength by Rebound Method (JGJ/T23-2011). The whole process
is shown in Figure 6, and the test results are shown in Figure 7,
with the yellow line indicating design strength of the lining.
Only 12.6% of the measured samples from the two sections

reached or exceeded the design value in terms of strength.
The maximum value was 29.4 MPa; this may be due to the
initial stage of sulfate corrosion and carbonation, which made
the reaction products fill the pores of the concrete, thereby
reducing the porosity, and increasing the density and strength.
The lowest strength was only 10.9 MPa, which was lower than the
design value.

3.2 Core strength test

In the zones of Z1 and Z2 where the lining was seriously
corroded or the surface could not be easily measured using
the rebound method, a core drilling machine was used to test
the strength of core, as shown in Figure 8; 60 test samples in
Z1 and 88 in Z2 were tested. The test results after removing
the data with a large degree of discretization are shown in
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FIGURE 5
Corrosion of the tunnel lining: (A) surface peeling; (B) sulfate crystal; (C) lining crack corrosion; (D) travertine; (E) muddy concrete; (F) grouting repair
site corrosion.

FIGURE 6
Measurement of the tunnel lining strength using the rebound method: (A) rebound point arrangement; (B) carbonization depth test hole; (C)
carbonization depth test.

Figure 9, with the yellow line indicating the design strength of
the lining.

The average strength of Z1 was 25.12 MPa, 50% of which met
or exceed the design standard, and the maximum strength was
31.2 MPa. The reason for this phenomenon may be that part of
the core sample came from the lining surface, which had not
been corroded, and due to carbonization, the compressive strength
increased. However, the lowest strength was only 14.9 MPa, which
only reached 59.6% of the designed strength, indicating that the
deterioration of the lining was not uniform, and this would lead to
stress concentration.

The average strength of Z2 was 22.1 MPa, and only 21.6%
reached the design strength, with a maximum value of 30.5 MPa
and a minimum value of 13.0 MPa. This indicated that the lining
corrosion of Z2wasmore serious than that of Z1.After the liningwas
corroded, the lining material deteriorated seriously, and the lowest
strength was only 52% of the designed strength. The safety factor of
the structure was greatly reduced, and there were hidden risks that
compromised operation safety.

The average value of the core strength of the two corrosion
sections was larger than the average value of the strength measured
by the rebound method. The reason for this phenomenon was not
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FIGURE 7
Rebound strength of the corroded lining at Z1 (A) and Z2 (B).

FIGURE 8
Drill core test of the corroded lining: (A) drilling core; (B) original samples; (C) processed samples; (D) material testing.

FIGURE 9
Core strength of the corroded lining at Z1 (A) and Z2 (B).
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FIGURE 10
Microstructure (A) and XRD pattern (B) of the soft white crystals.

only related to the measurement error and the fact that part of the
core sample analyzed above was from the carbonized surface, but
also because some of the core sampleswere from the corrosion crack,
which had been repaired by grouting, and thus the strength of the
secondary lining concrete there was improved. However, in general,
different degrees ofmaterial deterioration occurred in the secondary
lining of the two corroded sections, which affected the safety of
the structure.

3.3 Analysis of the corrosion products

To further explore the corrosion mechanism of the tunnel
lining, samples were taken from the soft white crystallites
on the surface (Figure 5B), hard travertine products at the
cracks (Figure 5D), corroded lining concrete with strength
(Figure 5A), and muddy corroded lining without strength at
the arch foot (Figure 5E). Scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDS), Fourier transform
infrared spectrometry (FTIR), and powder X-ray powder
diffraction (XRD) were used to investigate the micromorphology
and chemical products of the tunnel lining after sulfate
corrosion.

3.3.1 White crystals on the surface
Figure 10 shows the results of SEM and XRD analysis of the

white crystals. It can be observed that the white crystals were
mainly sodium sulfate crystals, and theirmicroscopicmorphology is
shown in Figure 10A, with a diameter of 0.2–2 μm. According to the
XRD pattern (Figure 10B), the white crystals were mainly a mixture
of thenardite (Na2SO4) and mirabilite (Na2SO4·10H2O), and the
thenardite content was higher.

3.3.2 Travertine
The SEM, EDS, and XRD images of travertine are shown in

Figure 11. SEM images showed that the crystal shape was scaly in
shape. EDS analysis showed that the main components of travertine
were Ca, Si, O, and C, with a small amount of Mg, Al, and Na. The
XRD results showed that the main phase of travertine was calcium

carbonate, with a small amount of gypsum and quartz, which was
consistent with the EDS results.

3.3.3 Corroded lining concrete
The results of SEM, EDS, and XRD of corroded lining concrete

of strength are shown in Figure 12. As can be observed in
Figures 12A, B, needle-rod and massive crystals were produced
in the lining concrete corroded by sulfate. EDS analysis revealed
that the elements Ca, Al, S, O, C, and Si were present in
the needle-rod crystals, while the elements Ca, S, O, and Na
were present in the massive crystals. XRD revealed that the
needle-rod crystals were ettringite, whereas the massive crystals
were gypsum. After sulfate had corroded the concrete, common
corrosion products such as ettringite and gypsum were produced,
demonstrating that conventional chemical corrosion occurred in the
tunnel lining.

The shape of the muddy corroded lining without strength
at the arch foot was completely different from that of ordinary
sulfate-corroded concrete. Thus, it can be initially assumed that
the corrosion products were not conventional ettringite or gypsum.
Figure 13A shows the SEM and EDS images of the muddy corroded
lining, and Figure 13B shows the XRD images. The XRD patterns
show that thaumasite, ettringite, calcite, gypsum, and a small
amount of quartz were present in the samples. As the characteristic
peaks of thaumasite (0.956 nm, 0.551 nm, 0.467 nm, 0.387 nm,
etc.) were basically consistent with those of ettringite (0.972 nm,
0.561 nm, 0.486 nm, 0.387 nm, etc.) (Barnett et al., 2002), the
diffraction peaks of the two have high overlap in the XRD pattern;
therefore, it is difficult to distinguish them with XRD (Ma et al.,
2012). The SEM image shows that there were many needle-rod
crystals with a diameter of 0.5 μm and a length of 3–4 μm in the
muddy products, but it was still impossible to identify thaumasite or
ettringite.TheEDS image showed the presence ofO, S, Si, andCa but
not Al, indicating that there was almost no ettringite. Therefore, it
can be initially determined that the corrosion product appeared to be
thaumasite. However, amorphous phases associatedwith thaumasite
and ettringite crystals can lead to erroneous EDS analysis results
(Barnett et al., 2002).
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FIGURE 11
Microstructure, EDS analysis (A), and XRD pattern (B) of travertine.

FIGURE 12
Microstructure, EDS analysis (A,B), and XRD pattern (C) of the corroded lining concrete of strength.

To further determine the muddy corrosion products,
the residual powder samples were analyzed by FTIR. The
FTIR spectra are shown in Figure 13C, and the wavenumber
of important infrared absorption bands refers to the
available data (Ma et al., 2019). The results showed that
there was a C-O stretching vibration at approximately
1,400 cm−1, indicating the presence of CO32-. In addition, there
was a S-O stretching vibration at approximately 1,100 cm−1,

indicating the presence of SO42-. Moreover, a peak was
detected at 497 cm−1; this peak was related to the existence
of an SiO6 bond. Octahedral silicon is a rare coordination
state for mineral silicates. Therefore, the existence of this peak
indicated the presence of thaumasite or solid solution containing
thaumasite. Second, no peak was found at approximately 850 cm−1,
indicating the absence of AlO6. The results of FTIR showed
that the composition of the muddy lining concrete was mainly
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FIGURE 13
Microstructure, EDS analysis (A), XRD pattern (B), and FITR analysis (C) of muddy corroded lining without strength.

thaumasite. Therefore, a relatively rare sulfate corrosion occurred in
the tunnel.

4 Discussion

4.1 The typical corrosion environment of
tunnel lining

In the last century, there were relevant reports on sulfate-
corroded tunnels. The main corrosion causes of some sulfate-
corroded tunnels are shown in Table 1. Based on the above research
results and Table 1, it can be found that the current reports on
tunnel damage in a sulfate environment were mainly concentrated
in China. Figure 14 shows the regional statistics of the sulfate-
corroded tunnels in China featured in Table 1. It can be observed
that sulfate-corroded tunnels were mainly distributed in Southwest
China and Northwest China. This was because, in Southwest China,
the geological conditions are complex, the topography is large,
and the salt-bearing strata are widely distributed. Some mountain
tunnels are located in areas with a lot of groundwater and gypsum
rock. Under the influence of groundwater, corrosive minerals such
as gypsum rock will dissolve and produce sulfate, which makes
the water environment of tunnel lining contain a large number
of sulfate ions, resulting in lining corrosion. At the same time,
Southwest China is a tropicalmonsoon climate area, with a temporal

and spatial precipitation distribution that is not uniform, which
exposes the lining to dry and wet cycles over a long period, and
this will contribute to increasing the sulfate concentration in the
environment of the lining, accelerating sulfate corrosion. Moreover,
there are many salt lakes and saline soils in Northwest China, and
these areas are full of corrosive ions such as sulfate and chloride ions,
which will cause compatible corrosion. At the same time, the low
winter temperature in this region subjects the lining structure to a
freeze-thaw cycle, which damages the concrete lining and accelerates
sulfate corrosion.

At the same time, Table 1 shows that the groundwater in the
sulfate-corroded tunnel is generally rich, and the sulfate content
in the groundwater is high. The main source of sulfate may be
sulfur-containing minerals (such as gypsum and mirabilite) and
organic matter (such as petroleum and coal) in the surrounding
rock, which will be dissolved in the groundwater or even react with
the groundwater, or it may be an external pollution resource. In
some tunnel linings, the concrete mix contains sulfates, causing the
lining to corrode from the inside. In addition, some coupling effects
(such as the wet-dry cycle, freeze-thaw cycle, and high geothermal
temperature) also accelerate the corrosion of tunnel lining
by sulfate.

At present, most scholars have adopted the full-immersion
corrosion mode for sulfate erosion of concrete (Liang et al., 2022;
Lu et al., 2022; Zhang et al., 2022), and the corrosion mechanism in
this corrosion mode has been relatively clear: chemical corrosion
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TABLE 1 Sulfate-corroded tunnels and themain cause of their corrosion.

Tunnels The main cause of corrosion

Luodai Tunnel The leachate of landfill near the upstream of the tunnel contains sulfate ions (Zhang, 2019)

Fenjieliang Tunnel and Tanjiazhai
Tunnel

The corroded section of the tunnel is located in the Badong Formation of the Triassic system, in which gypsum mineral is rich.
Groundwater is developed in the section with severe local erosion, and the sulfate content was high in a water quality test (Peng, 2018)

Zagros Tunnel The tunnel passes through organic-containing strata (oil and coal) with abundant H2S and water (Salmi et al., 2019)

Fala Tunnel The groundwater is rich in sulfate, and pulverized coal adheres to the lining surface when trains carrying coal pass through
(Long et al., 2011)

Liupanshan Tunnel The contents of sulfate, chloride ion, and bicarbonate in the tunnel leakage are high (Jiang et al., 2007), and the water quality at the
same point is deteriorating constantly. The freeze-thaw cycle accelerates the lining damage (Zhang and Huang, 2012)

Shiziya Tunnel Gypsum dolomite aggregate causes sulfate erosion in the concrete (Xing et al., 2014). Acid sulfate is produced after karst erosion of
anhydrite in the strata where the tunnel is located (Liu et al., 2011)

Jinjiguan Tunnel Gypsum dissolves in water to produce sulfate in the formation (Qi et al., 2005)

Gaoligong Mountain Tunnel Highland heat and sulfate coupling (He, 2016)

Pandaoling Tunnel The groundwater contains higher sulfate, and the freeze-thaw cycle accelerates the corrosion (Yin, 2016)

Ninadu Tunnel The area where the tunnel is located has a large number of coal seams and abundant surface water and groundwater containing high
levels of sulfate (Liu and Sun, 2009)

Jiaozi Mountain Tunnel Rock salts such as gypsum, Glauber, and chloride are developed in the rock strata surrounding the tunnel. In the water environment,
sulfate and chloride ions are ionized by rock salts (Liu, 2018)

Baijialing Tunnel The stratum where the tunnel is located is rich in gypsum, and the dry-wet cycle accelerates the corrosion (Han, 1999)

Koblenz Tunnel Sulfate in surrounding rock and groundwater (Romer, 2003)

Jiaozhou Bay Subsea Tunnel The seawater in the area where the tunnel is located has high levels of sulfate, chloride, and magnesium ions, and the lining is in an
alternating wet and dry environment, which accelerates the corrosion (Liu, 2008)

Podixia Tunnel Sulfate ion concentration in the groundwater exceeds the corrosion resistance index of sulfate-resistant cement (Cai, 1986)

Qinling Tunnel Abnormal groundwater, in which the levels of sulfate ions, salinity, and calcium ions increased significantly (Wang et al., 2002)

Dajiangkou Tunnel and
XinXuefeng Mountain Tunnel

Sulfate content in the leakage water is at a level that is moderately corrosive, and the construction quality is problematic (Sun et al.,
2004)

mainly occurs, and its corrosion products are gypsum and ettringite,
which is the conventional sulfate corrosion. However, some scholars
have found that the corrosion mechanism of concrete will change
when concrete is in semi-immersion mode (Zhang et al., 2020a;
Zhang et al., 2022).

Therefore, combined with the field investigation results, it can
be concluded that compared with conventional sulfate corrosion,
tunnel lining is in a special state of “one-sided accelerated
corrosion” as shown in Figure 15: the inner side of the tunnel
lining is in contact with groundwater containing sulfate, resulting
in unilateral corrosion under a wet-dry cycle. Furthermore, the
outside part of the lining is in contact with the air, which leads
to water evaporation on the lining surface; this will accelerate
the transfer of sulfate from the inside to the outside and
consequently subject the tunnel lining to both physical and chemical
sulfate corrosion, and the whole process will be accompanied by
carbonization.

4.2 The mechanisms of one-sided
accelerated corrosion on tunnel lining

4.2.1 Physical corrosion
With the appearance of sodium sulfate crystals on the surface

of the lining, it can be inferred that the tunnel lining had been
subjected to physical corrosion. The reason for this phenomenon
was because the tunnel lining was in a “one-sided accelerated
corrosion” state: the inside part was in contact with corrosive
groundwater, while the outside part was in contact with air. In this
case, the inner side of the area in contact with the groundwater
permitted the sulfate to enter the lining, while the outer side,
which was in contact with the air, constituted an evaporation
area. The sulfate solution migrated from the inside to the outside
due to capillary suction and diffusion, while the outside part was
supersaturated due to water evaporation, and the sulfate solution
precipitated out. When the sulfate precipitated out, the resulting
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FIGURE 14
Distribution of some sulfate-corroded tunnels in China.

FIGURE 15
One-sided accelerated corrosion of tunnel lining.

concentration difference pushed the inner sulfate solution tomigrate
outward. When the pressure of sulfate crystallization exceeds the
tensile strength of the concrete, it will damage the concrete.
This type of corrosion is called physical corrosion. On the other
hand, the tunnel is located in an area of seasonal precipitation,
which means that in the rainy season, the groundwater containing
sulfate would come into contact with the lining inside. In the dry
season, the lining was relatively dry. Thus, the tunnel lining was
also in a wet-dry cycle, and this would accelerate the physical
corrosion.

4.2.2 Chemical corrosion
4.2.2.1 Soluble chemical corrosion

The generation of travertine indicated that the tunnel lining
had undergone soluble chemical corrosion, and this was due to
the following reasons: first, under the influence of underground

water, the Ca(OH)2 in the cement constantly dissolved from
inside to outside, and the outside of the tunnel was in contact
with the air, where CO2 reacted with Ca(OH)2 to form CaCO3,
which was almost insoluble in water (Liu et al., 2015). Then CO2
reacted with CaCO3 in the surface layer and dissolved it to
form Ca2+ and HCO3

−. When Ca2+ and HCO3
− were carried

by leakage water from cracks to the lining surface, travertine was
formed again due to a sudden drop in pressure (Li and Zhou,
1996). When the crystallization pressure was greater than the
tensile strength of the concrete, the lining surface would crack
or flake off.

4.2.2.2 Ettringite- and gypsum-type chemical corrosion
The presence of ettringite and gypsum, which were found

in the lining concrete, proved that the tunnel lining had been
subjected to ettringite- and gypsum-type chemical corrosion, which
are the most common corrosion mechanisms in sulfate-corroded
concrete.

4.2.2.3 Thaumasite-type chemical corrosion
The muddy concrete was thaumasite, which proved that

rare thaumasite-type chemical corrosion occurred in the tunnel.
Currently, it is generally believed that the five conditions of
carbonite, silicate, carbonate, sufficient water, and low temperature
need to be met for thaumasite sulfate corrosion to occur
(Crammond, 2003). The content of sulfate ions in the groundwater
was sufficient. The design data showed that Portland cement was
used as the secondary lining concrete of the tunnel, and C-S-H
gel, which was produced after hydration, was the main source
of silicate. The aggregate in concrete was mostly limestone, and
the carbonized concrete was the main source of carbonate. Water
leakage provided ample water for corrosion. Although existing
studies had shown that thaumasite is easily generated when the
temperature is lower than 15°C, especially at 0°C–5°C, and the
average annual temperature of the tunnel site was approximately
16.4°C, some scholars found that thaumasite can also be generated
when the temperature is higher than 15°C (Diamond, 2003).
When all of this is considered, it can be concluded that the
tunnel environment created the conditions for the formation of
thaumasite.

4.2.3 Damage mechanism
Different from the full-immersion test in the laboratory,

physical and chemical corrosion occurred in the tunnel lining
in the actual environment because of one-sided accelerated
corrosion. The chemical corrosion consumed the cementing
matrix of cement slurry, damaged the cementing structure of
the concrete, reduced the bond between the aggregate, and then
greatly reduced the concrete compactness and bearing capacity.
The corrosion products generated by chemical and physical
corrosion accumulated continuously in the pores of concrete
and squeezed the pores, resulting in pore tip or pore wall
cracking. As the corrosion continued, a large number of cracks
were generated, and then new defects such as through-cracks
were formed, which increased the lining damage, as shown
in Figure 16.
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FIGURE 16
Diagram of the whole process of sulfate corrosion in concrete: (A) initial stage; (B) pore filling stage; (C) damage stage.

5 Conclusion

Based on a sulfate-corroded highway tunnel in Southwest
China, this study analyzed the damage characteristics of tunnel
lining in a sulfate environment through field investigation and
laboratory tests. Moreover, this study summarized the typical
working environment and corrosion mechanism of a tunnel under
sulfate attack by combining the results with an analysis of existing
reports related to sulfate-corroded tunnels. The main conclusions
are as follows.

(1) The leakage position of the tunnel was concentrated mainly in
the arch foot and arch waist and mostly in the lining cracks
or corrosion area. It was found that sulfate ions were the main
corrosive ions in the tunnel leakage water, which was at a
moderate-to-serious corrosion level.

(2) The lining of the tunnel had been subjected to serious corrosion,
which manifested as a large area of surface shedding, surface
crystallization, and travertine. The concrete in some areas
of the arch foot was muddy, and the corrosion degree was
higher at cracks. The areas repaired with grouting had become
corroded again.

(3) The strength of most of the tested areas was lower than the
designed value.The strength of a small part of the tested areawas
higher than the design value, which may be due to the decrease
in the porosity of the concrete lining and increase in strength at
the early stage of carbonization or sulfate corrosion.

(4) The white crystals on the surface were mainly thenardite. The
travertine wasmainly calcium carbonate. Ettringite and gypsum
were detected in the corroded lining concrete, and the muddy
concrete in the arch foot was thaumasite.

(5) The sulfate-corroded tunnels in China are mainly distributed
in the Southwest and Northwest. The common feature of the
tunnels is that the soil and rock strata are rich in groundwater
and contain a large number of sulfur-containing substances,
such as gypsum salt and coal, which dissolve in groundwater or
react with it to form sulfate ions, and this is the direct cause of
lining structure corrosion.

(6) The special environment of the tunnel lining rendered it in a
state of “one-sided accelerated corrosion,” which causes physical
and chemical corrosion and accelerates the damage to the lining
concrete.
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To study the fracture failure mechanism of cement soil under tensile-shear
stress, mixed mode I-II fracture tests were conducted on cement soil semi-
circular bending specimenswith different cement proportions (p= 5%, 10%, 15%,
20%, and 25%) and curing ages (T = 1, 3, 5, and 7 days). The test results showed
that the cracks were jagged as they propagated, and mode I stress intensity
factor (KI) and mode II stress intensity factor (KII)gradually increased with the
increase of cement proportion and curing age. In addition, the KII/KIC values
were between 0.39 and 0.45 under different cement proportions and between
0.40 and 0.44 under different curing ages. Subsequently, the limitations of using
traditional fracture criteria (MTS, S, G, and circular criteria) to describe cement
soil fracture damage were identified. In contrast, the generalized maximum
tangential stress (GMTS) criterion fitted the test results well, with the KII/KIC value
and the crack initiation angle near the critical size rc = 1 mm curve. Based on the
generalized maximum tangential stress (GMTS) criterion, the rc of the cement
soil crack tip micro-fracture zone was calculated as 0.3 mm–1.9 mm.

KEYWORDS

mixed mode I-II fracture, GMTS criteria, cement soil, cement proportion, curing age

1 Introduction

Adding cement to clay with poor engineering properties can greatly improve its
strength and reduce its permeability and plasticity (Sukontasukkul and Jamsawang, 2012;
Voottipruex and Jamsawang, 2014). This method has the advantages of low cost, fast
construction speed, and remarkable effect. Cement soil has beenwidely used in engineering,
such as foundation reinforcement, retaining walls, and seepage prevention of Earth dams.
However, defects in the form of impurities, voids, and cracks are inevitable in such
structures (Zhang et al., 2019; Yang et al., 2023; Zhang et al., 2023; Zou et al., 2023). Under
the actions of environmental conditions or external loads, crack propagation may be
triggered in cement soil, which may even cause structural instability, causing major
economic, environmental, and human life losses (Rizvi et al., 2022; Xu et al., 2022). To
provide reference for safety evaluation and parameter optimization of such projects, it is
necessary to study the crack resistance of soil-cement.

In practical applications, cement soils are subjected to different loads, resulting in
different modes of fracture, such as openings (I) and mixed mode (I-II) fractures. The
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TABLE 1 Test schemes.

Schemes Crack
inclination
angle α (°)

Relative
crack

length (a/R)

Length-
span ratio
(S/2R)

Cement
proportion

(%)

Curing age
(d)

1 0, 10, 20, 30, 40,
50

0.4 0.51 15 1, 3, 5, 7

2 0, 10, 20, 30, 40,
50

0.4 0.51 5, 10, 15, 20, 25 3

FIGURE 1
The curve for the clay particle size distribution.

failure mechanism of the latter is more complex. Therefore,
studying the mixed mode I-II fracture behavior of cement
soil is of great significance to engineering applications. In this
regard, researchers have proposed different types of test methods
and specimen structures, e.g., single-edge notched beam (SENB)
specimens (Wagoner et al., 2005; Kim et al., 2008), double-edged
notched beam (DENB) specimens (Campbell et al., 2018; Sun et al.,
2020), incline notched semi-circular bending (SCB) specimens
(Chong, 2012; Ajdani et al., 2021), edge cracked semi-cylinder disc
(ECSD) specimens (Zhou et al., 2021), and asymmetric SCB (ASCB)
specimens (Aliha and Ayatollahi, 2010; Aliha et al., 2014).

At present, fracture criteria are yet to be established specifically
for cement soil, and their fracture failures are described with
the fracture criteria of rock materials. Scholars worldwide have
established three typical failure criteria for mixed mode I-II
fractures: the maximum energy release rate criterion (G criterion)
(Hussain et al., 1973), the minimum strain energy density criterion
(S criterion) (Liu et al., 2015), and the maximum tangential stress
criterion (MTS criterion) (Erdoga and Sih, 1963). Most of the
existing research has adopted the three fracture criteria above to
describe fracture failures. Subsequently, scholars found large errors
in the test results when using the classic criteria for fracture failure
description and made corresponding improvements. Based on the
MTS criterion, Smith et al. (Smith et al., 2010) considered the effect
of the non-singular term T-stress and proposed the generalized
MTS criterion (GMTS criterion). Aliha et al. (Aliha et al., 2012)
conducted mixed mode I-II fracture tests on SCB specimens of
marble, concluding that the traditional fracture criteria could not
predict the test results, while the GMTS criterion could accurately

FIGURE 2
Schematic diagram of specimen preparation. (A) Mold diagram. (B)
Sample curing.

predict the fracture results. Yin et al. (Yin et al., 2020) conducted
Mixed mode I-II fracture tests on the Brazilian disc specimens of
heated granite and found that the GMTS criterion could predict the
fracture failure curve. Based on the ratio of the stress intensity factor
to the fracture toughness of any plane, Sun et al. (Sun et al., 2021)
established a rock mixed mode fracture criterion considering the
effect of anisotropy.

In summary, there are few researches on the cracking resistance
of soil-cement, and its cracking initiation mechanism has not been
investigated clearly.Therefore, this study conductedmixedmode I-II
fracture tests on the SCB specimens of cement soil, and investigated
the effects of cement proportion and curing age on the fracture
failure mechanism. Finally, the classical fracture criteria and GMTS
criterion were comparatively analyzed.

2 Test methods

2.1 Test materials

Thetest soil was collected froma construction site inChongqing.
The maximum soil particle diameter was 0.075 mm, and Figure 1
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FIGURE 3
Loading method for the CNSCB cement soil specimen.

FIGURE 4
YI and YII distributions (Aliha et al., 2012).

showed the grading curve of soil. The soil particle specific gravityGs
was 2.72, the plasticity index was 20, the liquid limit was 50%, and
the plasticity limit was 30%.Through compaction tests, the optimum
moisture content of the clay was determined to be 17.58%, and the
maximum dry density was 1.72 g cm-3. The cement used was the
P.O 42.5 ordinary Portland cement. Its insoluble content is 1.30%,
the firing loss is 4.2%, the magnesium oxide content is 3.1%, the
sulfur trioxide content is 1.8%, the specific surface area is greater
than 300 square meters/kg, and the fineness of 80 μm square hole
sieve is 8.7%.

2.2 Specimen preparation

The “dry specimen preparation' method was adopted, as shown
in Figure 2 with the following specific preparation steps: 1) The
qualities of soil, cement and water were calculated based on the
sample size, moisture content and dry density. 2) After adding water
to the clay powder and stirring, the mixed clay was sealed in a
bag and allowed 24 h for full moisture diffusion before mixing with

the cement powder to obtain cement soil. 3) The steel mould was
installed, with a layer of petrolatum and a layer of cling film applied
on its inner wall, and the cement soil was compacted layer by layer
(Figure 2A). 4) The specimen was slowly pushed out of the mould
using an ingot. 5) The demoulded specimen was wrapped in cling
film and placed in a shade for curing (Figure 2B). 6) The inclination
angle and length of the precast crack were marked on the cured
specimen, and a crack with a width of 1 mm was formed with a
cutting machine (Figure 2C).

2.3 Test scheme

To study the fracture failure mechanism of cement soil, different
cement proportions and curing ages were considered in this
experimental research. Specifically, the cement proportionswere 5%,
10%, 15%, 20%, and 25%, and the curing ageswere 1, 3, 5, and 7 days.

Table 1 shows the specific test schemes. Using the control
variable method, Scheme 1 was designed to consider the effect of
curing age, and Scheme 2 was designed to consider the effect of
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FIGURE 5
Crack propagation patterns.

cement proportion. The crack angles of 0°, 10°, 20°, 30°, 40°, and
50° were selected, and the calculations were conducted based on the
average peak load of 3 specimens. A total of 132 specimens were
used.

The tests were performed using chevron-notched SCB (CNSCB)
specimens, and the loads were applied through three-point
bending (Figure 3). According to the ISRM recommendation
(Kuruppu et al., 2014), the length-span ratio S/2R was 0.51, and the
relative length of the crack a/R was 0.4. The specimens in this study
had a radius R of 75 mm and a thickness B of 50 mm. The loading
rate was 0.6 mm/min.

3 Test results and analysis

TheK I andK II values of theCNSCB specimens can be calculated
with Eqs. 1, 2 (Ayatollahi and Aliha, 2007).

KI =
F√πa
2BR

YI(α,
a
R
, S
2R
) (1)

KII =
F√πa
2BR

YII(α,
a
R
, S
2R
) (2)

where K I is the mode I stress intensity factor, K II is the mode II
stress intensity factor, F is the load, B is the specimen thickness, R
is the specimen radius, a is the initial crack length, α is the initial
crack angle, and Y I and Y II are dimensionless mode I and mode II
stress intensity factors, respectively, which are related to the crack

length-radius ratio, the initial crack inclination angle, and the span-
radius ratio. The Y I and Y II values are shown in Figure 4.

Regarding themixedmode I-II fractures in this study,K I > 0 and
K II > 0 indicate the tensile shear stress state, and the combination
relationship between K I and K II is generally expressed as Me.

Me = 2
π

arctan(
KI

KII
) (3)

3.1 Crack propagation analysis

Using specimens with a cement proportion of 15% and a curing
age of 3 days as an example, the typical cement soil failure modes
in the mixed mode I-II fracture tests are shown in Figure 5. As
can be observed, the propagations begin at the tips of the initial
cracks. The specimen with the initial crack inclination angle α of
0° shows a mode I fracture, and the propagation is along the initial
crack direction. Specimens with α = 10°–40° show mixed mode I-
II fractures. The specimen with α = 50° shows a mode II fracture.
The crack propagation deviates from the direction of the initial
crack. The greater the inclination angle of the initial crack, the more
significant the deviation of the propagation direction. According to
the sketch, the crack growth is not along a uniform, straight line but
a jagged-like line. This is due to the inhomogeneity of the manually
prepared specimens,manifested asmanyparticle granules of varying
strength that are bypassed by the propagating cracks.Meanwhile, the
original propagation path is restored under the action of stress, and
this back-and-forth process leads to jagged cracks.
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FIGURE 6
Crack initiation angle variation patterns.

3.2 Crack initiation angle (θ0) analysis

Figure 6A shows the variation patterns of the crack initiation
angle, i.e., the angle between the initial crack and the extended crack,
under different cement proportions. With the cement proportion
being 5%–25%, the value of θ0 varies between 23.5° and 20.5° at
the α of 10°. The value of θ0 varies between 42° and 39° at the α
of 20°. The value of θ0 varies between 56.75° and 55° at the α of
30°. The value of θ0 varies between 71° and 67° at the α of 40°; the
value of θ0 varies between 82.75° and 80.25° at the α of 50°. Overall,
the variations of θ0 are within 4°, not exceeding the margin of error.
Thus, it can be considered that the cement proportion has basically
no effect on θ0. Therefore, the average values of θ0 were selected for
the subsequent analysis, namely, 0°, 22.15°, 40.55°, 55.90°, 69.55°,
and 81.05°, respectively.

Figure 6B shows the variation patterns of crack initiation angle
under different curing ages. With the curing age being 1 day–7 days,

FIGURE 7
Curve of the relationship between θ0 and Me.

FIGURE 8
Variation patterns of KIf and KIIf.AB
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FIGURE 9
KIIf and KIf test value envelopes.

the value of θ0 varies between 22.5° and 21.83° at the α of 10°; the
value of θ0 varies between 41.25° and 35.75° at the α of 20°; the value
of θ0 varies between 57.5° and 54.5° at the α of 30°; the value of
θ0 varies between 69.83° and 65.75° at the α of 40°; the value of θ0
varies between 80.5° and 79.5° at the α of 50°. Overall, the variations
of θ0 are within 5.5°, not exceeding the margin of error. Therefore,
the curing age has basically no effect on θ0. Under different curing
ages, the average values of θ0 are 0°, 22.19°, 38.88°, 55.96°, 69.83°,
and 80.33°.

In summary, the effects of cement proportion and curing age.
The mathematical relationship between its average values and Me is
modeled as Eq. 4, and the curve is plotted as shown in Figure 7.

θ0 = −82.31(M
e)2 + 4.9383(Me) + 79.445 (4)

3.3 Stress intensity factor analysis

Figure 8 shows the relationship between the critical stress
intensity factors K If and K IIf with the initial crack inclination angle

FIGURE 10
KII/KIC and KI/KIC test value envelopes.

α. With the gradual increase of the initial crack inclination angle,
the critical stress intensity factor K If gradually decreases while K IIf
gradually increases, and K If and K IIf also increase with the increase
of cement proportion (Figure 8A) and curing age (Figure 8B). It can
be observed that K IIf = 0 corresponds to mode I fracture, at which
time K If is the fracture toughness K IC of mode I fracture; K If =
0 corresponds to pure mode II fracture, at which time K IIf is the
fracture toughness K IIC of pure mode II fracture.

Figure 9 shows the K IIf and K If test value envelopes. Under
different cement proportions, K If and K IIf gradually increase with
the increase of cement proportion, and the envelopes are more
inward at lower cement proportions (Figure 9A). Under different
curing ages, K If and K IIf exhibit the same variation patterns as
described above (Figure 9B).

Figure 10 shows the K II/K IC and K I/K IC test value envelopes.
It can be observed that the envelopes under different cement
proportions intersect, and the K I/K IC and K II/K IC envelopes are
close to basically stable within certain intervals. With K I/K IC = 0,
the K II/K IC value varies between 0.61 and 0.39. Other than the
obvious deviated points in the figure, the rest are between 0.39
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FIGURE 11
Parameter variation intervals upon cement soil failure.

and 0.45 (Figure 10A). The envelopes under different curing ages
also intersect, and the K I/K IC and K II/K IC envelopes are close to
basically stablewithin certain intervals.WithK I/K IC =0, theK II/K IC
value varies between 0.44 and 0.40, which is within the 0.40 to 0.44
range (Figure 10B).The reason for the above phenomenon is that the
soil-cement heterogeneity is more significant under the influence of
factors such as material mixing degree, curing temperature and test
conditions.

4 Cement soil fracture failure
mechanism analysis

4.1 Cement soil fracture failure analysis
with empirical equations

Figure 11 shows the variation ranges of K II/K IC, K I/K IC, and
crack initiation angle upon cement soil fracture failure obtained

FIGURE 12
Comparison between the test results and classical fracture criteria.

based on the test data. Based on the envelope variation intervals in
Figure 11A, the upper and lower boundary functions of the K II/K IC
value are fitted, i.e., the K II/K IC variation range of the cement soil
with the cement proportion of 5%–25% and the curing age of 1
day–7 days. The variation range of θ0 under the K II/K IC and K I/K IC
mixed stress states can be obtained based on Eq. 4, as shown in
Figure 11B.

4.2 Comparative analysis of the results of
the classical fracture criteria

Soil fracture analyses are often based on rock fracture criteria,
such as the MTS criterion, G criterion, and S criterion mentioned
above. Additionally,Wang et al. (Suits et al., 2006) adopted a circular
fracture criterion in their analysis of Nuozhadu clay. Their equation
is as follows:
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FIGURE 13
GMTS criterion and test values (KII/KIC and KI/KIC).

(
KI

KIC
)

2
+(

KII

KIC
)

2
= 1 (5)

As shown in Figure 12, the crack initiation angle upon pure
mode II fracture is 70.53° according to the MTS criterion, which
is significantly different from the θ0 in this study. In contrast, the
K II/K IC obtained in this study is between 0.39 and 0.45, and those
according to the MTS criterion are between 0 and 0.87, which is
significantly not consistent. With the S criterion, both the crack
initiation angle and the envelope are related to μ, which is set to 0.3
in this study. At this time, the crack initiation angle is 82.34°, and
the K II/K IC value is between 0 and 0.96. According to Figure 12, the
envelope is still above that of the MTS criterion. Compared with the
two criteria above, the K II/K IC value based on the circular fracture
criterion is above that of the S criterion, and the theoretical and test
results are significantly different. Therefore, describing the cement
soil fracture failure mechanism with classical fracture criteria has
certain limitations.

FIGURE 14
GMTS criterion and test values (θ 0).

4.3 Comparative analysis of cement soil
fractures under the GMTS criterion

Considering the unsatisfactory results of the above classical
fracture criteria, further analysis is conducted with the GMTS
criterion. The stress field at the crack tip is as follows:

σr =
1

2√2πr
[KI cos

θ
2
(3− cos θ) +KII sin

θ
2
(3 cos θ− 1)] +Tcos2 θ+O(r0.5)

σθ =
1

2√2πr
cos θ

2
[KI(1+ cos θ) − 3KII sin θ] +T sin2 θ+O(r0.5)

τrθ =
1

2√2πr
cos θ

2
[KI sin θ+KII(3 cos θ− 1)] −T sin θ cos θ+O(r0.5)

}}}}}}
}}}}}}
}

(6)

Compared to the MTS criterion, the T-stress is included, and
the critical size rc of the crack tip micro-fracture zone is also taken
into account. According to the GMTS criterion, the crack is initiated
when the maximum tangential stress is reached. Then, we have:

∂σ(θ)
∂θ
= 0→ KI sin θ0 +KII(3 cos θ0 − 1) −

16
3
T√2πrc sin

θ0
2

cos θ0 = 0
(7)
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KIC =
1
2
cos

θ0

2
[KI(1+ cos θ0) − 3KII sin θ0] +T√2πrc sin

2 θ0 (8)

Equation 8 can be normalized as:

KIC

KI
= 1

2
cos

θ0

2
[(1+ cos θ0) −

3YII

YI
sin θ0]+

T*

YI
√2rc

a
sin2 θ0 (9)

KIC

KII
= 1

2
cos

θ0

2
[
YI

YII
(1+ cos θ0) − 3 sin θ0]+

T*

YII
√2rc

a
sin2 θ0

(10)

As shown in Figure 13, the envelope of the MTS criterion is the
outermost, while the envelope with a larger rc is more inward under
the GMTS criterion. Under different cement proportions and curing
ages, the test data envelopes are all far smaller than those under
the MTS criterion, indicating the insufficiency of the MTS criterion
in explaining the cement soil fracture mechanism. In contrast, the
GMTS criterion is basically consistent with the test results. Other
than the discrete points with large deviations, the test points are
basically near the rc = 1 mm envelope.

As shown in Figure 14, the test values of θ0 under different
cement proportions and curing ages are in the ranges of theoretical
curves rc = 1 mm to rc = 0.1 mm, indicating that the rc of the cement
soil at this time is 0.1–1 mm. Considering the theoretical curves of
K II/K IC and K I/K IC in Figure 13, the test values also fall near the
rc = 1 mm curve. In summary, the K II/K IC and K I/K IC values and
θ0 values of cement soil under the GMTS criterion are near the rc
= 1 mm theoretical curve, indicating that the GMTS criterion can
better describe the cement soil fracture failure mechanism.

Through inversion based on the θ0 test values, the theoretical
value of rc is 0.3 mm–1.9 mm. In essence, adding cement and
changing the curing age alter the brittleness of the material, and the
rc corresponding to different cement proportions and curing ages
should be different. Therefore, the rc value of cement soil should not
be a fixed value but within a recommended range.

5 Conclusion

The following conclusions are reached through the mixed mode
fracture tests on cement soil CNSCB specimens under different
cement proportions (p = 5%, 10%, 15%, 20%, and 25%) and curing
ages (T = 1, 3, 5, and 7 days):

1) Under different cement proportions and curing ages, the crack
propagation in theCNSCB specimens is not a uniform, straight
line but a jagged line.

2) K I andK II increase with the increase of cement proportion and
curing age, and the area between the envelope and the axes also
increases. The K II/K IC value is between 0.39 and 0.45 under
different cement proportions and between 0.40 and 0.44 under
different curing ages.

3) According to the test results, the traditional MTS criterion,
S criterion, and G criterion have limitations in describing
cement soil fracture failures, while the GMTS criterion can
better describe cement soil fracture failures, with the test
data consistent with the rc = 1 mm theoretical curve. The
recommended range of rc for cement soil is 0.3 mm–1.9 mm.

Data availability statement

Theoriginal contributions presented in the study are included in
the article/Supplementarymaterial, further inquiries can be directed
to the corresponding author.

Author contributions

TL: Writing–review and editing. TD: Writing–original draft.
HL: Investigation, Supervision, Writing–review and editing. BH:
Conceptualization, Writing–review and editing. XY: Investigation,
Visualization, Writing–review and editing. GL: Writing–review
and editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

Authors TL, HL, BH, and XY were employed by Guiyang
Engineering Corporation Limited. Author GL was employed by
China Construction Sixth Engineering Bureau Corp Ltd.

The remaining author declares that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product thatmay be evaluated in this article, or claim
thatmay bemade by itsmanufacturer, is not guaranteed or endorsed
by the publisher.

References

Ajdani, A., Ayatollahi, M. R., and Silva, L. F. M. D. (2021). Mixed mode fracture
analysis in a ductile adhesive using semi-circular bend (SCB) specimen. Theor. Appl.
Fract. Mech. 112 (8), 102927. doi:10.1016/j.tafmec.2021.102927

Aliha, M. R. M., and Ayatollahi, M. R. (2010). Brittle fracture evaluation of a fine
grain cement mortar in combined tensile-shear deformation. Fatigue and Fract. Eng.
Mater. Struct. 32 (12), 987–994. doi:10.1111/j.1460-2695.2009.01402.x

Frontiers in Materials 09 frontiersin.org111

https://doi.org/10.3389/fmats.2023.1342249
https://doi.org/10.1016/j.tafmec.2021.102927
https://doi.org/10.1111/j.1460-2695.2009.01402.x
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles


Liu et al. 10.3389/fmats.2023.1342249

Aliha, M. R. M., Ayatollahi, M. R., and Akbardoost, J. (2012). Typical upper bound-
lower bound mixed mode fracture resistance envelopes for rock material. Rock Mech.
Rock Eng. 45, 65–74. doi:10.1007/s00603-011-0167-0

Aliha, M. R. M., Behbahani, H., Fazaeli, H., and Rezaifar, M. (2014). Study of
characteristic specification on mixed mode fracture toughness of asphalt mixtures.
Constr. Build. Mater. 54, 623–635. doi:10.1016/j.conbuildmat.2013.12.097

Ayatollahi, M. R., and Aliha, M. R. M. (2007). Wide range data for crack tip
parameters in two disc-type specimens under mixed mode loading. Comput. Mater.
Sci. 38 (4), 660–670. doi:10.1016/j.commatsci.2006.04.008

Campbell, S., Ding, H., and Hesp, S. A. M. (2018). Double-edge-
notched tension testing of asphalt mastics. Constr. Build. Mater. 166, 87–95.
doi:10.1016/j.conbuildmat.2018.01.094

Chong, K. K. P. (2012). Fracture toughness testing of brittle materials
using semi-circular bend (SCB) specimen. Eng. Fract. Mech. 91, 133–150.
doi:10.1016/j.engfracmech.2012.01.013

Erdoga, F., and Sih, G. C. (1963). On the crack extension in plates under plane loading
and transverse shear. J. Basic Eng. 85 (4), 519–525. doi:10.1115/1.3656897

Hussain, M. A., Pu, S. L., and Underwood, J. H. (1973). Strain energy release rate for
a crack under combined mode I and mode II. Strain Energy Release Rate A Crack Under
Comb. Mode I Mode II.

Kim, H., Wagoner, M. P., and Buttlar, W. G. (2008). Micromechanical fracture
modeling of asphalt concrete using a single-edge notched beam test. Mater. Struct. 42
(5), 677–689. doi:10.1617/s11527-008-9412-8

Kuruppu, M. D., Obara, Y., Ayatollahi, M. R., Chong, K. P., and Funatsu,
T. (2014). ISRM-suggested method for determining the mode I static fracture
toughness using semi-circular bend specimen. Rock Mech. Rock Eng. 47 (1), 267–274.
doi:10.1007/s00603-013-0422-7

Liu, X. M., Bian, Y. M., and Liang, Y. C. (2015). The volume strain energy density
factor criterion for sharp V-notches under mixed-mode I and II. Appl. Mech. Mater.
782, 170–176. doi:10.4028/www.scientific.net/AMM.782.170

Rizvi, Z., Amin, A., Arp, J. C. C., and Wuttke, F. (2022). Fracture toughness
mode I of glass fibers improved soil. Mater. Today Proc. 62, 3276–3281.
doi:10.1016/j.matpr.2022.04.230

Smith, D. J., Ayatollahi, M. R., and Pavier, M. J. (2010). The role of T-stress in brittle
fracture for linear elastic materials under mixed-mode loading. Fatigue and Fract. Eng.
Mater. Struct. 24 (2), 137–150. doi:10.1046/j.1460-2695.2001.00377.x

Suits, L. D., Sheahan, T. C., Wang, J. J., Zhu, J. G., Chiu, C. F., and Chai, H. J. (2006).
Experimental study on fracture behavior of a silty clay. Geotechnical Test. J. 30 (4),
100715–100719. doi:10.1520/GTJ100715

Sukontasukkul, P., and Jamsawang, P. (2012). Use of steel and polypropylene fibers
to improve flexural performance of deep soil–cement column. Constr. Build. Mater. 29,
201–205. doi:10.1016/j.conbuildmat.2011.10.040

Sun, B., Zheng, Y., and Li, Z. (2020). Random beam lattice modeling method for
catastrophic crack growth simulation of brittle-like materials. Constr. Build. Mater. 244,
118396. doi:10.1016/j.conbuildmat.2020.118396

Sun, D. L., Rao, Q. H., Wang, S. Y., Yi, W., and Shen, Q. q. (2021). A new mixed-
mode fracture criterion of anisotropic rock. Eng. Fract. Mech. 2021 (4), 107730.
doi:10.1016/j.engfracmech.2021.107730

Voottipruex, P., and Jamsawang, P. (2014). Characteristics of expansive soils
improved with cement and fly ash in Northern Thailand. Geomechanics Eng. 6 (5),
437–453. doi:10.12989/gae.2014.6.5.437

Wagoner, M. P., Buttlar, W. G., and Paulino, G. H. (2005). Development of a single-
edge notched beam test for asphalt concrete mixtures. J. Test. Eval. 33 (6), 1–13.

Xu, J. J., Zhang, H., Tang, C. S., Cheng, Q., Tian, B. g., Liu, B., et al. (2022). Automatic
soil crack recognition under uneven illumination condition with the application of
artificial intelligence. Eng. Geol. 296, 106495. doi:10.1016/j.enggeo.2021.106495

Yang, J., Chen, R., Zhang, Z., Zou, Y., Zhou, J., and Xia, J. (2023). Experimental
study on the ultimate bearing capacity of damaged RC arches strengthened with ultra-
high performance concrete. Eng. Struct. 279, 115611. doi:10.1016/j.engstruct.2023.
115611

Yin, T., Wu, Y., Wang, C., Zhuang, D., and Wu, B. (2020). Mixed-mode I+II tensile
fracture analysis of thermally treated granite using straight-through notch Brazilian
disc specimens. Eng. Fract. Mech. 234, 107111. doi:10.1016/j.engfracmech.2020.
107111

Zhang, Z., Jin, X., and Luo, W. (2019). Long-term behaviors of concrete under
low-concentration sulfate attack subjected to natural variation of environmental
climate conditions. Cem. Concr. Res. 116, 217–230. doi:10.1016/j.cemconres.2018.
11.017

Zhang, Z., Pang, K., Xu, L., Zou, Y., Yang, J., andWang, C. (2023).The bond properties
between UHPC and stone under different interface treatment methods. Constr. Build.
Mater. 365, 130092. doi:10.1016/j.conbuildmat.2022.130092

Zhou, L., Sarfarazi, V., Haeri, H., Ebneabbasi, P., Fatehi Marji, M., and Hassannezhad
Vayani,M. (2021). A new approach formeasurement of the fracture toughness using the
edge cracked semi-cylinder disk (ECSD) concrete specimens. Mech. Based Des. Struct.
Mach. 51 (5), 2896–2917. doi:10.1080/15397734.2021.1911667

Zou, Y., Jiang, J., Yang, J., Zhang, Z., and Guo, J. (2023). Enhancing the toughness
of bonding interface in steel-UHPC composite structure through fiber bridging. Cem.
Concr. Compos. 137, 104947. doi:10.1016/j.cemconcomp.2023.104947

Frontiers in Materials 10 frontiersin.org112

https://doi.org/10.3389/fmats.2023.1342249
https://doi.org/10.1007/s00603-011-0167-0
https://doi.org/10.1016/j.conbuildmat.2013.12.097
https://doi.org/10.1016/j.commatsci.2006.04.008
https://doi.org/10.1016/j.conbuildmat.2018.01.094
https://doi.org/10.1016/j.engfracmech.2012.01.013
https://doi.org/10.1115/1.3656897
https://doi.org/10.1617/s11527-008-9412-8
https://doi.org/10.1007/s00603-013-0422-7
https://doi.org/10.4028/www.scientific.net/AMM.782.170
https://doi.org/10.1016/j.matpr.2022.04.230
https://doi.org/10.1046/j.1460-2695.2001.00377.x
https://doi.org/10.1520/GTJ100715
https://doi.org/10.1016/j.conbuildmat.2011.10.040
https://doi.org/10.1016/j.conbuildmat.2020.118396
https://doi.org/10.1016/j.engfracmech.2021.107730
https://doi.org/10.12989/gae.2014.6.5.437
https://doi.org/10.1016/j.enggeo.2021.106495
https://doi.org/10.1016/j.engstruct.2023.115611
https://doi.org/10.1016/j.engstruct.2023.115611
https://doi.org/10.1016/j.engfracmech.2020.107111
https://doi.org/10.1016/j.engfracmech.2020.107111
https://doi.org/10.1016/j.cemconres.2018.11.017
https://doi.org/10.1016/j.cemconres.2018.11.017
https://doi.org/10.1016/j.conbuildmat.2022.130092
https://doi.org/10.1080/15397734.2021.1911667
https://doi.org/10.1016/j.cemconcomp.2023.104947
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles


TYPE Original Research
PUBLISHED 11 January 2024
DOI 10.3389/fmats.2023.1352243

OPEN ACCESS

EDITED BY

Zhongya Zhang,
Chongqing Jiaotong University, China

REVIEWED BY

Longhao Ma,
Luoyang Institute of Science and Technology,
China
Xiaodong Liu,
Tohoku University, Japan

*CORRESPONDENCE

Ke Xu,
xk06260626@163.com

RECEIVED 07 December 2023
ACCEPTED 27 December 2023
PUBLISHED 11 January 2024

CITATION

Xiao T, Xu K, Lu Y and She H (2024), Failure
modes and mechanical properties of
double-layer rock-like composite specimens
with a single fissure under triaxial
compression.
Front. Mater. 10:1352243.
doi: 10.3389/fmats.2023.1352243

COPYRIGHT

© 2024 Xiao, Xu, Lu and She. 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.

Failure modes and mechanical
properties of double-layer
rock-like composite specimens
with a single fissure under triaxial
compression

Taoli Xiao1, Ke Xu1*, Yifan Lu2 and Haicheng She1,3,4

1School of Urban Construction, Yangtze University, Jingzhou, China, 2Jingzhou Chengfa Construction
Engineering Group Co., Ltd., Jingzhou, China, 3Hubei Key Laboratory of Oil and Gas Drilling and
Production Engineering, Yangtze University, Wuhan, China, 4Key Laboratory of Reservoir and Dam
Safety Ministry of Water Resources, Nanjing, China

Introduction: Geotechnical engineering disasters often result from instability
failures in layered and heterogeneous fissured rock masses. However, the key
mechanisms governing mechanical properties and crack propagation in these
rock masses remain unclear.

Methods: This study presents triaxial compression tests on double-layer rock-
like specimens composed of limestone and sandstone materials, containing
a single fissure, to investigate the effects of fissure angles and positions on
the strength and failure modes of these double-layer specimens under varying
confining pressure.

Results and Discussion: The experimental results reveal that the intact
composite rock approaches the strength of sandstone but is deformation-
limited by limestone. Under constant confining pressure (σ3 = 5 MPa), the fissure
angle affects initial crack initiation, and fissure position dictates the failure mode
and extent, while increased confining pressure induces overall shear failure
in the composite rock, with the failure mode being predominantly influenced
by confining pressure. Concerning mechanical deformation, augmenting the
fissure angle and confining pressure substantially enhances the elasticity and
ductility of the composite rock. Regarding volumetric deformation, the extent
of volume shrinkage in the composite rock is influenced by both fissure angle
and confining pressure, while volume expansion is influenced by fissure position.
Under uniaxial compression, fissured composite rock exhibits the most unstable
crack propagation, resulting in early failure. Triaxial compression shows that
a higher fissure angle stabilizes crack propagation while confining pressure
variation affects stability only when the fissure is in limestone. When the fissure
is in sandstone, crack propagation stability remains at its highest. Furthermore,
an increase in fissure angle, higher confining pressure, and changes in fissure
position from sandstone through the contact interface to limestone contribute
to an increasing trend in the peak strength and elastic modulus of the composite
rock. Fissure-induced rock degradation is primarily influenced by the fissure
angle. These findings are significant for guiding engineering construction and
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design, providing valuable insights to geotechnical engineers, and enhancing
safety in rock engineering projects.

KEYWORDS

layered rock mass, composite rock-like specimens, pre-existing fissures, triaxial
compression, mechanical properties, failure modes

1 Introduction

Following the diagenetic theory, geological formations often
exhibit prominent stratification. Layered composite rock masses
exhibit an alternation of soft and hard layers in the perpendicular
direction to the bedding planes, resulting in distinct lithological
differences compared to homogeneous rock mass (Brady and
Brown, 2006). In underground geotechnical engineering, composite
rocks experience varying stress conditions due to excavation
and rock fragmentation. These changing in-situ stress conditions
contribute to the complex deformation and failure characteristics
exhibited by composite rocks (Vogel and Rast, 2000; Fairhurst, 2017;
Ranjith et al., 2017). Furthermore, a rockmass is a natural geological
material comprised of intact rock and discontinuities (Wittke, 2014).
The discontinuities primarily include bedding planes, joints, faults,
and fissures (Ivars et al., 2011). These pre-existing defects exert
significant influence as release surfaces and nucleation sites for
failure in the rock mass. Among the 162 roof collapse accidents in
coal mines supported by anchor rods across 18 large mining areas,
107 cases were attributed to joint rock composite deterioration type
roof fall. This accounts for 66.04% of the investigated accidents and
is identified as the primary cause of roof collapse incidents (Jia,
2007). It is crucial to understand the coupled effects of different
confining pressures and fissure characteristics on the mechanical
properties and failure mechanisms of composite rocks. This benefits
long-term stability analysis and disaster prevention in underground
engineering projects.

In the existing research on the mechanical properties and
failure mechanisms of layered composite rocks, the initial focus
has been on their combination form (Guo et al., 2018; Wang et al.,
2020; Yu et al., 2021a; Yu et al., 2021b; Yu et al., 2022) and contact
interface parameters (Zhao et al., 2013; Zhao et al., 2015; Yin et al.,
2018). In some previous studies, layered composite rocks were
commonly formed by bonding rocks with different strengths
together using adhesive materials (such as shale-coal, sandstone-
coal, etc.). Through uniaxial compression tests, it was found that the
stronger/stiffer rocks in the composite rocks restricted the lateral
deformation of the weaker/softer rocks along the contact interface,
ensuring consistent lateral deformation. This phenomenon is
commonly known as the “interface effect” (Chen et al., 2019).
Furthermore, the bond strength of the contact interface is a
crucial factor that influences the failure mode of composite rocks.
Strengthening the bonding strength results in an enhancement
of the overall integrity and failure strength of the composite rock
(Xiao et al., 1988). However, artificially simulated bond strength
cannot precisely replicate the authentic stress state at the interfaces
of layered composite rocks. To minimize errors arising from
human factors and the limitations of unnatural conditions on
rock morphology, numerous scholars have extensively conducted
experiments using rock-like materials, these studies have provided

more convincing conclusions (Tien et al., 2006; Yang et al., 2019;
Li et al., 2021; Wang et al., 2022; Yang et al., 2023; Zhang et al.,
2023; Zou et al., 2023). For instance, by formulating specific rock-
like materials consisting of two different hardness materials,
the effects of rock layer inclination and interlayer thickness on
the deformation characteristics of composite rocks have been
revealed through uniaxial compression tests. The research findings
indicated that increasing the strength difference between the
materials enhanced the tendency for overall relative sliding of the
composite rock. On the other hand, an increase in the inclination
angle weakened the deformation of the composite rock, and its
compressive strength demonstrated a “U”-shaped variation with
the increase in the inclination angle (Yang et al., 2019); thicker
interlayers in composite rocks are more susceptible to failure
compared to thinner interlayers (Li et al., 2021). Moreover, the
deformation of composite rocks under stress is a crucial indicator for
evaluating underground construction safety. Through various types
of tests, including different loading rates (Huang and Liu, 2013;
Ma et al., 2021), cyclic loading and unloading tests (Song et al.,
2012; Zuo et al., 2013), static-dynamic loading tests (Liu, 2014;
Liu et al., 2014), as well as triaxial compression tests (Lu et al., 2019;
Lu et al., 2020; Yu et al., 2021a; Yu et al., 2021b; Yu et al., 2022),
researchers further revealed the influence of different stress loading
paths on composite rocks, basically in terms of the compressive
strength, the deformation modulus, the crack propagation, and
the failure behavior. Considering the distinct dynamic properties
of rocks compared to their static responses (Du et al., 2020a;
Jiang et al., 2021), dynamic impact loading tests have also been
conducted on composite rocks with the split Hopkinson pressure
bar (SHPB) system. It was found that composite rocks exhibit
a higher degree of energy accumulation compared to single
rocks, requiring less energy in the event of dynamic disasters
(Liu et al., 2021). These testing results provide a comprehensive
evaluation of the strength, deformation characteristics, and
energy dissipation of composite rocks under different stress
conditions.

Compared with existing research on composite rocks, the
investigation of crack propagation mechanisms in loaded fissured
rocks has primarily concentrated on homogeneous rocks. The study
of fissures in rocks follows a qualitative-to-quantitative progression.
When considering single fissures without taking into account the
mutual interactions of multiple fissures, researchers have mainly

TABLE 1 The particle grading distribution of quartz sand.

Sieve
size/mm

0–0.16 0.16–0.32 0.32–0.63 0.63–1.25

Percentage/% 5 30 40 25

Frontiers in Materials 02 frontiersin.org114

https://doi.org/10.3389/fmats.2023.1352243
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles


Xiao et al. 10.3389/fmats.2023.1352243

focused on the geometric characteristics of fissures, including their
length (Bi and Zhou, 2017; Chen et al., 2018; Laghaei et al., 2018;
Wang et al., 2018; Ismael and Konietzky, 2019), angle (Cheng et al.,
2018; Le et al., 2018; Miao et al., 2018; Wang et al., 2018), width
(Wang et al., 2018), and the materials filling (Le et al., 2018;
Miao et al., 2018). These studies aim to investigate the impact of
these fundamental fissure forms on themechanical and deformation
characteristics of rocks. When considering the interactions of
multiple fissures, researchers have shifted their focus to rock bridges
(length and angle of rock bridges) (Feng et al., 2019; Du et al.,
2020b; Yan et al., 2023), the arrangement patterns of fissure clusters
(angle, length, and spacing of fissure clusters) (Lee and Jeon,
2011; Cao et al., 2016), and the combination of fissures with voids
(Lin et al., 2020; Zhang et al., 2021). Specifically, the research has
yielded the following findings: It is generally believed that the length
of fissures inevitably degrades the mechanical properties of rocks.
However, when considering the combined effects of fissure angle
and length, the conclusion is not absolute. It is argued that the peak
strength of fissured rocks demonstrates a quadratic relationshipwith
the fissure angle, while the elastic modulus shows a linear increase
with the fissure angle (Feng et al., 2019). Besides, the propagation
of cracks in rock masses is influenced by both the number of
fissures and the fissure angle (Lin et al., 2020; Zhang et al., 2021).
Wong et al. (2004a); Wong et al. (2004b); Wong et al. (2006) also
gained significant insights, such as the fact that the mode of surface
crack propagation in rock masses is influenced by the ratio of
crack depth (d) to rock thickness (t), represented by d/t: when
d/t > 1/3, the crack propagation length is larger, resembling the
extension of two-dimensional cracks; when d/t < 1/3, the dominant
failure mode in the rock involves anti-wing cracks. It is worth
noting that all the literature mentioned above is concentrated on
homogeneous rocks, the investigation of composite rocks containing
fissures is rather limited. Recently, (Hu et al., 2020; Ma et al., 2023),
conducted uniaxial loading tests on fissured layered composite
rocks to investigate the impact of fissures on the development
and evolution of cracks, as well as the final failure mode of the
composite rock.

From the foregoing, considerable efforts have been devoted
to studying the anisotropic behavior of transversely isotropic
rocks and the impact of fractures on the mechanical properties
and failure modes of homogeneous rocks. However, the stress
environment of the rock mass, such as the confining pressure,
should be considered as a significant influencing factor. Therefore, a
comprehensive understanding of the different stress environments,
mechanical deformation characteristics, and crack propagation
paths of fractured layered composite rocks are crucial for improving
the efficiency of deep underground resource exploitation, effectively
preventing and controlling hazards in engineering construction,
and providing a theoretical basis for practical engineering.

However, the study of the fissured composite rock under confining
pressure conditions has never been investigated. This study has
produced composite rock specimens containing a single fissure
and conducted triaxial compression tests. Specifically, the influence
of fissure angles and positions on stress-strain response, damage
stress, peak strength, elastic moduli, and failure modes under
different confining pressures of composite rocks was analyzed and
summarized.

2 Materials and methods

2.1 Specimen preparation

In the natural environment, rocks are composed of diverse
mineral particles and cementing materials that are bonded together.
And their mechanical properties are mainly affected by the friction
between particles. Considering that sand particles can provide a
frictional force, cement mortar was chosen as the rock-like material
for this experiment.

Sedimentary rocks, which account for approximately two-thirds
of the Earth’s land area, are widely distributed on the Earth’s surface.
To create composite rock-like materials, limestone and sandstone
were chosen as the original rocks, which exhibit distinct differences
in physical properties and are commonly found in sedimentary
rocks. The quartz sand was used as an aggregate of rock-like
material. To ensure a smooth specimen surface, the size gradation
distribution of the selected quartz sand particles is presented in
Table 1. P.O42.5 Portland cement, silica fume, and iron powder were
used as limestone-like materials. The purpose of using silica fume
was to lower the peak temperature of the material’s curing reaction
and prevent cracking. The purpose of selecting iron powder was
to improve the density of the rock. To differentiate the sandstone
in terms of mechanical properties and visual appearance, P.W.32.5
Portland cement was used in its production. Additionally, a small
amount of water reducer and defoamer was added to enhance the
fluidity of the material and minimize the formation of pores. Table 2
provides the mass ratios of rock-like material. Table 3 presents
the physico-mechanical parameters of cement mortar, which are
close to that of natural rocks (Nazir et al., 2013; Cai et al., 2022).
Therefore, cement mortar is considered an ideal rock-like material
for laboratory experiments.

During the solidification process, cement tends to form a
thin layer on the surface (Wang et al., 2018), which is prone
to cracking under compression. To ensure accurate observation
of real cracks in the specimens, this study first, poured cubic
specimens (height × width × thickness = 150 × 150 × 150 mm)
and then obtained cylindrical specimens by drilling, as illustrated in
Figure 1A For cubic specimen casting, custom molds were created

TABLE 2 Material mass ratios of rock-like.

Material Cement Silica fume Quartz sand Iron powder Defoaming agent Water reducer Water

Limestone-like 1.00 0.13 0.80 0.25 0.003 0.003 0.30

Sandstone-like 1.00 - 0.70 - 0.003 0.003 0.30
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TABLE 3 Physico-mechanical parameters of rock and rock-like.

Material Density
ρ(g/cm3)

Young’s
modulus E (GPa)

Poisson’s
ratio v

Compressive
strength
σc (MPa)

Tensile
strength
σt (MPa)

Limestone 2.48–2.85 10–80 0.20–0.35 30–200 5–25

Limestone-like 2.61 12.52 0.24 70.12 7.16

Sandstone 2.10–2.40 3-35 0.20–0.25 20–170 4–25

Sandstone-like 2.23 7.87 0.22 40.69 6.32

FIGURE 1
Specimens making and processing. (A) Schematic drawing of cube specimens making and processing, (B) Schematics of fissure geometry
configuration in the specimens.

using plastic, steel sheets (15 mm length, 0.5 mm thickness), and
spacer boards. Vibrations were applied to the mold during pouring
to eliminate trapped air from the slurry. After 30 min, the spacer
board was removed to ensure sufficient strength at the contact
surface between the two types of rock materials. After 8 h, the steel
sheets were removed when the specimens reached the initial setting,
resulting in through-opened fissures. After 24 h, the solidified
specimens were de-molded and placed in a constant temperature
and humidity curing chamber (temperature set to 20°C ± 2°C and

humidity set to 85% ± 5%) for 28 days before conducting cylinder
specimen drilling.

Following the guidelines of the International Society for Rock
Mechanics (ISRM), cylindrical specimens were cut and ground
to a height of 100 mm and a diameter of 50 mm. To facilitate
the analysis of the effects of fissure angle, position, and confining
pressure on the specimens and to prevent the mechanical failure
patterns of the specimens from being universally applicable due
to excessively long fissure lengths, the fissure length was fixed at
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TABLE 4 Specimens’ numbers and fissure geometry parameter values used for all specimens.

Number α(°) Fissure position σ2 = σ3 (MPa) Number α(°) Fissure position σ2 = σ3 (MPa)

C-0 Intact Intact 0 CC-45-0 45 Interface 0

C-5 Intact Intact 5 CC-45-5 45 Interface 5

C-10 Intact Intact 10 CC-45-10 45 Interface 10

C-15 Intact Intact 15 CC-45-15 45 Interface 15

CL-0-5 0 Limestone 5 CC-60-5 60 Interface 5

CL-30-5 30 Limestone 5 CC-90-5 90 Interface 5

CL-45-0 45 Limestone 0 CS-0-5 0 Sandstone 5

CL-45-5 45 Limestone 5 CS-30-5 30 Sandstone 5

CL-45-10 45 Limestone 10 CS-45-0 45 Sandstone 0

CL-45-15 45 Limestone 15 CS-45-5 45 Sandstone 5

CL-60-5 60 Limestone 5 CS-45-10 45 Sandstone 10

CL-90-5 90 Limestone 5 CS-45-15 45 Sandstone 15

CC-0-5 0 Interface 5 CS-60-5 60 Sandstone 5

CC-30-5 30 Interface 5 CS-90-5 90 Sandstone 5

15 mm. Five fissure angles (α) were considered: 0°, 30°, 45°, 60°, and
90°.Three different fissure positions were established:①at the center
of the limestone, ②at the center of the contact interface (in this
study, the term “interface” is used to describe the contact interface
parameters of limestone and sandstone), and③at the center of the
sandstone, as shown in Figure 1B Four different confining pressures
(σ3) were applied: 0, 5, 10, and 15 MPa. Considering the uniaxial
compressive strength of the simulated sandstone as 40 MPa, and
ensuring that the deformation of the specimen remains in the elastic
stage during the confining pressure process (typically, the ratio of
the threshold stress for sandstone fracturing to the peak stress is
approximately 0.5), the maximum value of confining pressure was
set to 15 MPa.

For clarity, the specimen numbering is designated as fissure
position (FL, FI, FS, C) - fissure angle (α) - confining pressure
(σ3), where FL, FI, FS, and C represent the fissure positions in
limestone, interface, sandstone, and the complete composite rock
specimen, respectively. For instance, C-5 denotes the complete
composite rock specimen under a confining pressure of 5 MPa. FL-
45-15 signifies a composite rock specimen with a fissure angle of
45° located in limestone under a confining pressure of 15 MPa.
The specific specimen numbering is outlined in Table 4. To obtain
more universally applicable experimental data and avoid significant
variability in individual specimens, each set of specimens underwent
four tests. After removing specimens with noticeable variability, the
average of the remaining specimen data was taken as the result
for each set of specimens. This approach helps reduce the impact

of individual outlier test data on the overall results, enhancing the
reliability of the experimental outcomes.

2.2 Experimental equipment and
procedure

Triaxial compression strength (TCS) test was processed by
HYAS-1000C electrohydraulic servo-controlled testing equipment
at the geotechnical mechanics and engineering research center
at Yangtze University in China, as shown in Figure 2. In the
experiment, the confining pressure was applied using hydraulic
oil, while the axial stress was controlled by axial displacement.
Before applying the confining pressure, the specimen was placed
between the upper and lower platens and encapsulated with heat-
shrinkable tubing to prevent hydraulic oil from infiltrating the rock
and affecting the test results. The axial and radial strains of the
specimen (at the middle section) were simultaneously measured
using axial and radial extensometers, with a measurement range
of 0–4 mm and a reading accuracy of ±1% at room temperature.
Data collection was performed directly by a computer. The test was
conducted in two steps as follows: (a) The confining pressure was
increased to the target value at a rate of 0.5 MPa/min, then the axial
compression was applied to the specimen at a rate of 1 mm/min
until reaching an initial axial stress of 2 KN. Additional axial stress
(also called deviator stress) was applied to the specimen at a rate of
0.2 mm/min until it experienced unstable failure (Yu et al., 2021b).
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FIGURE 2
Electrohydraulic servo-controlled testing equipment.

FIGURE 3
Stress-strain curves and change in mechanical of three intact rock specimens. (A) Stress-strain curves and failure modes, (B) Mechanical parameters.

3 Experimental results and discussion

3.1 Composite and single intact rock
specimens under uniaxial compression

To better investigate the mechanical properties of fissured
composite rock samples, uniaxial compression tests were initially
conducted on individual sandstone, individual limestone, and
intact composite rock, and the stress-strain curves and equivalent
mechanical parameters are obtained, as shown in Figure 3
and Table 5.

Figure 3A illustrates notable distinctions among the three
specimens, particularly in the pre-peak stage. The limestone’s
compaction phase is relatively inconspicuous, featuring an extended
elastic phase. In contrast, composite rock and sandstone show
significant compaction stages, with sandstone exhibiting a shorter
elastic phase and a slight stress reduction just before the peak.
This suggests high compaction in limestone and greater porosity
in sandstone, making it more prone to macroscopic cracks before
complete failure. Despite these differences, all uniaxial stress-strain
curves share similar post-peak characteristics, marked by a rapid

TABLE 5 Mechanical parameters and failure characteristics of the three
configurations of rock specimens.

Rock
specimens

Peak
strength
(MPa)

Peak
strain (%)

Elastic
moduli
(GPa)

Limestone 79.92 0.78 12.52

Composite rock 42.78 0.85 8.47

Sandstone 40.69 0.88 7.87

stress decline towards residual strength and a swift loss of
bearing capacity.

Statistical analysis of experimental data (Figure 3B; Table 5)
reveals limestone’s superior strength, surpassing composite
rock and sandstone by 86.55% and 96.41%, respectively.
Additionally, its elastic modulus exceeds that of composite rock
by 47.82% and sandstone by 59.09%. Regarding deformation
characteristics, limestone has the lowest peak strain, 12.82% less
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FIGURE 4
Different crack types in composite rock. (A) Typical tensile crack, shear crack, and crack fracture surface, (B) Typical shear crack and crack fracture
surface, (C) Typical tensile shear mixed crack and crack fracture surface.

than sandstone, while the peak strain of composite rock falls
between the two.

Figure 3A depicts the failure characteristics of three specimen
types. Limestone and composite rock experience tensile failure
along the axial compression direction, while sandstone undergoes
a tensile-shear mixed failure. Deformation upon sandstone failure is
notably larger than in limestone, marked by evident surface spalling.
Due to lower sandstone strength, composite rock failure initiates in
the sandstone portion, forming macroscopic cracks that propagate
to the contact interface, penetrating through the limestone, where
spalling primarily occurs.

In summary, there exists a significant strength difference
between limestone and sandstone. Sandstone, being relatively
softer in lithology compared to the harder limestone, exhibits
larger deformations under compression. The strength of
the composite rock is determined by the weaker sandstone
portion, yet its deformation is constrained by the stronger
limestone portion.

3.2 Failure mode of composite specimens

In the compression failure modes of rocks, cracks can be
classified into three forms based on the angle between the generated
cracks and fissures, as well as the scratches on the fractured
surface (Lee and Rathnaweera, 2016; Lin et al., 2020; Yu et al.,
2021b): (1) Axial splitting, which refers to tensile cracks formed
under compression, generally parallel to the direction of maximum
principal stress, mostly with an angle greater than 90° to the
fissures. The crack fracture edges are neat, and the crack fractured
surface is smooth, with only minor undulations in certain areas, as
indicated by the red region in Figure 4A; (2) Shear cracks, typically
composed of the main shear crack and secondary tensile cracks on
the specimen surface. Secondary tensile cracks originate from the
main shear crack and extend, with the main shear crack coplanar
or less than 90° to the fissures. Most observed shear cracks exhibit
evident shear dilation characteristics, with serrated fracture edges

and a rough fractured surface. In the limestone portion, there is also
a strong frictional effect resulting in white powder. Additionally, at
lower confining pressures, shear cracks terminate at the end faces,
while at higher confining pressures, shear cracks terminate at the
specimen’s side, as illustrated by the blue region in Figure 4B; (3)
Tensile-shearmixed cracks, observed only in some specimens.These
cracks typically start as tensile cracks extending towards the ends
and then shift to extend to the specimen’s side, forming shear cracks,
as shown in Figure 4C.

To visually illustrate the failure characteristics of the specimens
more clearly, clear crack trajectories were plotted. The red and blue
lines represent the generated main tensile cracks and main shear
cracks, respectively. The black fine lines on the specimen surface
depict secondary tensile cracks, which do not influence the internal
structure of the specimen.

Figure 5 presents the failuremodes of composite rock specimens
with different fissure angles and positions under a confining pressure
of 5 MPa. By comparing various aspects, the characteristics of the
cracks and their aggregation forms are summarized.

Under different fissure angles: (1) When α = 0°, regardless of
the rock layer in which the fissure is located, tensile cracks always
initiate at the middle of the fissure and extend towards the specimen
ends. This is because the fissure is perpendicular to the direction
of the principal stress, and the inner surface of the fissure is in a
bending state. With the increase in axial load, tensile cracks are
prone to occur in the middle of the fissure. (2) When α = 30°–60°, as
the region with the most concentrated stress, wing cracks or anti-
wing cracks are likely to form at the tips of the fissure, resulting
in similar failure modes. (3) When α = 90°, large compressive
forces leading to tensile cracks are less likely to occur in the fissure.
Due to the strength difference between the two types of rocks,
shear cracks first initiate and propagate in the sandstone, forming
a wedge shape that causes limestone to undergo splitting failure.
The failure mode of the specimen mainly depends on the fissure
positions.

Under different fissure positions: (1) When the fissure is in
limestone, some specimens may develop a small number of shear
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FIGURE 5
The failure mode of composite rock specimens with different fissure angles and positions (σ3 = 5 MPa). (A) Fissure is in limestone, (B) Fissure is at the
contact interface, (C) Fissure is in sandstone.

cracks, but overall, tensile failure predominates. Under α = 0°–60°,
tensile cracks generated at the lower part and the lower tip of
the fissure easily propagate through the contact interface towards
the sandstone end, causing overall failure of the composite rock.
However, when α = 0° and 30°, due to the lower strength of the
specimen, tensile cracks do not extend to the sandstone end but
continue to form shear cracks in the sandstone under the action
of axial compression and confining pressure. (2) When the fissure
is at the contact interface position, combined with Figure 6, it is
observed that in the sandstone part, shear failure leads to the
formation of wedge-shaped blocks with distinct signs of sliding
friction on the surface. In the limestone part, tensile failure results
in a smooth and neat fracture surface, and the failure mode of
the specimen is not affected by the fissure angle, exhibiting “λ-
shaped failure.” This is because the strength of limestone is greater
than that of sandstone, and shear cracks generated at both ends of
the fissure first extend towards the sandstone end. After forming
a wedge-shaped body in the sandstone portion, it continues to be
compressed by axial pressure, ultimately leading to tensile failure
in limestone. (3) When the fissure is in sandstone, the specimen

mainly experiences localized shear failure in the sandstone. This is
because the fissure further reduces the strength of the sandstone,
and anti-wing shear cracks developed at the ends of the fissure
receive sufficient development under lower stress levels. The cracks
extend towards the sandstone end and side. Meanwhile, tensile
cracks generated by the fissure extend towards the limestone but
do not penetrate the limestone portion. (4) Surface sliding and
spalling: Surface sliding and spalling mainly occur at the sandstone
end and the tip of the fissure. This is primarily due to the sandstone
portion and the tip of the fissure being more susceptible to the
compressive squeezing effect of confining pressure, resulting in
localized substantial shear dilation deformation.

Figure 7 illustrates the failure modes of composite rock
specimens under different confining pressures and fissure positions
at α = 45°. Under uniaxial compression conditions, the composite
rock specimens exhibit conspicuous splitting failure caused by a
tensile crack extending along the direction of stress loading (cracks
generated can be merged into one). With increasing confining
pressure, the following observations aremade: (1)The failuremodes
of all specimens gradually transition from tensile failure to shear
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FIGURE 6
Internal wear diagram of composite rock specimens with fissure at the contact interface (σ3 = 5 MPa).

failure. This is attributed to high confining pressure exerting closure
forces on nearly longitudinal cracks, inhibiting the extension of
wing-shaped tensile cracks. Additionally, the shear stress acting
on the fissure tip becomes more significant, leading to a purer
shear failure of the specimen. (2) All specimens experience overall
failure. Combined with Figure 8, it is observed that due to the
gradual enhancement of shear stress, shear cracks appear at the
tips of the fissure in limestone, and the frictional sliding traces
on the internal crack fracture surface become more apparent.
This ultimately leads to the formation of wedge-shaped bodies in
limestone, continuing to be compressed and resulting in overall
specimen failure. When the fissure is at the contact interface and
in the sandstone, co-planar shear cracks occur at both fissure tips.
The specimen slides along the fissure to some extent, and the
shear stress developed in the sandstone can extend shear cracks
into the limestone, causing shear failure in the limestone portion
as well. (3) With the increase in confining pressure, there is an
increase in surface spalling. This is attributed to higher confining
pressure leading to more effective compaction of the fissure. In this
state, the interlocking effect at the fissure tip becomes increasingly
pronounced, promoting the extensive development of secondary
cracks and resulting in a greater occurrence of local spalling
phenomena.

In summary, the geometric distribution of a single fissure has
a significant impact on the failure patterns of composite rocks
under confining pressure conditions. The analysis of the failure
characteristics of each specimen is summarized in Tables 6, 7.
From Table 6, it is evident that maintaining a constant confining
pressure (σ3 = 5 MPa), fissure in limestone is prone to generate
tensile cracks, leading to the overall failure of the specimen.
On the other hand, the fissure tips in sandstone primarily
produce shear cracks that are challenging to extend through the
contact interface into the limestone, resulting in local failure of
the specimen. In this case, the failure mode of the composite
rock is dominated by the fissure position, while changes in
the fissure angle primarily influence the initiation mode of the
specimens. From Table 7, under uniaxial compression conditions,
the specimens primarily experience axial splitting failure. With the
increase in confining pressure, the failure mode of the specimens

gradually transitions from tensile failure to overall shear failure.
The influence of the fissure position on the failure of the composite
rock becomes less pronounced, indicating a gradual shift in the
failure mode of the composite rock to be dominated by the
confining pressure.

3.3 Stress-strain behavior of composite
specimens

Under 5 MPa confining pressure, the full stress-strain curves of
specimens with different fissure angles and positions are depicted in
Figure 9. The volumetric strain reflects the overall volume change of
the specimen during the loading process and is calculated as follows:
εV = ε1 + 2ε3. It can be observed that, with the fissure position
held constant, the axial stress-strain trends of all specimens are
nearly identical. In the pre-peak stage, as the fissure angle increases,
the linear elastic stage of the specimen significantly extends, and
the peak stress also rises, gradually approaching that of the intact
specimen. However, the plastic yield stage of each specimen is
more pronounced compared to the intact specimen. This indicates
that an increase in the fissure angle can enhance the strength
of the specimen, but the presence of fissure still increases the
accumulated damage within the specimen, leading to an elongation
of the plastic stage experienced by the specimen before complete
failure. In the post-peak stage, due to the constraint of confining
pressure, all specimens do not exhibit significant brittle failure
characteristics.

The volumetric change trends of all specimens show a pattern of
initial contraction followed by expansion. In terms of contraction,
the peak volumetric strain of each specimen increases with the
rise in fissure angle. This indicates that as the linear elastic stage
of the specimen becomes longer with an increasing fissure angle,
the ability of the specimen to contract becomes more pronounced.
However, the intact rock specimen, without the presence of fissures,
does not exhibit significant compression and, therefore, does not
possess the strongest contraction ability. In terms of expansion,
under the same fissure angle, when the fissure is in the sandstone,
the specimen exhibits the weakest expansion ability. This is because
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FIGURE 7
The failure mode of rock specimens under different confining pressure and fissure positions (α = 45°). (A) Intact specimen, (B) Fissure is in limestone,
(C) Fissure is at the contact interface, (D) Fissure is in sandstone.

the FS series specimens experience localized failure in the sandstone
during destruction, resulting in a relatively insignificant overall
expansion of the specimen. Therefore, at lower confining pressures

(σ3 = 5 MPa), the contraction of the specimen is dominated
by the fissure angle, while the expansion is dominated by the
fissure position.

Frontiers in Materials 10 frontiersin.org122

https://doi.org/10.3389/fmats.2023.1352243
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles


Xiao et al. 10.3389/fmats.2023.1352243

FIGURE 8
Internal wear diagram of composite rock specimens with fissure in the limestone (α = 45°).

TABLE 6 The failure characteristics of composite rock specimens with different fissured angles and positions (σ3 = 5 MPa).

Fissure position Fissure angle (°)

0 30 45 60 90

Limestone

①More tension and less
shear failure

①More tension and less
shear failure

①Tensile failure ①More tension and less
shear failure

①Tensile-shear mixed
failure

②Overall failure ②Overall failure ②Overall failure ②Overall failure ②Overall failure

Interface

①Tensile-shear mixed
failure

①Tensile-shear mixed
failure

①Tensile-shear mixed
failure

①Tensile-shear mixed
failure

①Tensile-shear mixed
failure

②Overall failure ②Overall failure ②Overall failure ②Overall failure ②Overall failure

Sandstone

①Shear failure ①Shear failure ①Less tension and more
shear failure

①Less tension and more
shear failure

①Shear failure

②Local failure ②Local failure ②Local failure ②Local failure ②Local failure

TABLE 7 The failure characteristics of composite rock specimens under different confining pressures and fissure positions (α = 45°).

Fissure position Confining pressure (MPa)

0 5 10 15

Intact
①Tensile failure ①Tensile-shear mixed failure ①Less tension and more shear failure ①Shear failure

②Overall failure ②Overall failure ②Overall failure ②Overall failure

Limestone
①Tensile failure ①Tensile failure ①Less tension and more shear failure ①Less tension and more shear failure

②Overall failure ②Overall failure ②Overall failure ②Overall failure

Interface
①Tensile failure ①Tensile-shear mixed failure ①Less tension and more shear failure ①Shear failure

②Overall failure ②Overall failure ②Overall failure ②Overall failure

Sandstone
①Tensile failure ①Less tension and more shear failure ①Less tension and more shear failure ①Shear failure

②Overall failure ②Local failure ②Overall failure ②Overall failure
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FIGURE 9
Stress-strain curve of rock specimens with different fissured angles and positions. (σ3 = 5 MPa). (A) Fissure is in limestone, (B) Fissure is at the contact
interface, (C) Fissure is in sandstone.

FIGURE 10
Stress-strain curve of rock specimens with different confining pressures and fissure positions (α = 45°). (A) Intact specimen, (B) Fissure is in limestone,
(C) Fissure is at the contact interface, (D) Fissure is in sandstone.
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FIGURE 11
Crack damage threshold behavior of rock specimens under different fissure angles and positions (σ3 = 5 MPa). (A) Crack damage threshold, (B) Ratios
of σcd to peak strength σc.

The full stress-strain curves of various specimens under different
confining pressure levels and fissure positions are illustrated in
Figure 10. Under uniaxial compression conditions, each specimen
exhibits a prolonged compaction stage, sharp peaks appear at the
peak stress, followed by a rapid decline after the peak. When the
confining pressure is 5 and 10 MPa, the composite rock specimen
with a fissure in the limestone part exhibits a stress drop during
the loading process, accompanied by a sudden increase in lateral
strain, indicating the initiation of macroscopic cracks. The stress-
strain curves of the other two types of fissure specimens show
similar behavior at this point, with the deformation characteristics
of the specimen dominated by the fissure position. As the confining
pressure increases to 15 MPa, the compaction stage disappears
gradually. The elastic stage and yield stage before the peak becomes
significantly extended, and both peak stress and peak strain increase
accordingly. This is because, before axial compression, the micro-
pores and micro-cracks inside the specimen have been compacted
and closed by the confining pressure. After the elastic stage, the
macroscopic cracks generated are constrained by the confining
pressure and their crack fractured surface interlock and frictionwith
each other. This results in a slow increase in axial bearing capacity,
leading to the formation of a plastic flow state characterized by strain
hardening during the yield stage. This significantly enhances the
strength and ductility of the specimen. At this point, the influence
of the fissure position on themechanical deformation characteristics
of the rock specimen diminishes, gradually being dominated by the
confining pressure.

Under uniaxial compression conditions, the maximum values
of volumetric contraction for all specimens are relatively small and
similar. With the increase in confining pressure, the maximum
values of volumetric contraction for most specimens become closer,
showing an overall trend of slow growth at high confining pressures.
In terms of volumetric expansion, regardless of the magnitude of
the confining pressure, the degree of volumetric expansion in the
composite rock specimens with a fissure in the sandstone portion
is the smallest. Even after complete failure under high confining
pressure, the overall volume remains contracted. The reason is that
when the fissure is in the sandstone, the damage to the limestone
part is minimal, resulting in the smallest overall expansion of the

specimen. Therefore, the volumetric contraction of the specimen
is dominated by confining pressure, while volumetric expansion is
dominated by the fissure position.

3.4 Variations in the mechanical properties
of composite specimens

3.4.1 Crack damage threshold behavior
The crack damage threshold (σcd) is crucial in the rock

failure process, representing the axial stress corresponding to
the volumetric strain peak (Lee and Rathnaweera, 2016). Before
reaching σcd, the volumetric strain caries in the same direction
as the axial stress, therefore the specimen is characterized as in a
compaction stage, indicating that the specimen is in the compression
stage, and the cracks are steadily expanding. Once the axial stress
exceeds σcd, the volumetric strain decreases continuously, indicating
that the specimen enters the dilation stage.At this point, cracks begin
to connect, intersect, and penetrate, evolving into a macroscopic
fracture surface. The crack extension enters an unstable stage, and
irreversible damage occurs in the specimen (Huang et al., 2016).
The relative damage threshold (σcd/σc) serves as a reliable indicator
for predicting specimen failure (Wu et al., 2018). A smaller value
implies earlier dilation and more unstable crack propagation.

Figure 11 illustrates the variations of crack damage threshold
(σcd) and relative damage threshold (σcd/σc) of rock specimens with
different fissure angles and positions. As shown in Figure 11A, the
damage stress (σcd) of the composite rock specimens with fissure
at the contact interface and in the sandstone increases significantly
with the fissure angle, by 187.11% and 112.62%, respectively.
However, when the fissure angle α < 45° and the crack is in the
limestone, the damage stress (σcd) of the composite rock samples
shows a negative correlation with the crack angle. Combining the
analysis of the failure modes of the specimens in Figure 5A, it can
be explained that when α = 0°–45°, the proportion of tensile cracks
in the FL series specimens gradually increases and becomes purer.
The generation of tensile cracks not only significantly reduces the
strength of the specimens but also increases lateral deformation,
causing an overall increase in specimen volume. In Figure 11B, it
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FIGURE 12
Crack damage threshold behavior of rock specimens under different confining pressures and fissure positions (α = 45°). (A) Crack damage threshold,
(B) Ratios of σcd to peak strength σc.

can be observed that the relative damage threshold of the FS series
specimens remains consistently the highest and exhibits the most
gradual trend, indicating that the crack propagation is most stable
when the fissure is in the sandstone. When α = 90°, the relative
damage threshold of all specimens is almost the same, indicating the
lowest level of damage caused by the fissure at this angle.

Figure 12 displays the crack damage threshold (σcd) and the
relative damage threshold (σcd/σc) of rock specimens under different
fissure positions and confining pressures. In Figure 12A, it is evident
that σcd for each specimen increases with the rise in confining
pressure. As the confining pressure increases from 5 to 15 MPa,
the growth rates of σcd for the FS, FI, FL, and C series specimens
are 41.35%, 12.09%, 141.28%, and 39.79%, respectively, with FL
series showing the highest increment. When σ3 is 5 and 10 MPa,
the FL series specimens exhibit the lowest damage stress σcd. This
is attributed to the fissure in the limestone that is prone to the
early formation of macroscopic tensile cracks. However, under
the constraint of confining pressure, the crack surfaces fractured
interlock with each other, allowing the specimen to continue gaining
higher bearing capacity. This also explains why some FL specimens
exhibit stress drops during the loading process. Figure 12B, under
uniaxial compression, the relative damage thresholds of fissured
specimens show minimal variation, remaining between 0.36 and
0.43, significantly lower than that of intact specimens. Under
triaxial compression, with constant confining pressure, the relative
damage thresholds of the FS, FI, and FL series specimens decrease
sequentially. When the fissure position remains unchanged, the
relative damage threshold of the FL series increases with the rise in
confining pressure, while those of the FI and FS series specimens
remain stable. It is observed that during uniaxial compression, the
fissure has a severe weakening effect on the expansion strength of
specimens, and the unstable expansion of cracks occurs earliest, with
minimal influence fromchanges in fissure position.When the fissure
is in the sandstone, the expansion of cracks in the composite rock
specimens remains stable.

3.4.2 Peak stress behavior
The peak stress (σc) and relative peak stress (σc/σ i) of each

specimen under different fissure angles and positions are shown in

Figure 13.The relative peak stress indicates the ratio of peak strength
between specimens with fissures and intact specimens, reflecting the
degree of deterioration in rock with fissures, a smaller numerical
value corresponds to a greater degree of deterioration.

As depicted in Figure 13A, the peak stress of each specimen
increases with the rise in fissure angle and position, but the
growth trends vary. In the same rock layer, as the fissure angle
transitions from α = 0° to α = 90°, the stress increments for the
FS, FI, and FL series are 71.83%, 71.36%, and 55.09%, respectively.
Under the same fissure angle, the stress increments from the FS
series to the FL series are 17.10%, 9.44%, 6.02%, 15.17%, and
6.23%. It is evident that, under lower confining pressure (σ3 =
5 MPa), the strength of specimens is notably influenced by changes
in fissure angle. Figure 13B reveals that the degree of strength
deterioration in specimens is minimal when a fissure is present in
limestone; larger fissure angles correspond to less deterioration in
specimen strength.

The peak stress (σc) and relative peak stress (σc/σ i) of each
specimen under different confining pressures and fissure positions
are illustrated in Figure 14. As depicted in Figure 14A, with
a constant fissure position, the strengths of FS, FI, FL, and
C series specimens all significantly increase with the rise in
confining pressure (σ3 = 5–15 MPa), with increments of 39.28%,
46.32%, 62.31%, and 48.88%, respectively. With constant confining
pressure, specimens with a fissure in limestone exhibit the highest
strength, while those in sandstone show the lowest, with the
maximum difference at σ3 = 15 MPa being 31.83%. This implies
that when a fissure is in limestone, specimens can attain higher
bearing capacity under the restriction of confining pressure.
Consequently, it is evident that the influence of fissure position on
the strength of composite rock specimens gradually increases with
the augmentation of confining pressure. As indicated in Figure 14B,
compared to changes in confining pressure, the degradation of rock
is primarily affected by fissure position, with the least deterioration
observed when a fissure is in limestone.

3.4.3 Elastic modulus
Figure 15A presents the relationship between the elastic

modulus and the fissure angle for the three series of specimens.
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FIGURE 13
Peak stress behavior of rock specimens under different fissure angles and positions (σ3 = 5 MPa). (A) peak stress, (B) ratios of σc to σI.

FIGURE 14
Peak stress behavior of rock specimens under different confining pressures and fissure positions (α = 45°). (A) peak stress, (B) ratios of σc to σI.

FIGURE 15
Peak stress behavior of rock specimens under different confining pressures and fissure positions (α = 45°). (A) Under different fissure angles and
positions, (B) Under different confining pressures and fissure positions.

The elastic modulus increases with an increasing fissure angle, but
the growth trends differ. Within the fissure angle range of 0°–90°,
the FL specimens exhibit the smallest increase in elastic modulus
(13.43%), while the FI specimens show the largest increase (33.31%).

Keeping the fissure angle constant, except for α = 0°, the variation
in elastic modulus with fissure position follows a similar pattern
to the changes in peak stress. It is worth noting that the FI-0-5
specimen deviated from the expected results due to difficulties
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in precisely positioning the fissure in the interface, caused by
mold errors.

Figure 15B illustrates the variations in elastic modulus
for four series specimens under different confining pressures.
The experimental results indicate that, with a constant fissure
position, the elastic modulus of the rock specimens significantly
increases with the application of confining pressure, exhibiting
an average increment of 52.43%. However, as the confining
pressure increases from 5 to 15 MPa, the rate of elastic modulus
growth slows down, with an average increment of 16.92%.
Under fixed confining pressure, the elastic modulus of the rock
specimens increases sequentially from limestone, through the
contact zone, to sandstone as the crack position changes. This
increasing trend becomes more pronounced with higher confining
pressures.

4 Conclusion

Unlike previous studies, a series of triaxial compression
tests on limestone-sandstone composite rock-like material
containing a single fissure in this paper. The experimental
results comprehensively evaluate the influence of the positions
and inclination angles (relative to the horizontal) of a pre-
existing fissure on the mechanical properties, crack evolution
behavior, and failure mode under different confining pressures.
The main conclusions in this study can be drawn as
follows.

(1) Limestone exhibits the highest strength, while sandstone
experiences the most deformation and is susceptible to
early macroscopic cracking. The intact composite rock falls
between sandstone and limestone in terms of mechanical
deformation, with its strength controlled by the sandstone
portion and overall deformation constrained by the
limestone portion.

(2) At α = 0°, tension cracks develop in the middle of the
fissure; at α = 90°, tension cracks are less likely. Other
angles result in crack initiation at the fissure tip, with
the fissure angle determining the initiation mode of
initial cracks. Under low confining pressure, the fissure in
limestone leads to tension cracks, causing overall failure.
Conversely, the fissure in sandstone primarily produces
shear cracks, causing localized failure. With increased
confining pressure, the failure mode shifts from tension
to shear, and the extent of damage transitions to overall
failure, the factor influencing the failure mode becomes the
confining pressure.

(3) Increasing the fissure angle and confining pressure prolong
the linear elastic stage and enhance ductility in the composite
rock. In terms of volumetric strain, Volume shrinkage is
influenced by both fissure angle and confining pressure, while
volume expansion is affected by fissure position. Higher fissure
angle and confining pressure increase volume shrinkage, and
when the fissure is in the sandstone, volume expansion is
consistently minimal.

(4) Crack damage threshold serves as a crucial indicator for
preventing rock mass failure. Under uniaxial compression,
the crack propagation in the composite rock is the most
unstable, leading to the earliest occurrence of failure. In triaxial
compression with constant confining pressure, higher fissure
angles lead to more stable crack propagation. With a constant
fissure position, increasing confining pressure stabilizes crack
propagation when the fissure is in the limestone. When the
fissure is in the sandstone, crack propagation in the composite
rock remains most stable. Additionally, peak strength and
elastic modulus increase with higher fissure angles, greater
confining pressure, and changes in fissure position from
sandstone to the contact interface and limestone. As opposed
to the fissure position and confining pressure, the crack
degradation in composite rock is primarily influenced by the
fissure angle.
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Introduction: The wear failure of spindle will lead to a decrease in cotton
harvesting rate of the cotton picker during field operation and serious wastage.

Method: Three types of spindle samples at different installation positions and
working areas were obtained through field experiments to explore the wear failure
law of spindle hook teeth of cotton picker during field operation. Hardness of hook
tooth coating and substrate of spindles were tested, surface and cross-section
microstructure of the spindle hook teeth were characterized, and wear area and
width of the spindle hook teeth were extracted.

Results: Results showed that the hardness of the hook tooth coating is evidently
higher than that of the substrate; the average coating hardness of the No. 3
spindle hook teeth reaches the maximum at 1033.6 HV0.1; defects, such as
microcracks and micropores, exist in the coating of the three types of spindle
hook teeth; and the thickness of the coating is between 70 and 130 μm. The
wear area of spindle hook tooth changes exponentially and the wear width
changes linearly with the increase of field operation area at the same
installation position. The wear area and width of the spindle hook teeth
gradually increase with the decrease of the installation height and the wear
change of the hook teeth is negatively correlated with the installation height in
the same field operation area.

Discussion: The wear failure of spindle hook tooth is mainly caused by abrasive,
fatigue, and oxidation wear. The results of this study can provide a reference for
improving the wear resistance of spindle hook teeth.

KEYWORDS

cotton picker spindle, hook tooth, wear failure, wear area, wear width

1 Introduction

Cotton is the second largest crop after food and an important strategic material for
the country’s livelihood (Wang et al., 2021; Li et al., 2022a). The cotton picker is a large
type of equipment for mechanized harvesting of cotton and commonly used in the
cotton harvesting process. The spindle is a key core component of the cotton picker, and
its performance directly determines the picking efficiency and effect of the cotton picker
field operation (Chen et al., 2020b; Bi, 2007; Li et al., 2022b). At the same time, the
spindle is also the most consumed among wear parts on the cotton picker, and spindle
hook teeth are very prone to wear failure problems (Wu et al., 2013; Zhang et al., 2017;
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Li et al., 2018; Gu et al., 2021; Li et al., 2022a). The wear failure of
spindle will lead to a decrease in cotton harvesting rate of the
cotton picker during field operation and serious wastage.

Improving the wear resistance and prolonging the service life of
the spindle in the field are important. At present, the method of
electroplating chromium coating is often used to strengthen the
spindle, the failure of chromium coating has been extensively
investigated (Pina et al., 1997; Wang et al., 2007; Weiss et al.,
2015; Lunarska et al., 2001; Zhang et al., 2012; Zhang et al., 2021;
Zhang et al., 2018) randomly obtained the spindle samples from the
picking head, characterized the wear failure change and morphology
of the spindle hook teeth, analyzed the wear change process and
failure form of the spindle hook teeth, and applied electromagnetic
treatment to different brands of spindles to reduce the residual stress
of the matrix and improve wear resistance. Amanov (Amanov et al.,
2019) proposed an ultrasonic nanocrystal surface modification
technology that uses ultrasonic energy to induce severe plastic
deformation, improve the surface integrity of the material, increase
the mechanical properties of the spindle surface, and improve wear
resistance. Meng (Meng et al., 2016a; Meng et al., 2016b) investigated
the friction performance modification of the spindle sleeve and the
sleeve and applied nickel coating on the surface of the spindle via
chemical method. Sun (Sun et al., 2021) used plasma spraying
technology to treat the surface of cotton picker spindles to
improve surface hardness and wear resistance. Luo(Luo et al.,
2018) characterized the micro-morphology of the spindle hook
teeth in different operation periods using scanning electron
microscopy, established the friction mechanics model of the de-
cotton process, and indicated that the wear failure of the spindle
hook teeth is mainly caused by abrasive wear. Gu (Gu et al., 2021; Gu
et al., 2022) extracted the area and the width of wear region and used
them as evaluation indexes, the results revealed that the wear area of
spindle hook teeth increases exponentially and the wear width
increases linearly with the increase of the working area. The above
research results have certain reference value for exploring the wear
failure mechanism of the spindle hook teeth. And, the wear failure of
the spindle hook teeth is mainly caused by the wear between the
spindle hook teeth and the cotton. Research on the wear change of the
spindle has mainly focused on the main picking parts of cotton, and
studies on the wear failure of the spindle at the height of the seat tube
needs further refinement. Practical field production demonstrated
that some differences exist in the wear failure changes of spindle hook
teeth at various installation positions on the spindle seat tube.

Causes of the wear failure of spindle hook teeth were analyzed to
explore the wear failure changes during the field operation of spindle
picking comprehensively. According to the spatial distribution law
of cotton bolls in Xinjiang, three different height positions (upper,
middle, and lower) on the spindle pipe were determined and spindle
samples of field operation were obtained at these positions.
Combined with structural parameters of the spindle, the sample
preparation method of the spindle sample was developed. The
surface and cross-section microstructure of the hook tooth
coating, wear failure change of the hook tooth and wear failure
morphology, and the cause of wear failure of the hook tooth were
analyzed by characterizing the microhardness of the hook tooth
coating and the substrate. The research results can provide a
reference for further improving the wear failure mechanism and
resistance of spindle hook teeth.

2 Materials and methods

2.1 Test materials

The test samples are three types of spindles currently used in
Xinjiang market, namely, No. 1, 2, and 3. The overall structure of
spindles is shown in Figure 1.

2.2 Test equipment

Cotton picker (Model: CP690, equipped with Pro-16 picking
head), scanning electron microscope (Model: S-4800), electric
spark wire cutting machine (Model: DK-7735), microhardness
tester (Model: Duramin-40), energy spectrum analyzer (Model:
XFlash5030), sample mosaic machine (Model: XQ-1), ultrasonic
cleaner (Model: DL-720D), metallographic sample grinding and
polishing machine (Model: ZMP-2000), special tools for spindle
disassembly, sample bag, sandpaper, polishing agent, and
marker pen.

2.3 Field test process

A field experiment was carried out from 25 September 2021 to
18 October 2021 during the cotton harvesting process in northern
Xinjiang, China by installing spindle samples on the same cotton
picker. Cotton bolls in Xinjiang are mainly distributed in
250–750 mm, with a concentration of more than 95% (Zhang,
2013). The test divided the spindle installation site into three
different height ranges, namely, 150–250 (lowest installation
position of the seat tube spindle height from the ground during
field operation), 250–750, and 750–929 (highest installation position
of the seat tube spindle height from the ground during field operation)
mm, which correspond to the 1st–3rd, 3rd–15th, and 15th–20th
spindle positions on the spindle seat tube range, respectively. The
2nd, 9th, and 16th positions within the corresponding position are
selected as the installation position of the spindle, as shown in
Figure 2. The three types of spindles were installed on No. 4, 5,
and 6 picking heads of the cotton picker, and three repeated tests were
performed under the same operating interval at the same position of
the same spindle. The field operation process of the cotton picker was
tracked and recorded, as shown in Figure 3. The three types of
installed spindles were disassembled according to the experimental
design when the field operation area of the cotton picker reached
133.33, 266.66, 400, and 533.33 ha. Three spindles were disassembled
under the same installation position and the same working area. The
sample bag was sealed and marked accordingly after antirust
treatment. The field operation parameters of the cotton picker are
listed in Table 1, and the field environmental conditions during the
operation are presented in Table 2.

2.4 Preparation and characterization
methods of test samples

The first hook tooth of the spindle was selected as the research
object. The microstructure of the surface section of the hook tooth
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coating and the wear failure process of the hook tooth are explored and
an electric wire cutting machine is used to cut the spindle sample to
facilitate the characterization of the tooth surface structure of the spindle
hook tooth. Figure 4A shows the cutting process of the surface sample of
the spindle hook. The clamping position, cutting direction, and cutting

path of the spindle are presented in Figure 4B. Figure 4C illustrates the
observation sample of the tooth surface structure and the micro-
morphology of the hook tooth surface of the spindle structure and
hook tooth after wire cutting. The first hook tooth of the other row of
hook teeth on the spindle was selected for wire cutting to characterize

FIGURE 1
Test spindle sample: (A–C) spindle assembly and (a1–c1) spindle.

FIGURE 2
Diagram of the installation position of spindle.
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the cross-section microstructure of the hook tooth coating. The wire
cutting process is depicted in Figure 4D. At this time, the clamping
position, cutting direction, and cutting path of the spindle are shown in
Figure 4E. The overall structure and sample of the spindle after cutting
are presented in Figure 4F. The characterization samples of the cross
section of the spindle hook tooth coating are obtained by inlaying,
polishing, and preparing the samples under cutting.

The samples were cleaned ultrasonically for 5 min and then dried
with hot air. The hardness of the coating and substrate was tested with a
microhardness tester. The test load was 100 g, and the holding time was
15 s. Each test was repeated three times, and the average value of these
tests was taken as the hardness value of the coating and substrate. A
scanning electronmicroscope was used to characterize the tooth surface
structure of the spindle hook teeth, the microstructure of the surface
section of the hook tooth coating, and the wear failure process of the
hook teeth. The acceleration voltage was 15 kV, and the scanning time
was 30 μs. A spectrometer was utilized to characterize the elemental
composition and content of the wear surface of the spindle hook teeth.

The acceleration voltage was 16 kV, the maximum scanning area was
1 mm2, and the maximum scanning distance was 11 mm.

3 Results and discussion

3.1 Coating and substrate hardness test of
spindle hook tooth

Figure 5 shows the hardness test diagram of the hook tooth
coating and the substrate of the three types of spindles. The average
hardness of the hook tooth coating of No. 1, 2, and 3 spindles used
in this test is 963.2 ± 36.25, 973.2 ± 20.57, and 1033.6 ±
13.91 HV0.1, respectively. The average hardness of No. 1, 2, and
3 spindle hook tooth matrixes is 438.3 ± 8.61, 463.7 ± 9.39, and
482.0 ± 7.92 HV0.1, respectively. Hence, the hardness of the hook
tooth coating and the substrate of the No. 3 spindle sample is the
maximum.

FIGURE 3
Field test process: (A) installation process of the spindle, (B) field work process of the cotton picker, and (C) disassembly process of the spindle.

TABLE 1 Working parameters of the cotton picker field operation.

Cotton picker operating speed (km/h) Front drum speed (r/min) Spindle speed (r/min) Doffer pad speed (r/min)

0 ~ 7.1 0 ~ 152 0 ~ 4652 0 ~ 1960

TABLE 2 Field test environmental factors.

Test place Field work time Temperature (°C) Humidity (%)

Kuitun, Xinjiang 8:00 a.m. ~ 12:00 p.m −2.00 ~ 18.50 22.62 ~ 67.92
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3.2 Characterization and analysis of surface
and cross-section microstructure of spindle
hook tooth coating

Figure 6 presents the tooth surface structure and the cross-
section microstructure of the coating surface of the three types of
spindle hook teeth. Figures 6A–C illustrate the tooth surface

structure of No. 1, 2, and 3 spindle hook teeth, respectively.
Among the three types of spindles used in the experiment, No.
2 spindle hook teeth are the sharpest and a certain passivation
phenomenon occurs in No. 1 and 3 spindle hook teeth. The evident
coating damage of the No. 2 spindle hook tooth tip is related to the
accidental collision in the spindle transportation. The surface of the
spindle hook tooth presented that the surface of No. 1 and 3 spindle
hook tooth coatings is disorderly distributed with many dot-like
protrusions of different sizes and the surface of the No. 2 spindle
hook tooth coating is relatively smooth. The local enlarged
observation of the surface of the three types of spindle hook
tooth coating is shown in Figure 6(a1), 6 (b1), and 6 (c1).

Dot-like protrusions in the overall morphology of No. 1 and
3 spindle hook teeth correspond to the convex hull structure on the
surface of No. 1 and 3 spindle hook tooth coatings at this time. The
convex hull is caused by the partially cleaned surface of the spindle
hook teeth before electroplating or impurity-polluted plating
solution (Yu et al., 1990; Mahdavi et al., 2020). The surface of
the No. 2 spindle hook tooth coating presents a typical electroplating
layer surface morphology with cellular structure. The surface quality
of the No. 2 spindle hook tooth coating is satisfactory. The
microscopic morphology photos of the cross-section micro-
morphology of the coating of the three types of spindle hook
teeth are shown in Figure 6(a2), 6 (b2), and 6 (c2). Evident
microcracks and holes can be observed in the cross section of the
coating of the three types of spindle hook teeth. The appearance of
microcracks is attributed to the release of residual stress during the
electroplating process, while the presence of holes is related to the

FIGURE 4
Sample preparation process: (A) surface sample cutting process, (B) clamping method of spindle, (C) surface sample, (D) section sample cutting
process, (E) clamping method of spindle, and (F) section sample.

FIGURE 5
Hardness test of hook tooth coating and substrate.3.2. Figures,
Tables and Schemes.
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hydrogen produced by the side reaction (hydrogen evolution
reaction) during the electroplating process (Yu et al., 1990). The
coating thickness of No. 1, 2, and 3 spindle hook teeth is about 70,
100, and 130 μm, respectively.

3.3 Wear failure changes of spindle hook
teeth at different installation positions

Scanning electron microscopy was used to characterize the wear
changes of hook teeth in the field test (Figure 7). The three types of
spindle hook teeth all show a “trapezoid” wear morphology at different
installation positions. The area of the “trapezoid” on the surface of hook
teeth gradually increases with the increase of field working area. Evident
wear on the surface of the hook teeth of three types of spindles installed
in the upper part is absent and slight wear is observed on the surface of
the hook teeth of No. 1 and 2 spindles installed in the middle part when
the spindle picking area reaches 133.33 ha. The hook teeth of No. 1 and
2 spindles installed on the upper part show slight wear and the wear on
the hook teeth of theNo. 3 spindle was unclear when the spindle picking
area reaches 266.66 ha. Evident wear phenomena were observed on the
surface of the hook teeth of the three types of spindles installed in the
middle and lower parts. The surface of the three types of spindle hook

teeth at different installation positions demonstrated wear when the
spindle picking area reached 400 ha. The surface of the three types of
spindle hook teeth at different installation positions showed serious
wear when the spindle picking area reached 533.33 ha. The wear of the
hook teeth of the three kinds of spindle samples first occurred at the tip
and edge of the hook teeth. The wear area of the No. 3 spindle hook
teeth at different installation positions is smaller than that of No. 1 and
2 spindles under different working areas. The high hardness and
thickness of the hook tooth coating of the No. 3 sample can protect
the hook tooth of the spindle from wear for a long time.

Curves of the wear area and width of the hook teeth with the
installation position are shown in Figures 8A–C and 8(a1)–8(c1) to
explore the influence of the field operation area of the spindle on the
wear area andwidth of the hook teeth of the three kinds of spindles. The
wear area of the three types of spindle hook teeth at different
installation positions exhibited an approximate exponential change,
and the wear width presented an approximate linear change. The
increase of wear area and width of the three types of spindle hook teeth
at different installation positions showed a trend of slow to fast with the
increase of the field operation area. The hardness test results
demonstrated that the hardness of the coating on the surface of the
spindle hook tooth is about two times that of the substrate. The spindle
hook tooth matrix is exposed during the field operation when the

FIGURE 6
Structure of the spindle hook teeth and the microscopic morphology of the hook tooth coating surface and section: (A–C) No.1–3 spindle hook
teeth, (a1–c1) surface morphology of No.1–3 spindle hook teeth, and (a2–c2) cross-section morphology of No.1–3 spindle hook teeth.
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FIGURE 7
Wear variation of No. 1–3 spindle hook teeth under different height locations and working area conditions: wear variation of No. 1–3 spindle hook
teeth under different height locations and different working area conditions when the working area is (A–I) 133.33 ha, (a1–i1) 266.66 ha, (a2–i2) 400 ha,
and (a3–i3) 533.3 ha.
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coating on the surface of the spindle hook tooth wears out. Rapid wear
will occur during the continuous field operation because of the low
hardness of the matrix that loses coating protection. At the same time,
the microstructure analysis of the wear failure of the spindle hook teeth
showed that evident fatigue spalling exists at the wear failure boundary
of the coating. According to the literature, fatigue spalling of the coating
will further accelerate the wear failure of the coating (Korzynski et al.,
2009a; Imaz et al., 2014; Zhang et al., 2014; Chen et al., 2020a).
Therefore, the wear area and width of the spindle hook teeth
gradually accelerate. The comparison of changes in the three kinds
of spindles at different installation positions exhibited that the wear area
and width of the No. 3 spindle are always smaller than those of No.
1 and 2 spindle hook teeth during field operation. However, the
difference between the wear area and width between No. 2 and

3 spindles gradually decreases with the increase of the field
operation area. The coating can improve the wear resistance of the
spindle hook teeth and prolong the service life of the spindle in the field.
The thick coating of the No. 3 spindle can protect the hook teeth from
wear for a long time in the early stage of wear; hence, the wear area and
width between the No. 3 and 2 spindles are very different in the early
stage of wear. However, the wear rate of the hook teeth of the No.
3 spindle gradually accelerated and the wear area and width gap
between the No.3 and No.2 spindles gradually decreased with the
increase of the field working area of the spindle because of the poorer
coating quality of the No. 3 spindle compared with that of the No.
2 spindle. The coating quality of the spindle hook teeth exerts a certain
influence on the wear resistance of the hook teeth during field
operation.

FIGURE 8
Variation curve of wear area andwidth of No. 1–3 spindle hook teeth under different working area conditions and height locations: variation curve of
(A–C) wear area and (a1–c2) wear width of No. 1–3 spindle hook teeth at different height locations.
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FIGURE 9
Variation curve of wear area of No. 1–3 spindle hook teeth under different height locations when the working area is (A) 133.33 ha, (B) 266.66 ha, (C)
400 ha, and (D) 533.33 ha.

FIGURE 10
Variation curve of wear width of spindle hook teeth under different installation locations when the working area is (A) 133.33 ha, (B) 266.66 ha, (C)
400 ha, and (D) 533.33 ha.
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Figures 9, 10 illustrate the influence of the installation position on the
wear area and width of the hook teeth of the three kinds of spindles. The
wear area and width of the hook teeth of the three kinds of spindles
gradually increase from top to bottomunder the sameworking area. The
wear area and width of No. 1 spindle hook teeth are the largest while
those of No. 3 spindle hook teeth are the smallest in different working
areas and installation positions. This wear change is also related to the
thickness of the hook tooth coating. The wear area of the hook teeth of
the No. 1 spindle at different installation positions showed a trend of
slow to fast in the top–down direction, that is, the wear area of the hook
teeth between the upper and middle parts changes slowly and that
between themiddle and lower parts changes rapidly under the condition
of the same field working area. The wear area of hook teeth of No. 2 and
3 spindles in the field operation of in 133.33 and 533.33 ha in the
direction of top–down installation position also shows a trend of slow to
fast. Meanwhile, the wear area of hook teeth of No. 2 and 3 spindles in
the field operation of 266.66 and 400 ha gradually increases with the
decrease of installation position, thereby indicating that a negative
correlation exists between the installation position of the spindle and
the wear area. The comparison of changes of the wear width of the cast
teeth at different installation positions in the same working area of the
three kinds of spindles demonstrated that the linear change of the wear
width of the hook teeth of the No. 1 spindle from the top–down
installation position is negatively correlated with the installation position
when the field operation is 133.33, 266.66, and 400 ha. Meanwhile, the
change of the wear width of the hook teeth of the No. 1 spindle from top

to bottom is slow and then fast when the field operation is 533.33 ha. The
linear change of the wear width of the No. 2 spindle hook teeth is
negatively correlated with the installation position under different
working areas. The upper and middle spindle pick hook teeth are
worn due to the No. 3 spindle pick hook teeth in the field operation
of 133.33 ha (as shown in Figure 7). At this time, the wear width of the
spindle hook teeth from the middle to lower direction shows a negative
linear change. The linear change of the wear width of the hook teeth of
the No. 3 spindle is also negatively correlated with the installation
positionwhen the field operation is 266.66, 400, and 533.33 ha.However,
the difference between the wear widths of No. 1 and 2 spindle hook teeth
gradually increases and that between the wear widths of No. 3 and
2 spindle hook teeth gradually decreases under the conditions of different
installation positions and the same working area. Note that the most
evident change in the lower installation spindle indicated that the change
rate of the hook tooth wear width of the No. 3 spindle gradually
accelerates with the increase of the working area. This change
phenomenon is also related to the quality of the hook tooth coating.

3.4 Wear failure analysis of spindle hook
teeth at different installation positions

The wear failuremorphology of the spindle hook teeth at different
installation positions was characterized using scanning electron
microscopy. Three different positions on the hook teeth of three

FIGURE 11
Wear morphology of No. 1–3 spindle hook teeth on the upper positions (A–C) 1, (a1–c1) 2, and (a2–c2) 3.
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kinds of spindles with different installation positions (as shown in
Figure 7[a3]) were selected for analysis when the field operation area
reached 533.33 ha. The three selected positions corresponded to the
coating surface, wear boundary line 1, and wear boundary line 2 (as
shown in Figure 7[b3]). The results are presented in Figures 11–13.
Evident micro-cracks and scratches can be observed on the surface of
the coating of the three types of spindle hook teeth at three installation
positions. The existence of micro-cracks is related to the inevitable
residual stress in the electroplating process of the spindle, and
scratches are a typical abrasive wear phenomenon. Combined with
the field conditions, this phenomenon is mainly due to the plastic
deformation and furrows caused by small hard particles in field
sliding on the surface of the spindle coating. The comparison of
the three installation parts demonstrated that the coating surface of
themiddle and lower installation spindles exhibits more scratches and
the surface condition is more complicated than the upper installation
spindle surface. Therefore, the worse working conditions of the
middle and lower spindles are consistent with the larger wear
failure area and width of the hook teeth of the middle and lower
spindles than those of the upper spindles during field operation. The
observation of the microstructure of wear boundary lines 1 and 2 of
the three types of spindle hook teeth at the three installation sites
indicated that evident coating peeling exists at the wear failure
boundary line. According to the working condition of the spindle,
periodic high-frequency collision will occur between the spindle and
cotton stalk in the process of field operation (Dzierwa et al., 2008;
Korzynski et al., 2009b). The coating of the spindle will be fatigued
and result in fatigue spalling of the coating in the periodic high-

frequency collision because many defects, such as microcracks and
holes, exist in the coating of the spindle (Korzynski et al., 2009a; Imaz
et al., 2014; Zhang et al., 2014; Chen et al., 2020b). The microstructure
of the substrate surface after the failure of the three types of spindle
coating at three positions demonstrated that additional evident
scratches exist on the substrate surface likely due to the abrasive
wear phenomenon caused by the sliding of hard particles on the
substrate surface. At the same time, many small particles on the
surface of the substrate after the coating failed were observed
microscopically. The results are shown in Figure 14A. These
particles are irregularly distributed on the surface of the substrate,
and the composition of particle elements of was examined with an
energy spectrum analyzer. The results are shown in Figure 14B. The
composition of these particle elements is mainly iron and oxygen.
These particles are produced by the oxidation wear of the matrix
exposed to the air after the failure of the hook tooth coating (Bensalah
et al., 2009; Cellard et al., 2009; Purkayastha andDwivedi, 2014; Junior
et al., 2019). In summary, the damage on the spindle hook teeth is
caused by abrasive, fatigue and oxidation wear.

4 Conclusion

(1) The hardness test results showed that the average hardness of
the hook tooth coating of No. 1, 2, and 3 spindle samples was
963.2, 973.2, and 1033.6 HV0.1 and the average hardness of the
substrate was 438.3, 463.7, and 482.0 HV0.1, respectively. The
surface structure of the hook tooth and the microstructure of

FIGURE 12
Wear morphology of the spindle hook teeth on the middle positions (A–C) 1, (a1–c1) 2, and (a2–c2) 3.
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the coating surface were characterized via scanning electron
microscopy. The results showed that microcrack defects exist
on the surface of the hook tooth coating. A convex hull
structure was observed on the surface of the hook tooth
coating of No. 1 and 3 spindle samples. The surface of the
hook tooth coating of the No. 2 spindle sample was a cellular

structure, and its surface quality was satisfactory. Defects, such
as microcracks and micropores, exist in the cross section of the
spindle hook tooth coating. The thickness of the hook tooth
coating of 3 types of spindles is between 70 and 130 μm, and
the thickness of the hook tooth coating of the No. 3 sample is
about 130 μm.

FIGURE 14
(A) Microscopic morphology and (B) EDS analysis of oxidized particles on the substrate surface.

FIGURE 13
Wear morphology of the spindle hook teeth on the lower positions (A–C) 1, (a1–c1) 2, and (a2–c2) 3.
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(2) The comparison of hook teeth during field operation at different
installation positions of the spindle showed that the wear failure
first occurs at the tip and edge of the hook teeth. The wear area
and width of the hook teeth of spindle samples installed at
different positions gradually increase with the increase of the
field operation area. The wear area changes exponentially, and
the wear width changes linearly. The wear failure rate of the
hook teeth is fast when the installation position is close to the
lower part of the spindle. The wear area and width of the hook
teeth gradually increase with the decrease of the installation
position of the spindle under the same field working area. The
negative correlation of the wear area and width of the hook teeth
with the installation height of the spindle indicated that the wear
between the spindle and the cotton is not the main cause of the
wear failure of the hook teeth.

(3) Scanning electron microscopy was adopted to characterize the
wear failure morphology at three different positions on the
surface of the hook teeth of the spindle sample at different
installation positions. The results demonstrated that many
irregular scratches exist on the coating and substrate surface
of the hook teeth of the spindle sample and evident coating
peeling occurs on the wear boundary. Additional oxide particles
caused by oxidation wear appeared on the surface of the hook
teeth substrate after the coating was worn. The results showed
that the wear failure of the hook teeth of the spindle sample is
mainly caused by abrasive, fatigue, and oxidation wear.
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Concrete reinforcement is essential for ensuring the safety and durability of
concrete structures. Bonding steel plates to reinforce concrete is widely used to
renovate or strengthen concrete beam structures. Due to construction quality
and the influence of factors such as environment and fatigue, debonding
often occurs between the steel plate and concrete, making monitoring and
early warning after concrete structure reinforcement challenging. This paper
proposes a novel approach to monitor the degree of debonding between the
steel plate and concrete beam using active sensing technology. The method
uses lead zirconate titanate (PZT) as an actuator to generate stress waves. It
prepares strip sensors with polyvinylidene fluoride as the sensing element to
monitor stress waves passing through the steel plate and concrete beam. The
monitoring system detects the degree of debonding between the steel plate and
the concrete beam by monitoring the change in surface voltage of the sensor.
Experiments show that the degree of debonding significantly correlates with the
received voltage signal; the higher the debonding, the larger the received voltage
signal. It is also observed that, at the same degree of debonding, the actuator
and sensor attachment position have a particular impact on the received voltage
signal. Through experiments and numerical simulation analysis, it is found that
when the sensor is attached to the left side of the steel plate, that is, the bonded
section of the steel plate, the amplitude of the voltage signal collected by
the dynamic information acquisition system is the smallest, i.e., V_debonded
section > V_middle > V_bonded section. Based on the above research, the active
sensing technology proposed in this paper has good sensitivity to the degree
of debonding between the steel plate and concrete. It is expected to become
an effective monitoring and evaluation method for the degree of debonding
between steel plates and concrete.
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debonding monitoring, active sensing technology, bar sensor, PZT actuator, PVDF
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1 Introduction

Concrete beams, as a common transverse component, are widely
used in engineering structures. During their long-term use, the
components are prone to serious deformation or even cracking
due to adverse factors such as external loads (Zhan, et al., 2015),
corrosion (Aslani and Dehestani, 2020), fatigue (Zanuy et al., 2007),
etc. If the defects in the concrete beams are not detected and repaired
in a timely manner, it will seriously threaten the safety of the
structure (Kaklauskas, 2017; Fu and Lao, 2023; Yang, et al., 2023).

Common methods for repairing and strengthening concrete
beams include increasing section reinforcement (Ye et al., 2010;
Li, et al., 2014; Naser, et al., 2019), bonding fiber-reinforced
composite material (Dai, et al., 2011; Hawileh, et al., 2018;
Zhang, et al., 2023), and bonding steel plate reinforcement (Barnes
and Mays, 2006; Arslan, et al., 2008; Qu, et al., 2017; Ma and
Liu, 2023). Among them, the method of bonding steel plate
reinforcement has been widely used in concrete reinforcement due
to its simple and fast construction, and it does not significantly
increase the cross-sectional dimensions andweight of the reinforced
components. However, the debonding of the steel plate is a common
problem in the bonding steel plate reinforcement. The quality of
the bonding between the steel plate and the concrete directly affects
the safety of the structure (Jones, et al., 1988; Oehlers and Ali, 1998;
Ali, et al., 2005; Zou, et al., 2023). Once the steel plate is detached
from the concrete bonding layer, it will affect the structural load
and may even cause cracks to further develop, leading to structural
failure. Due to the invisibility of the bonding between the steel plate
and the concrete structure, it is difficult to monitor the quality of
the bonding steel plate. Currently, the widely used non-destructive
testing methods, such as acoustic emission technology (Zaki, et al.,
2023), ultrasonic testing technology (Shah, et al., 2009; Shah and
Ribakov, 2009), fiber optic sensing technology (Buda-Ożóg et al.,
2022), and digital image processing technology (Galkovski et al.,
2023), all involve sophisticated equipment and complex algorithms,
requiring high demands on the testing environment and the
operator’s skill, making them difficult to apply flexibly in some
engineering applications. Therefore, there is an urgent need to
find a simple and effective non-destructive monitoring method
for monitoring the debonding of the steel structure and the concrete
beam bonding joint.

Piezoelectric materials are commonly used in active sensing
technology for structural healthmonitoring due to their sensing and
actuating functions in recent years (Liao, et al., 2008; Howser, et al.,
2011; Huo, et al., 2018). The widely used piezoelectric materials
include lead zirconate titanate (PZT) and polyvinylidene fluoride
(PVDF). PZT has strong piezoelectric effect (Song, et al., 2002) and
a wide bandwidth (Wu, et al., 2019), while PVDF is a piezoelectric
polymer that overcomes the shortcomings of piezoelectric
ceramics and has the advantages of structural flexibility and stable
performance (Audrain, et al., 2004). Both materials have been
widely used and have shown good results in the detection of
bonding slip (Qin, et al., 2015; Zeng, et al., 2015; Xu, et al., 2018)
between concrete and steel, monitoring of structural impact damage
(Yu, et al., 2013), and monitoring of asphalt pavement crack damage
(Hasni, et al., 2017).

Due to the issue of debonding between reinforced steel plates
and concrete beams, and based on the superior performance of

lead zirconate titanate (PZT) and polyvinylidene fluoride (PVDF)
in the field of structural detection, this paper proposes a new
method for real-time monitoring of debonding between steel plates
and concrete beams using PVDF as the sensor for debonding
monitoring and PZT as the actuator for debonding monitoring.
Through active monitoring experiments on the reinforced concrete
with attached steel plates, the relationship between the received
electrical signal and the degree of debonding was studied. In
addition, based on experimental andnumerical simulationmethods,
the correlation between the sensor installation position and the
received electrical signal under the same debonding state was
analyzed, and the mechanism was explained. Through the above
research, the feasibility of the proposed method for monitoring the
debonding state between reinforced steel plates and concrete beams
was further validated.

2 Preparation and monitoring
mechanism of piezoelectric
transducer

2.1 The preparation of a bar sensor

The strip sensor is prepared based on polyvinylidene fluoride
(PVDF), using a PVDF sensor element with dimensions of 1 cm
× 2 cm × 28 μm. The main performance parameters of PVDF are
shown in Table 1. A polydimethylsiloxane (PDMS) with an outer
ring length of 7cm, inner ring length of 5cm, and a thickness of
500 μm is used as the substrate material to increase the range of
the strip sensor. The mechanical performance parameters of PDMS
are shown in Table 2. The detailed fabrication process of the strip
sensor is as follows: silver is plated on the outer edge of the PVDF
with a thickness of 1μm, then copper foil conductive tape is used to
attach the shielded wire to one side of the PVDF. The PVDF is then
attached to the surface of the PDMSusing epoxy resin.The structural
fabrication process of the strip sensor is shown in Figures 1A a photo
of the actual sensor is shown in Figure 1B.

2.2 Preparation of PZT actuators

The piezoelectric actuator is prepared from lead zirconate
titanate (PZT), with the common types being PZT-4, PZT-5,
and PZT-8. The performance parameters of the three types of
lead zirconate titanate (PZT) materials are shown in Table 3.
Among them, PZT-4 piezoelectric ceramics have high dielectric
constants and electromechanical coupling coefficients,making them
suitable for self-excited sensors that function as both receiving
and transmitting ends (Othmani, et al., 2020) PZT-5 piezoelectric
ceramics have a small quality factor and high dielectric losses
but exhibit high sensitivity, and are therefore commonly used as
receiving elements in devices such as accelerometers, piezoelectric
sensors, and ultrasonic probes (Bouche, 1975; Benes, et al., 1995;
Kumar, et al., 2022). PZT-8 piezoelectric ceramics are a type of high-
power piezoelectric material with low dielectric losses, suitable for
large amplitude excitation, mainly used in ultrasonic cleaning and
ultrasonic surgery (Prabakar, 2007; Zhang, et al., 2017). Through
comparison, it is found that PZT-4 is more suitable as a driver
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TABLE 1 Main performance parameters of PVDF film.

ε/ε0 (KHz) C (m/s) Z (Kg/sm4) K33 (%) σs (N/m
2) ρ(kg/m3) T (°C)

9.5 ± 1.0 2000 2.5–3×104 10–14 44–55×106 1.78×103 −40–80

TABLE 2 PDMS film mechanical properties parameters.

T (°C) Shore
hardness

(HA)

Tensile
strength
(MPa)

Peel
strength
(KN/m)

Ep (GPa) Tearing
elongation

(%)

Dielectric
strength
(KV/mm)

k33 Volume
resistance
(Ω·cm)

−40–200 50 4 7 1.6 100 12 2.7 1014

FIGURE 1
Bar Type Piezoelectric Sensor. (A) Preparation process diagram (B) Physical diagram.

TABLE 3 Mechanical properties parameters of PZT materials.

Material type S11(N·m
−2) d33 (pC/N) ε/ε0 Ep (Gpa) k33 Curie temperature T (°C)

PZT-4 1.35 × 10−11 320 1,350 76.5 0.64 360

PZT-5H 2 × 10−11 650 3,400 60.6 0.8 220

PZT-8 1.1 × 10−11 225 1,300 60 0.63 300

for monitoring tests of bonding seam delamination in reinforced
concrete beams. In this study, the selected dimensions of PZT-4 are
1 cm × 2 cm × 28 μm.

2.3 The mechanism of active monitoring
for debonding between reinforced steel
plate and concrete beam

Piezoelectric materials, after being polarized by an electric
field, will generate charges when subjected to force, called the
positive piezoelectric effect; under the influence of an electric field,
deformation known as the inverse piezoelectric effect will occur.
By attaching a strip sensor and PZT actuator to the steel plate,
connecting PZTwith the piezoelectric ceramic driving power source

to generate stress waves, and connecting PVDF with the dynamic
information acquisition instrument to convert the received stress
waves into electrical signals. The sensing mechanism described
above can be represented by the first type of piezoelectric equation
as follows:

x = sEX + dtE (1)

D = dX + εxE (2)

Where Formula (1) represents the ability of piezoelectric
materials to convert electrical energy into mechanical energy, which
can be used to make PZT actuators; Formula (2) represents the
ability of piezoelectric materials to convert mechanical energy into
electrical energy, which can be used to make strip sensors. For
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FIGURE 2
Piezoelectric material calculation orientation diagram.

the piezoelectric equations of PZT and PVDF, the piezoelectric
coefficients have symmetry with respect to crystal type, so
Formula (2) can be simplified to:

D3 = d31X1 + d32X2 (3)

Where 3 represents the polarization direction. When the strip
sensor is subjected to the forces in the 1 and 2 directions, the charge
produced in the 3 direction is D3, as shown in Figure 2.

According to the research on the piezoelectric effect of
piezoelectric materials after electric field polarization by Zhao and
Li (2006) when a bar sensor is subjected tomechanical force, charges
will be generated on the upper and lower surfaces, with the amount
of charge being:

Q =∬D3dxdy (4)

Moreover, due to the similar structure of piezoelectric materials
to that of a capacitor, the voltage, after the capacitance is generated
on the upper and lower surfaces, can be determined as follows:

U = Q
Cq

(5)

Where Cq represents the capacitance of piezoelectric material,
which only related to the properties of the material, and the
capacitance is:

Cq =
εbl
t

(6)

Where ε represents the relative dielectric constant of the ceramic
sheet, and lbt represents the length, width, and thickness of the
sensor, respectively. Therefore, by applying excitation signals to the
PZT, it is possible to monitor the voltage signal output by the strip
sensor, which indicates the change in surface voltage of the strip
sensor in order to assess the level of debonding between the steel
plate and the concrete beam.

3 Monitoring experiment and
numerical simulation of debonding
between reinforced steel plate and
concrete beam

This section includes two sets of experiments and one set
of numerical simulations to demonstrate the feasibility of the

TABLE 4 Cracked concrete beammix proportions.

Concrete Sand Aggregate Water

416.7 624.2 1,159.1 200

theoretical model for monitoring the debonding level between steel
plates and concrete beam, as well as the effect of different sensor
attachment positions on the received stress wave transmission when
the debonding level of the steel plate remains the same. The first set
of experiments consists of a control experiment with fixed positions
of the PZT actuator and strip sensor but different debonding levels
of the steel plates. The second set of experiments involves a control
experiment with the same debonding level of the steel plates, but
different positions of the PZT actuator and strip sensor. Additionally,
numerical simulations were conducted for steel plates with different
positions of the PZT actuator and sensor attachment but the same
debonding level.

3.1 The description of experiment

Theapparatus used in the experiment consists of test pieces, steel
plates, PZT actuators, strip sensors, DH5922Ndynamic information
acquisition system, HPV series piezoelectric ceramic drive power
supply and signal amplifier. In order to simulate the actual use
environment of the steel plate bonding reinforcement method, the
test pieces include 4 cracked concrete beams, with crack dimensions
of 150 mm × 150 mm × 600 mm and a mix ratio as shown in
Table 4. First, when using the steel plate bonding reinforcement
method for the cracked concrete beams, it is necessary to repair the
cracked cracks, fill the cracks with repair adhesive using an adhesive
injector to repair the concrete beams. Secondly, before reinforcing
the concrete beams with steel plates, it is necessary to calculate the
ultimate load-bearing capacity of the steel plate.Once the calculation
meets the requirements, the steel plate is cut into the required shape,
and the surface is coatedwith adhesive.The steel plate is then bonded
to the concrete surface. After bonding the steel plate to the concrete
beams, the reinforced concrete beams are cured in their natural state
for 3 days to ensure a strong bond between the concrete beams and
the steel plate, as shown in Figure 3.

After the concrete beams are firmly bonded to the steel plate,
the strip sensor and the PZT actuator are bonded to the steel plate
using epoxy resin. The strip sensor is connected to an external
charge amplifier and then to the dynamic information acquisition
system. The charge amplifier connected to the strip sensor is set
to an amplification ratio of 100, and the voltage signal acquisition
frequency of the dynamic information acquisition system is set to
500Hz. The PZT actuator is connected to the piezoelectric ceramic
drive power supply, and the piezoelectric ceramic drive power
supply applies a 60Hz–100Hz frequency-sweep sine signal with an
amplitude of 5V to the PZT actuator as an excitation signal, with
a signal duration of 10s. After the power is turned on, the signal is
unstable and needs to wait for the signal to stabilize before starting
the timer, then the dynamic information acquisition system is used
to collect the signal.
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FIGURE 3
Concrete beam with cracks.

FIGURE 4
Concrete beams with different length of steel plate. (A) bonding steel plate reinforcement (B) Piezoelectric material paste.

3.2 Debonding monitoring experiment
between reinforced steel plates and
concrete beams

To study the signal response of piezoelectric materials to
the degree of delamination of steel plates, the steel plates were
bonded to four concrete beams with adhesive, with bonding lengths
of 100%, 75%, 50%, and 25% of the concrete beam length, as
shown in Figure 4A. Then, epoxy resin was used to bond the
strip sensor and PZT actuator to the middle of the steel plate, as
shown in Figure 4B. The electrical signals received by the dynamic
information acquisition system are shown in Figure 5.

According to Figure 5, it can be observed that for the same
frequency sweep signal, the voltage signal amplitude collected by the
dynamic information acquisition instrument varies with different
lengths of steel plate bonding. When the bonding length of the steel

plate is 100%, the voltage signal amplitude collected by the dynamic
information acquisition instrument is 0.017mV; when the bonding
length is 75%, the voltage signal amplitude collected is 0.020mV;
when the bonding length is 50%, the voltage signal amplitude
collected is 0.080mV; and when the bonding length is 25%, the
voltage signal amplitude collected is 0.103 mV.

The relationship between the length of steel plate adhesion
and the voltage amplitude is shown in Figure 6. As shown in
Figure 6, with the decrease in the length of steel plate adhesion,
the voltage signal amplitude collected by the dynamic information
acquisition instrument gradually increases, especially at a adhesive
length of 75%, where a significant turning point in the signal
amplitude occurs. Therefore, the characteristics of the voltage
signal amplitude collected by the dynamic information acquisition
instrument changing with the degree of steel plate detachment can
be used to characterize the degree of detachment between the steel
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FIGURE 5
Signal response of steel plates with different sticking lengths. (A) Paste length 100% (B) Paste length 75% (C) Paste length 50% (D) Paste length 25%.

FIGURE 6
Different paste length signal amplitude change diagram.

plate and concrete; that is, the larger the signal amplitude received
by the dynamic information acquisition instrument, the shorter the
length of steel plate adhesion, the greater the degree of detachment
between the steel plate and the concrete beam.

3.3 The experiment on the influence of
different monitoring positions on the
electrical signal

The monitoring experiment of the debonding degree of steel
plates has proved the feasibility of the active sensing technology
in monitoring the debonding degree of steel plates. However, the
influence of sensor position on signal amplitude cannot be ruled out.

In order to study the difference in signal amplitude caused by the
different positions of sensors attached to the steel plate, a concrete
beam with a steel plate attachment length of 50% was selected.
PZT actuators and strip sensors were respectively attached to the
left end, middle and right end of the beam, as shown in Figure 7.
The dynamic information acquisition system was used to collect the
signals generated by the strip sensors attached to different positions
of the steel plate, as shown in Figure 8.

As seen in Figure 8, it can be observed that when the PZT
actuator and strip sensor are attached to different positions on the
steel plate, the voltage signal amplitudes collected by the dynamic
information acquisition system are also different. When the sensor
is attached to the right side of the steel plate, i.e., the debonding
section of the steel plate, the voltage signal amplitude collected by
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FIGURE 7
Sensors at different positions paste schematics. (A) left (B) mid (C) right.

FIGURE 8
Signal response of different position sensors.

the dynamic information acquisition system is the largest.When the
sensor is attached to the middle of the steel plate, the voltage signal
amplitude collected by the dynamic information acquisition system
is significantly smaller than that collected in the debonding section.
When the sensor is attached to the left side of the steel plate, i.e.,
the bonding section of the steel plate, the voltage signal amplitude
collected by the dynamic information acquisition system is the
smallest, i.e., Vdebonding section > Vmiddle > Vbonding section.
Therefore, due to the different bonding conditions between the steel
plate and concrete, sensors in different positions perceive external
signals differently under the same excitation signal, resulting in
different signal amplitudes collected by the dynamic information
acquisition system.

3.4 The simulation on the influence of
different monitoring positions on the
electrical signal

In order to investigate the reasons for the different signal
amplitudes collected by the dynamic information acquisition system
at different monitoring positions in the experiment of steel plate,
this section continues to discuss the impact of PZT actuators
and strip sensors at different positions on the received signal
amplitudes by establishing a numerical model when the pasting
length is fixed.

Using COMSOL software to model the strengthening of
steel plates on concrete beams, the three-dimensional elastic

wave solid mechanics module was selected for analysis.
First, the material properties were set, with concrete, steel
plate, and epoxy resin using the materials provided by
COMSOL, including Concrete, Structural steel, and Filled
epoxy resin (X238). The properties of the materials are shown
in Table 5. Then, the pasting length of the steel plate was
set to 50%, with the left side being the pasted section and
the right side being the debonded section. The constructed
three-dimensional model of the steel-reinforced concrete
beam is shown in Figure 9. After the model is established,
the concrete beam is controlled by the physical field to
control the grid, with extremely refined grid divisions. The
grid division diagram of the concrete structure is shown
in Figure 10.

First, the PZT actuator under the steel-reinforced concrete
beam structure is subjected to analysis with a sinusoidal vibration
signal source. The amplitude of the sinusoidal signal is 1mm,
and the vibration frequency is 500Hz, with specific displacement
constraints set. Then, the bottom vibrating block is similarly used
as an excitation signal source, utilizing concrete parameters, and
the entire structure undergoes transient analysis, with a stop time
of 300μs and a step size of 0.1μs. The propagation of stress
waves generated by the signal source after its inception is shown
in Figure 11.

From Figure 11, it is evident that when the sensor is attached to
the left side of the steel plate, i.e., the adhered portion of the steel
plate, the stress waves generated by the PZT actuator will rapidly
propagate into the concrete due to stress and strain continuity
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TABLE 5 Parameters of material performance.

Materials Density (kg/m3) Young’s modulus (Pa) Poisson’s ratio

Concrete 2,300 2.5 × 1010 0.2

Steel plate 7,850 2 × 1011 0.3

Epoxy resin 1730 2.7 × 105 0.2

FIGURE 9
Geometric modeling diagram of steel plate reinforced concrete.

FIGURE 10
Grid division diagram of steel plate reinforced concrete structure.
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FIGURE 11
The diagram of stress wave propagation. (A) Left pasted sensor; (B) Right paste sensor.

conditions being met at the adhered region where the steel plate is
bonded to the concrete beam with epoxy resin, resulting in stress
wave attenuation. When the sensor is attached to the right side of
the concrete, i.e., the debonded section of the concrete, the stress
waves generated by the PZT actuator first propagate through the
steel plate, with a greater range of variation. The majority of the
transmitted waves are reflected lback to the strip sensor through
the steel plate, and some waves are projected and transmitted
into the concrete, causing a rapid reduction in the deformation
amplitude of the steel plate. Due to the different forms of energy
loss in the adhered and debonded sections of the steel plate, the
energy loss in the adhered section is faster, resulting in a smaller
signal amplitude in the adhered section. Therefore, the different
signal amplitudes captured by the dynamic information acquisition
system when the sensor is attached to different positions on the

steel plate are due to the different propagation conditions and
associated losses during the transmission of stress waves at different
positions.

4 Conclusion

In this paper, the active monitoring experiment of steel plate
reinforced concrete based on PVDFmaterial is designed. Combined
with finite element simulation, the output signal changes of different
bond lengths and monitoring positions of steel plates are compared
and analyzed, and the debonding law of steel plate-reinforced
concrete beams is studied. The main conclusions are as follows:

(1) A piezoelectric theoretical model has been proposed for
actively monitoring the degree of concrete debonding of
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steel plates. A PZT actuator and a strip sensor using
composite materials were prepared to increase the strain
range. The voltage signal output by the strip sensor is
monitored to evaluate the degree of debonding between the
steel plate and the concrete beam by applying an excitation
signal to the PZT.

(2) The experiment on activemonitoring of bonding between steel
plate and reinforced concrete reveals that the signal amplitude
received by the strip sensor varies with the degree of debonding
of the steel platewhen the bonding position of the PZT actuator
and strip sensor is fixed. When the length of the paste is 100%,
75%, 50%, and 25%, the output signals of PVDF are 0.017 mV,
0.020 mV, 0.080 mV, and 0.103 mV, respectively. This means
that the greater the signal amplitude the strip sensor receives,
the greater the degree of debonding between the steel plate and
the concrete beam.

(3) Experiments were carried out on concrete beamswith different
bonding positions of PZT actuators and strip sensors but with
the same degree of debonding of steel plates. The results show
that under the condition of the same excitation signal, the
sensors at different positions have different perceptions of the
external signal due to the different external conditions, and the
influence of the sensor position change needs to be considered.
At this time, the signal received by the sensor installed on the
left, middle, and right side, V debonding section > V middle >
V pasting section.

(4) The concrete beams with different bonding positions of PZT
actuator and strip sensor but the same debonding degree
of steel plate were simulated. The simulation results show
that the signal amplitude of the strip sensor is different
when the sensor is pasted at different positions of the steel
plate, which is caused by the different loss of the conduction
conditions at different positions in the process of stress
wave conduction. The energy loss of the pasting section
is fast, so the signal amplitude generated by the pasting
section is small.
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Achieving full equilibrium for the horizontal component force of the backstay
in cable-stayed arch bridges is challenging, and the stiffness of the buckle
tower has a notable influence on the overall shape of the main arch
structure. Increased stiffness in the buckle tower leads to reduced construction
complexity. Therefore, this study proposed a method of enhancing the
longitudinal thrust stiffness of the buckle tower using the joint effect of approach
bridges. A sensitivity analysis was conducted on the approach bridge–composite
buckle tower structure to determine the optimal combination method, resulting
in the formulation of an analytical expression for the thrust stiffness of this
structure. In this study, numerical analysis was performed to explore the
composition mechanism of the thrust stiffness influenced by the pier–girder
connection, and we discussed the applicability of the joint effect of approach
bridges during the cantilever assembly process of arch ribs. The following
conclusions were obtained: 1) prior to installing the main girder of the approach
bridge, when the steel buckle tower and the junction pier have already been
secured, the most effective approach is to form a “T” rigid structure by
firmly connecting the main girder of the approach bridge with the composite
buckle tower. This configuration provides self-weight deflection and pier–girder
rotation restriction effects. 2) The study presents analytical formulas for the
completely rigid pier–girder connection of the approach bridge–composite
buckle tower structure, partially rigid pier–girder connection, and pre-deviation.
Combined with the calculation program, this can guide structural design. 3)
When a large downward elevation error of the arch ribs occurs in the middle
and later stages, the cable force needed to install new arch segments becomes
overly large. Therefore, the joint effect of approach bridges can be utilized to
substitute for a portion of the cable force, effectively reducing potential elevation
errors that might arise in subsequent arch ribs in the absence of this joint effect.

KEYWORDS

bridge engineering, tower deviation control, stay button hanging, pushing stiffness,
joint effect
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1 Introduction

Cable-stayed suspension is the most common construction
method for large-span arch bridges (Liu, 2008; Ding et al., 2023).
During the cable-stayed suspension construction of arch bridges,
due to installation or manufacturing errors and dynamic changes in
the construction process, the horizontal component force of buckle
anchor cables faces difficulties in reaching equilibrium, causing the
buckle tower to deviate in the longitudinal direction of the bridge
(Zhou et al., 2000b; Xu et al., 2016a). Moreover, once the control
points of the cable-stayed construction arch rib reach the design
elevation, buckle backstay anchoring is no longer tensioned. When
there is a deviation in the shape of the arch rib, making subsequent
adjustments can become a complicated or even impossible task
(Xu et al., 2016b; Chen et al., 2023). Therefore, the buckle tower
stiffness significantly impacts the line shape of the main arch
ring. Increased stiffness in the buckle tower not only reduces
construction complexity but also enhances the construction quality
of the main arch. Under the same conditions, the stiffness of
the buckle tower should be increased as much as possible to
reduce the tower deviation. Currently, owing to the widespread
use of the cable-stayed suspension method in building large-
span arch bridges, various researchers have undertaken extensive
research to manage and optimize the line shape of the cable-stayed
construction arch rib.

Zheng et al. (1996) utilized the principle of torque equilibrium
to calculate the cable force on the arch rib during the cable-
stayed hoisting construction, resulting in promising results when
this method was used to compute the hinge joint conditions
between arch segments. Subsequently, Zhou et al. (2000a) delved
deeper into the torque equilibrium method, introducing the “zero
bending moment method.” By utilizing integral calculations, they
enhanced the accuracy of determining the cable force on the arch rib.
Subsequently, Zhou (2002) introduced the fixed-length buckle cable
technique. This approach considered both the elastic elongation of
the buckle cable and the deflection due to the self-weight of the
arch segment during the hoisting process, thereby aligning the arch
rib with the design arch axis. However, this method necessitated
the tensioning of the buckle cable all at once, posing challenges
for subsequent adjustments if discrepancies arose between the
calculated and actual results. Qin (2003; 2008) introduced the stress-
free state method, revealing that if the structural system, stress-
free state quantities, boundaries, and external loads of the bridge
being constructed in segmented main arch rings were maintained,
the internal forces and displacements of the completed bridge
structure had a unique solution. Interestingly, this was irrespective
of the construction sequence. Subsequently, Wang (2013) suggested
that the stress-free state method could eliminate the impact of
temperature effects and tower deviation on the arch rib’s line shape
during hoisting. Hao and Gu (2015) noted that the practice of
inserting gaskets between flanges to compensate for bending angles
when controlling the hoisting of steel pipe arch ribs using the
pre-elevation method would alter the stress-free state quantity of
the arch rib. Consequently, error in the line shape and internal
forces after closure was inevitable. Studying the causes of errors
and their transfer mechanism during the hoisting of steel pipe
arch ribs, Hao et al. (2018) utilized the stress-free state method
to analyze the construction process of the arch rib and proposed

several adjustable error control intervals. Focusing on the error
in the hoisting and splicing of the arch rib, Zhang (2001) was
the first to introduce the optimization theory into the calculation
of cable forces. Combined with the Kalman filter method, he
calculated the optimal cable force matrix and the preliminary
arch degree during the bridge construction process. Subsequently,
Zhang et al. (2004) integrated ANSYS finite element software with
the optimization theory to calculate variations in cable forces,
thereby addressing the requirement for an accurate adjustment
of cable forces during the line shape adjustment process. Xu
(2011) used the Bayesian temperature prediction model to discern
the pattern of seasonal temperature changes on the installation
line shape of the arch rib. He then used the influence matrix
and optimization algorithms to adjust the errors caused by the
temperature during the splicing process of the arch rib. Hao and
Gu (2016) also studied the line shape adjustment issue during
the splicing and hoisting processes of the arch rib. Considering
the deviation between the real and design line shapes of the
arch rib, they proposed a theoretical calculation method for a
“feasible optimal solution” based on the influence matrix. Using
the stress equilibrium equation considering only the tensile stress,
permissible tensile stress of the arch rib, and the influence matrix
method, Liu et al. (2022) put forward an initial buckle cable force
calculation method based on the stress equilibrium method. This
improvement on the original stress equilibrium method resulted in
a significant increase in work efficiency. Finally, using the influence
matrix and linear programming to determine the initial value
of iterative cable forces, Li et al. (2017) observed that appropriate
cable forces, installed forward through the golden selection method
and iterations, achieved a one-time tension of the cable force
for cable-stayed steel pipe concrete arch bridges tailored to the
installation shape.

Long (2012) discovered that the key to the integrated
construction of cable towers and buckle towers was to control
the displacement at the tower top. This approach guaranteed
that the cable tower and buckle tower could withstand smaller
bending moments. To control this displacement, it is essential to
minimize the horizontal forces caused by hoisting arch ribs and
tensioning buckle cables. Deng et al. (2020) used the suspension
element method to derive the calculation formula for the tower
deviation of the cable-stayed systemwith a push-down cable set.This
achieved effective integration and unification of the computations
during the cable-stayed construction stage and tower deviation
calculation, which is extremely important for accurate control of
tower deviation. Deng (2009) used geometric analysis to derive
the calculation formula for the influence of buckle tower deviation
on the elevation of arch rib segments. This provides a valuable
reference for the design of cable-stayed hoisting and the control
of segment installation elevation. Mo (2021) studied the impact of
main cable slippage on tower deviation in the cable-stayed hoisting
systemdesign.He observed that themain cable slippage significantly
affected the cable-stayed hoisting system, leading to noticeable
changes in top tower displacement and top tower stress.

Regarding the study of line shape control in the construction
of cable-stayed arch ribs, adjustments for various errors affecting
the accuracy of the arch rib line shape are mainly based on buckle
cable force calculations (Gu et al., 2015). However, there remains
a dearth of research dedicated to the control of tower deviations
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FIGURE 1
Schematic diagram of the synergistic effect of the buckle tower and the approach bridge. (A) Passing through the main girder. (B) Without passing
through the main girder.

by improving the longitudinal thrust stiffness of the buckle tower.
Furthermore, there is a notable absence of studies examining the
mechanism behind thrust stiffness formation, taking into account
factors like self-weight deflection and local deformation effects in
approach bridge–composite buckle tower structures. Therefore, this
paper uses a large-span deck-type steel pipe concrete arch bridge
built through a cable-stayed cantilever assembly as the engineering
background. The study then delves into the calculation techniques
and investigates the effects of buckle tower stiffness, considering the
joint effect of approach bridges.

2 Formation mechanism of the joint
effect of approach bridges

The construction of a cable-stayed arch bridge requires the
erection of a temporary buckle tower to complete the tensioning
of the buckle anchor cable. For the construction of arch bridges
with restricted construction sites and larger rise-to-span ratios,
a combination of permanent and temporary structures, i.e., a
composite cable tower, is generally adopted. This involves erecting
a steel buckle tower on juncture piers, allowing both the juncture
pier and steel buckle tower to jointly withstand the horizontal thrust
caused by the pull cable (Chen et al., 2017). Depending on the
dimensions of the juncture pier along the longitudinal direction of
the bridge, the steel buckle tower may either pass through the main
girder of the approach bridge via a wet joint or not pass through
it at all (Figure 1). However, the main paths of force transmission
between the components in both cases do not differ.

As shown in Figure 2, the steel buckle tower is consolidated to
the juncture pier. The increased overall height results in increased
flexibility of the entire structure. During construction, significant
deflection deformations occur due to differences in horizontal cable
forces, which, in turn, cause significant deviations in the buckle
tower in the longitudinal direction of the bridge (Yu, 2018).

This paper aims to enhance the longitudinal thrust stiffness of
the composite buckle tower by harnessing the joint effect of approach

bridges. The core concept is to facilitate cooperative support among
the buckle tower, juncture pier, approach bridge piers, and main
girder of the approach bridge, thereby controlling buckle tower
deviations.

3 Analysis of factors influencing the
buckle tower stiffness considering the
joint effect of approach bridges

3.1 Finite-element model establishment

Themain bridge and approach bridge juncture piers use a “gate”-
type hollow thin-walled pier with a variable box cross section. The
center distance of the two lateral limbs of the pier is the same width
as themain arch rib, 16.0 m, and thematerial is C50. It is 89.9 m high
(91.9 m including the bent cap). The cross-sectional size of a single-
limb pier is 5.5 m in the transverse direction of the bridge and 6.5 m
in the longitudinal direction, with the internal wall thickness varying
from 60 to 80 cm. The steel buckle tower, 31.19 m high, is made
of Q345 material and is a truss structure composed of columns,
connecting horizontal bars, and diagonal bars. The columns use
φ630 × 20 mm steel pipes, and the horizontal and diagonal bars use
φ325 × 10 mm and φ273 × 8 mm steel pipes, respectively. All bar
members are connected by welding. There are two truss cross braces
between the two limbs of the steel buckle tower, and the steel buckle
tower is anchored on the top of the juncture pier. The approach
bridge piers are set as thin-walled double-limb piers with a height
of 90.1 m. The cross-sectional size is 2.5 m × 2.0 m, the thickness
is 40 cm, and the material is C35. The two piers are connected by
two inter-column tie beams. The material of the main girder of the
approach bridge is C50, with each 42.0 m span divided into 9 T
girders. The overall effect of the model is illustrated in Figure 3. The
model was created using Midas/Civil finite-element software.

This study examines the effects of external factors on the thrust
stiffness of the composite buckle tower. Therefore, the size of
the horizontal cable force difference is determined using only the
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FIGURE 2
Schematic diagram of the buckle tower deflection-induced deviation.

situation with the composite buckle tower. According to the theory
of thrust stiffness, the thrust stiffness of the series structure is only
related to the flexural stiffness EI and height h and is independent
of the external load of the system. Therefore, horizontal loads can
be exclusively applied at the top of the composite buckle tower to
represent the horizontal cable force difference.

To keep the deformation of the structure within the range of
linear elasticity and make the research more reasonable, the size of
the horizontal cable force difference should be set based on relevant
specifications.

According to the specification JTG/T 3650, 2020, the tower
deviation with the fixed foot is H/400–H/600, where H is the height
of the steel buckle tower. Considering that the height of the juncture
pier increases the structural flexibility, the horizontal load when the
tower deviation is H/400 is taken as the maximum difference in
horizontal cable forces. When the height of the steel buckle tower
is 31.19 m, H/400 is approximately 7.8 cm.

To ensure uniform stress, the load is applied to both limbs of the
steel buckle tower (the tower deviation equals the average horizontal
displacement at the top of the two limbs). When the tower deviation
is approximately 7.8 cm, the load is 2 × 200 kN = 400 kN. Thus, a
horizontal load of 400 kN in the longitudinal direction of the bridge
is taken as the horizontal cable force difference, as demonstrated in
Supplementary Appendix Figure A1.

3.2 Pier–girder connection mode

To control the variables, our study focuses solely on one
approach bridge pier. There are four types of pier–girder
connections: hinge joints between the two piers and the main
girder of the approach bridge (double-hinged), a fixed connection
between the juncture pier and the main girder of the approach
bridge (right-fixed), a fixed connection between the approach bridge
pier and the main girder of the approach bridge (left-fixed), and a
fixed connection between the two piers and the main girder of the
approach bridge (double-fixed).

There are three types of loads: self-weight, horizontal cable force
difference toward themidspan, and horizontal cable force difference
away from the midspan. To clarify the impact of these three loads
on tower deviations with different pier–girder connection modes,

they should be investigated separately. Both tower deviations and
horizontal cable force differences are considered positive when
directed toward the midspan. If the model only suffers a horizontal
load, it is normal for the bearing to be under tension because the
horizontal load will reduce the axial pressure on the bearing caused
by self-weight. If both types of loads act simultaneously, the axial
resultant force on the bearing is always compressive.

3.3 Under self-weight

The self-weight is applied to the structure, and
Supplementary Appendix Table A1 and Supplementary Appendix
 Figure A1 are obtained.

After analyzing Supplementary Appendix Table A1 and
Supplementary Appendix Figure A1, we can observe the following:

In the case of only the composite buckle tower, the structure
deviated 0.104 mm away from the midspan under self-weight,
indicating that the structure is eccentric in the longitudinal
direction. The double-hinged connection also caused a 0.135-mm
tower deviation away from themidspan, implying that the combined
structure also has a longitudinal eccentricity. However, the tower
deviation in both caseswas far less than 1 mm, suggesting a relatively
weak influence on tower deviations.

In the case of double-fixed and right-fixed connections, the
negative bending moment caused by the self-weight of the main
girder of the approach bridge at the fixed connection between the
juncture pier and themain girder caused the composite buckle tower
to bend away from the midspan, resulting in tower deviations of
66.785 mm and 69.295 mm, respectively. Disregarding the influence
of shear, the bending moment and deformation caused by self-
weight in both cases are delineated in Figure 4.

It is evident that My >Ms and that their EjIj values are the
same, and the double-hinged approach bridge pier tends to bend
toward the midspan, so δy > δs. Therefore, based on the model
data and principles of general mechanics, it can be concluded that
the influence of the right-fixed connection on tower deviations
due to self-weight is more significant than that of the double-fixed
connection.

In the case of the left-fixed connection, the negative bending
moment at the fixed connection between the approach bridge pier
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FIGURE 3
Midas/Civil model of the tower and approach bridge.

and the main girder of the approach bridge caused the approach
bridge pier to bend toward the midspan, pushing the buckle tower
to bend toward the midspan and resulting in a tower deviation
of 2.352 mm. The bending moment and deformation are shown
in Figure 4:

The mechanical principle analysis is a general trend.
Notwithstanding, according to the tower deviation data, the impact
of the left-fixed connection on tower deviations under self-weight is
weaker compared with the right-fixed connection.

3.4 Under horizontal cable force
differences

When the structure is subjected to a horizontal cable
force difference, refer to Supplementary Appendix Table A2 and
Supplementary Appendix Figure A1.

Note: a) The tower deviation change refers to the absolute value
of the difference between the tower deviation without approach
bridge piers and other cases. b) The percentage refers to the absolute
value of the ratio of the tower deviation change to the tower deviation
without approach bridge piers.

Through an examination of the mechanical principles
underlying the data in Supplementary Appendix Table A2 and
Supplementary Appendix Figure A2, conclusions can be drawn
regarding the impact of the horizontal cable force difference at
the midspan.

The tower deviation with the double-hinged connection mode
decreased by 0.239 mm compared to the case of no approach bridge
piers, indicating a weak regulation effect on tower deviations.

The tower deviation with the right-fixed connection mode
decreased by 18.407 mmcompared to the case of no approach bridge
piers, a reduction of 23.781%, indicating a sound regulation effect.
This demonstrates that apart from the deflection effect induced
by the self-weight in the right-fixed connection, there are other
factors that significantly influence tower deviations. The schematic
comparison of deflection between the right-fixed connection and the
double-hinged connection is plotted in Figure 5.

When the structure is subjected to the horizontal cable force
difference toward the midspan, θs is an acute angle and θy is
a right angle (under ideal circumstances in the model); thus,
θy − θs = Δθ > 0 and Δs ≈ Δy +Δθ× hg > Δy.

The double-hinged connection relies entirely on the approach
bridge pier to improve the thrust stiffness, while the right-fixed
connection, in addition to the impact of the thrust stiffness of the
approach bridge pier itself, also reduces tower deviations by virtue of
the geometric relationship between the piers and girders. Therefore,
the right-fixed connection has a significant advantage over the
double-hinged connection in terms of tower deviation control.

The tower deviation with the left-fixed connection mode
decreased by 0.964 mm compared to the case of no approach bridge
piers, a reduction of 1.245%, indicating slightly stronger control than
the double-hinged connection. Compared to the double-hinged
connection, the left-fixed connection reduces tower deviations not
only by relying on the thrust stiffness of the approach bridge pier
but also by virtue of the geometric relationship between the piers
and girders. The schematic comparison of deflection between the
double-hinged connection and the left-fixed connection is provided
in Figure 5.

When the structure is subjected to the horizontal cable force
difference toward the midspan, with the longitudinal girder stiffness
being large enough, the elongation of the longitudinal girder is a
higher-order trace, and the approach bridge pier is approximately
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FIGURE 4
Deflection modes under self-weight: (A) double-fixed, (B) right-fixed, and (C) left-fixed.

parallel to the juncture pier. Since θs
′ is an obtuse angle and θz

′ is a
right angle, then θz − θs = Δθ

′ > 0 and Δs ≈ Δz +Δθ
′ × hgΔz.

Compared with the right-fixed connection, since the flexibility
of the approach bridge pier is much larger than that of the main
girder of the approach bridge, the left-fixed connection has a weaker
effect on restricting the composite buckle tower from rotating
toward the midspan relative to the main girder, and its effect on
controlling tower deviations is also relatively diminished.

The tower deviation with the double-fixed connection mode
decreased by 19.18 mm compared to the case of no approach
bridge piers, a reduction of 24.781%. The double-fixed connection
can be regarded as a combination of left-fixed and right-fixed
connections, so its control effect is slightly stronger than the right-
fixed connection alone. However, the disparity in the control effects
between the two is merely 1%, rendering it statistically insignificant.

The tower deviation data under the influence of the horizontal
cable force difference away from the midspan is the opposite
number of the tower deviation data under the influence of the
horizontal cable force difference toward the midspan. Therefore,
without considering the self-weight, the approach bridge–composite
buckle tower structure has in-plane isotropicmechanical properties.

So far, we have separately studied the tower deviation and
mechanical principles of different pier–girder connection modes

under self-weight load and horizontal cable force differences. The
former reveals that the right-fixed connection has the greatest
impact on tower deviations under self-weight, while the latter
unveils that the right-fixed connection has the best regulation effect
on tower deviations under horizontal cable force differences.

Since the tower deviation caused by these two loads in the right-
fixed connection is in opposite directions, the right-fixed pier–girder
connection can effectively control the tower deviation induced
by the horizontal cable force difference toward the midspan. The
control effect mainly stems from the “T”-type rigid frame formed
by the main girder of the approach bridge and the composite buckle
tower. The deflection effect caused by the self-weight of the main
girder of the approach bridge makes the composite buckle tower
bend away from themidspan and also restricts the composite buckle
tower from rotating toward the midspan relative to the main girder.
However, this approach necessitates the prior consolidation of the
steel buckle tower and junction pier before the installation of the
main girder of the approach bridge.

Based on the source of the impact of the approach bridge on
tower deviations, it can be deduced that the first span of the approach
bridge has the greatest impact on tower deviations. Therefore, only
the first span of the approach bridge is considered. The effects of
the approach bridge pier height and component flexural stiffness
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FIGURE 5
Different deflection modes under horizontal cable force toward the midspan: (A) double-hinged, (B) right-fixed, and (C) left-fixed.

on the thrust stiffness of the approach bridge–composite buckle
tower structure can be discussed after the theoretical formula.
By combining computer programs with analytical formulas, a
sensitivity analysis of the impact of component properties on the
thrust stiffness can be conducted.

4 Thrust stiffness analytical expression

4.1 Determination of the mechanical
calculation model

According to Section 2, the optimal method for connecting the
approach bridge to the composite buckle tower is consolidating
the juncture pier and the main girder of the approach bridge
while hinging the approach bridge pier with the main girder. The
mechanical model is shown in Figure 6, with the basic assumptions
as follows:

(1) The influence of the longitudinal slope and temperature
changes is ignored.

(2) The self-weight of vertical components is ignored.

In Figure 6, hy denotes the approach bridge pier height, hj
represents the juncture pier height, hg symbolizes the steel buckle
tower height, Lz stands for the span length of the main girder of
the approach bridge, qz signifies the self-weight uniform load of the
main girder of the approach bridge, Fc represents the equivalent
horizontal cable force difference, EyIy denotes the flexural stiffness
of the approach bridge pier, EjIj signifies the flexural stiffness of
the juncture pier, EgIg symbolizes the flexural stiffness of the steel
buckle tower, and EzIz is the flexural stiffness of the main girder of
the approach bridge.

4.2 Solution of the thrust stiffness of the
completely rigid pier–girder connection

Figure 6 reveals that the structure is a second hyper-static
structure. Assuming that the bearing compression between the piers
and girders is the positive direction of the vertical basic unknown
force, the structure is simplified, and the basic system is shown in
Figure 7.
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FIGURE 6
Mechanical model.

FIGURE 7
Basic system.

The basic equation of the force method is obtained from the
displacement coordination conditions:

{
Δ1 = δ11X1 + δ12X2 +Δ1P = 0,
Δ2 = δ21X1 + δ22X2 +Δ2P = 0.

(1)

The expression of the basic unknown quantity is obtained by the
elimination method:

{{{
{{{
{

X1 =
Δ2Pδ12 −Δ1Pδ22

δ11δ22 − δ21δ12
,

X2 =
Δ2Pδ11 −Δ1Pδ21

δ21δ12 − δ11δ22
.

(2)

The displacement coefficients and free terms are obtained from
the principle of virtual work and the multiplication method:

{{{{{{{{{{{
{{{{{{{{{{{
{

δ11 =
h3
y

3EyIy
+

h3
j

3EjIj
,
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Lzh

2
j
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,
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−
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.

(3)
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2EjIj
,
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2hj
EjIj
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2EjIj
+
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−
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4

8EzIz
−
qzLz

3hj
2EjIj
.

(4)

First, the parameters are substituted into Equations 3 and 4 to
derive the coefficients and free terms, respectively, and then the
coefficients and free terms are substituted into Eq. 2 to obtain the
basic unknown quantities X1 and X2.

The tower deviation of the completely rigid connection is
obtained using the graph multiplication method:

Δw =
(hj + 2hg)(X2Lz − qzLz

2/2+ Fchg)hj
2EjIj

+
(2hj + 3hg)(Fc −X1)h

2
j

6EjIj
+

Fch
3
g

3EgIg
.

(5)

4.3 Solution of the thrust stiffness of the
partially rigid pier–girder connection

According to Section 2, one of the effects of the right fixed
pier–girder connection mode in controlling tower deviations is
to restrict the rotation of the composite buckle tower relative to
the main girder of the approach bridge. However, it is important
to note that the materials and boundary conditions used in the
finite-element design represent idealized states, which may differ
from the actual situation. As illustrated in Figure 8, when the
rigid connection is subjected to the deflection effect caused by
the self-weight of the main girder of the approach bridge, one
side of the rigid device is compressed and the other side is
tensioned, causing a relative rotation angle between the piers
and girders. Therefore, it is necessary to consider the local force
situation at the pier–girder connection and add a correction term
for the partially rigid pier–girder connection in the theoretical
calculation.

From an overall perspective, the basic unknown force has been
obtained in the last section, i.e., the known force of the approach
bridge pier on the main girder of the approach bridge. From a
local perspective, the steel buckle tower is fixed on the top of the
juncture pier, and the main girder of the approach bridge is fixed
with the juncture pier through the anchoring device. Therefore, the
deflection effects of the main girder of the approach bridge on the
anchoring device and the steel buckle tower on the juncture pier are
demonstrated in Figure 9.
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FIGURE 8
Schematic diagram of the deformation of the rigid connection details.

FIGURE 9
Schematic diagram of the local stress on the pier–girder connection.

Figure 9 shows that Mj and Mm represent the bending moment
effects at the top of the juncture pier and the top of the
anchoring device, respectively; EmIm denotes the flexural stiffness
of the anchoring device; hm symbolizes the anchoring device
height; and MR and FR are constraint reaction forces at the rigid
connection between the juncture pier and the ground, respectively.
The bearing reaction force is obtained by static equilibrium
as follows:

{
MR =Mm −Mj − Fchj +X1(hj + hm),
FR = X1 − Fc.

(6)

The bearing reaction force is simplified to the top surface of the
juncture pier, as presented in Figure 10.

Based on the simplified calculation method of cantilever beam
rotation angles, the relative rotation angle between the juncture pier
and the main girder of the approach bridge is as follows:

Δθ =
X1h

2
m + qzLz

2hm − 2X2Lzhm
2EmIm

. (7)

From the completely rigid tower deviation Δw, considering
the tower deviation correction caused by the relative rotation
angle between the composite buckle tower and the main girder
of the approach bridge, the tower deviation of the partially rigid
pier–girder connection is obtained as follows:

Δb = Δw +Δθ× hg. (8)

The thrust stiffness of the partially rigid pier–girder connection
is as follows:

Kb =
Fc
Δb
. (9)

5 Thrust stiffness considering the
pier–girder connection

The determination of displacement coefficients and free terms
serves as the foundation for calculating the thrust stiffness.
By observing the free term, it is found that there are two
types of load terms in the formula. If Fc = 1, it cannot be
determined whether the calculated thrust stiffness is consistent,
so the relationship between the thrust stiffness and two load
terms is verified by numerical analysis, and the formula is
further corrected.

5.1 Finite-element calculation results of
the thrust stiffness under different load
conditions

We apply the self-weight load to the approach bridge–composite
buckle tower structure and sequentially apply a 0.4 to
1 times horizontal cable force difference, as plotted in
Supplementary Appendix Figure A3.
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FIGURE 10
Mechanical model of the anchoring device.

It can be seen that when the approach bridge–composite buckle
tower structure bears self-weight, the tower deviation is linearly
related to the horizontal cable force difference. The thrust stiffness
solution at this time is as follows:

K = 400− 160
−10.302− (−45.698) = 6780kN/m,

K =
−160− (−400)
−92.893− (−128.288)

= 6780kN/m.

A 0.4 to 1 times horizontal cable force difference toward the
midspan is applied to the approach bridge–composite buckle tower
structure, as shown in Supplementary Appendix Figure A4.

The thrust stiffness solution is K = 400−160
58.993−23.597

= 6780kN/m.
As a result, the tower deviations under three situations—the
simultaneous action of the self-weight load and horizontal cable
force difference away from the midspan, the simultaneous action
of the self-weight load and horizontal cable force difference toward
the midspan, and only the action of horizontal cable force difference
toward the midspan—are all linearly related to the horizontal cable
force difference, and the thrust stiffness values of the three situations
are equal.

Therefore, within the range of small deformation, the thrust
stiffness of the completely rigid pier–girder connection of the
approach bridge–composite buckle tower structure is only related
to the bending stiffness EI and height h. The effect of self-
weight is to move the “horizontal cable force difference–tower
deviation” line down as a whole. Meanwhile, according to the
mechanics of materials, the size of the relative rotation angle
between the piers and girders is related to the external load,
so the effect of the self-weight of the main girder of the
approach bridge is to provide pre-deviation and an initial relative
rotation angle.

5.2 Correction of the thrust stiffness of the
completely rigid pier–girder connection

The thrust stiffness of the completely rigid pier–girder
connection remains unaffected by external loads and self-weight.
Therefore, we can exclude the self-weight load term, and the

horizontal cable force difference can be treated as the horizontal
unit load, at which point the free term is as follows:

{{{{{
{{{{{
{

Δ1p
′ = −

h3
j

3EjIj
−
hgh

2
j

2EjIj
,

Δ2P
′ =

h2
j Lz

2EjIj
+
hghjLz
EjIj
.

(10)

The basic unknown forces solved at this time are denoted as X1
′

and X2
′, and the tower deviation of the completely rigid connection

is as follows:

Δw
′ =
(hj + 2hg)(X2

′Lz + hg)hj
2EjIj

+
(2hj + 3hg)(1−X1

′)h2
j

6EjIj

+
h3
g

3EgIg
.

(11)

The thrust stiffness of the completely rigid connection
is as follows:

Kw
′ = 1
Δw
′ . (12)

5.3 Correction of the thrust stiffness of the
partially rigid pier–girder connection

The size of the relative rotation angle is related to the external
load, so the relative rotation angle comprises two parts: one part is
the initial relative rotation angle caused by qz, and the other part
is the relative rotation angle caused by the horizontal cable force
difference Fc.

Within the range of small deformation, the tower deviation
caused by the initial relative rotation angle also moves the
“horizontal cable force difference–tower deviation” line up and
down as a whole and does not affect the slope, so the relative rotation
angle caused by the self-weight of the main girder of the approach
bridge has no impact on the overall thrust stiffness of the structure,
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at which point the free term is as follows:

{{{{{
{{{{{
{

Δ1p
″ = −

Fch
3
j

3EjIj
−
Fchgh

2
j

2EjIj
,

Δ2P
″ =

Fch
2
j Lz

2EjIj
+
FchghjLz
EjIj
.

(13)

The basic unknown forces at this time are denoted as X1
″ and

X2
″, and the tower deviation and relative rotation angle of the

completely rigid connection are as follows:

{{{{{{{{{{{{{{{{
{{{{{{{{{{{{{{{{
{

Δw
″ =
(hj + 2hg)(X2

″Lz + Fchg)hj
2EjIj

+
(2hj + 3hg)(Fc −X1

″)h2
j

6EjIj

+
Fch

3
g

3EgIg

Δθ′ =
X1
″h2

m − 2X2
″Lzhm

2EmIm
.

(14)

The thrust stiffness of the partially rigid pier–girder connection
is as follows:

Kb
′ =

Fc
Δw
″ +Δθ′ ⋅ hg

. (15)

According to Eq. 15, the thrust stiffness considering local
deformation at the rigid connection of the pier and girder is
not unique.

5.4 Calculation of pre-deviation

Although the self-weight of the main girder of the approach
bridge does not affect the calculation of the thrust stiffness, it has
a great impact on tower deviations, so it needs to be solved. The free
term at this time is as follows:

{{{{{
{{{{{
{

Δ1p
‴ =

qzLz
2h2

j

4EjIj
,

Δ2P
‴ = −

qzLz
4

8EzIz
−
qzLz

3hj
2EjIj
.

(16)

The basic unknown forces are represented as X1
‴ and X2

‴, and
the pre-deviation is as follows:

Δ0 =
(hj + 2hg)(X2

‴Lz − qzLz
2/2)hj

2EjIj

−
(2hj + 3hg)X1

‴h2
j

6EjIj
.

(17)

The initial relative rotation angle is as follows:

Δθ0 =
X1
‴h2

m + qzLz
2hm − 2X2

‴Lzhm
2EmIm

. (18)

The total pre-deviation is as follows:

Δ0
′ = Δ0 −Δθ0 × hg. (19)

FIGURE 11
Flow chart of calculating the thrust stiffness using programs.

5.5 Program implementation of the
calculation method

There are various formulas for the theoretical calculation
method of thrust stiffness, and manual calculation is cumbersome
and prone to errors, so it is calculated with the help of programs.
MATLAB, VB, Python, and other calculation programs can be
combined with the theoretical calculation method. The detailed
process is as follows:

The heights of the approach bridge pier, juncture pier, and steel
buckle tower, and the span length of the main girder of the approach
bridge are as follows:

{{{{{
{{{{{
{

hy = 90.1m,
hj = 91.9m,
hg = 31.19m,
Lz = 42m.

(20)

Using the deflection formula of the cantilever girder and finite-
element software, the corresponding flexural stiffness values are
obtained as follows:

{{{{{
{{{{{
{

EyIy = 6.82944× 10
7kN ⋅m2,

EjIj = 4.31915× 10
9kN ⋅m2,

EgIg = 2.03093× 10
8kN ⋅m2,

EzIz = 3.51995× 10
8kN ⋅m2.

(21)

After a series of calculations, the tower deviation of the
completely rigid pier–girder connection under the action of the unit
tower top horizontal cable force difference is obtained as follows:

Δw
′ = 1.477× 10−4. (22)

The thrust stiffness of the completely rigid connection is
obtained as follows:

Kw
′ = 6769kN/m. (23)

The detailed calculation process of the thrust stiffness by
computer programs is illustrated in Figure 11.

The thrust stiffness value calculated entirely by Midas/Civil is
6,780 kN/m, which differs from the value calculated by the analytic
formula by 11 kN/m, with a deviation percentage of 0.16%, which is
satisfactorily consistent.
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When the calculation program is used to solve the thrust
stiffness, the formula needs to be input only for the first time;
the subsequent calculations only need to input the data of
step 1 to derive the value of thrust stiffness, achieving a rapid
calculation of the thrust stiffness of the approach bridge–composite
buckle tower structure. Therefore, the analytic formula can be
used to validate the model’s accuracy and perform sensitivity
analysis, providing guidance for the design of structural member
dimensions, sections, and materials. The other formulas share the
same purpose.

5.6 Sensitivity analysis of the thrust
stiffness

Section 5.5 used a computer program to achieve a rapid
calculation of the theoretical formula of thrust stiffness, and this
section will further study the influence rule of changing component
properties on the overall thrust stiffness of the structure.

There are a total of eight component property indexes: hy, hj, hg,
Lz, EyIy, EjIj, EgIg, and EzIz. When one of these properties changes,
the other properties are consistent with those in Section 5.5, as
shown in Supplementary Appendix Figure A5, A6.

By comparing Supplementary Appendix Figure A5with each set
of data, taking the first value as a reference to solve the change
percentage, the findings can be listed as follows:

(1) The impact of changing the approach bridge pier height hy on
the overall thrust stiffness of the structure is negligible.

(2) For every 2.439% increase in the juncture pier height hj,
the thrust stiffness increases on average by 0.124%; for every
6.250% increase in the span of the main girder of the approach
bridge Lz, the thrust stiffness increases, on average, by 1.897%.

(3) For every 9.091% increase in the steel buckle tower height hg,
the thrust stiffness decreases, on average, by 2.719%.

Analyzing Supplementary Appendix Figure A6 and similarly
calculating the percentage changes, we can find the following:

(1) For every 3.223% increase in the flexural stiffness of the
approach bridge pier EyIy, the thrust stiffness decreases, on
average, by 7.610 × 10−3%.Therefore, the impact of the flexural
stiffness of the approach bridge pier on the overall thrust
stiffness of the structure is negligible.

(2) For every 6.250% increase in the flexural stiffness of the
juncture pier EjIj, the overall thrust stiffness of the structure
increases, on average, by 2.738%. For every 16.667% increase
in the flexural stiffness of the steel buckle tower EgIg, the
overall thrust stiffness of the structure increases, on average,
by 5.324%. For every 7.692% increase in the flexural stiffness of
the main girder of the approach bridge EzIz, the overall thrust
stiffness of the structure increases, on average, by 1.204%.

In conclusion, the height and flexural stiffness of the approach
bridge pier have minimal impacts on the overall thrust stiffness of
the structure; hence, the design of the approach bridge pier height
and sectional size can be tailored to match the specific on-site
conditions. The higher the steel buckle tower, the less advantageous
it is for the overall thrust stiffness of the structure. Enhancements
in the span length and flexural stiffness of the main girder of the

FIGURE 12
Cantilever assembly model for arch ribs using Midas/Civil.

approach bridge, as well as increases in the height and flexural
stiffness of the juncture pier, collectively contribute to the improved
overall thrust stiffness of the structure.

6 Influence of the joint effect of
approach bridges on the cantilever
assembly of arch ribs

6.1 Establishment of the cantilever
assembly model for arch ribs

A particular deck-type steel pipe concrete arch bridge has a
calculated span length of 475.0 m and a rise-to-span ratio of 1/5.278,
and the arch axis is a catenary line with an arch axis coefficient of
m = 2.2. The main arch rib adopts a constant-width and variable-
height space truss structure. The radial height of the main chord
tube at the arch crown is 7.0 m, and the radial height of the main
chord tube at the arch foot is 10.0 m, with the radial height of the
arch section varying according to a quadratic parabola. Each single
arch rib is composed of two steel pipe concrete chord tubes each
at the top and bottom, with an external diameter of 1,400 mm. The
transverse center distance of the chord tubes is 2.5 m, and the center
distance between the two arch ribs in the transverse bridge direction
is uniformly 16.0 m. Lateral braces are set up inside the ribs, and
wind braces, flat braces, and “X” braces are set up between the ribs.
The main arch rib is divided into 15 sections from the arch foot
to the arch crown, plus the joint segment at the arch crown, and
there are a total of 62 segments in the entire bridge. The Midas/Civil
finite-element analysis model was established, consisting of a total
of 3,654 beam elements and 240 tension-only elements, as presented
in Figure 12.

6.2 Derivation of the theoretical
relationship between buckle tower
deviations and thrust stiffness and the line
shape of the arch rib

The basic assumptions are as follows:

(1) When the buckle tower is displaced, the buckle cable length
remains unchanged.

(2) The arch rib is a rigid body that does not undergo elastic
deformation but only rigid displacement.

(3) The change in the buckle tower height is a higher-order trace
compared to tower deviations.
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FIGURE 13
Schematic diagram of the influence of tower deflections on the line
shape of the arch rib.

Figure 13 shows the calculation diagram, where the red dashed
lines indicate the positions of the buckle cable, buckle tower, and
arch segment after displacement.

According to the principle of small deformation and basic
assumptions, we can obtain

{
δ′ ≈ SΔφ,
∠BAA′ ≈ π/2,

(24)

where δ′ represents the displacement of the buckle point on the
buckle tower, S denotes the chord length of the arch segment, and
Δφ is the rotation angle of the arch segment.

According to Eq. 24 and the complementary angle theorem of
right angles, we know that ∠B′AA′ ≈ θ; hence,

{
δx
′ ≈ SΔφ sin θ = δ′ sin θ,

δy
′ ≈ SΔφ cos θ = δ′ cos θ,

(25)

where δx
′ and δy

′ denote the change in mileage and elevation of
the buckle point on the arch segment caused by the displacement of
the buckle point on the buckle tower, respectively; and θ represents
the angle between the original arch segment chord length and the
horizontal line.

Knowing the relationship between the displacement of the
buckle point C and the line shape of the arch rib, while the study of
the thrust stiffness is the displacement at the top of the structure, to
determine the relationship between the longitudinal thrust stiffness
of the buckle tower and the line shape of the arch rib, the deviation
of the tower top C′ needs to be distributed to the buckle point C first.

By using the triangular distribution method, we obtain

δ′ =
hk
ht
δ, (26)

where hk is the buckle point height on the tower and ht is the buckle
tower height.

FIGURE 14
Schematic diagram of the distribution of buckle points on the
composite buckle tower and arch rib.

According to the thrust stiffness theory, δ = Fc/Kz, and
by combining Eq. 25, the relationship between the thrust
stiffness of the buckle tower and the line shape of the arch rib
is as follows:

{{{
{{{
{

δx
′ =

hk
ht

Fc
Kz

sin θ,

δy
′ =

hk
ht

Fc
Kz

cos θ.
(27)

6.3 Influence of the joint effect of
approach bridges on the elevation of the
arch rib

As demonstrated in Figure 14, the various stages where the
buckle point will change are explored. There are a total of five
buckle points on the composite buckle tower, K1–K5. The last
arch segments lifted by them are #2, #5, #9, #12, and #15.
The remaining buckle cables are equivalent to increasing the
stiffness of the arch segments, so the elastic deformation of
the middle part of the arch segment is not considered. The
change in distance between the arch foot point O and the
buckle points K1′–K5' is ignored, focusing only on their elevation
changes. At the same time, we maintain the initial tension of the
buckle cables, taking into account the influence of the approach
bridges, at the same level as the initial tension of the buckle
cables in the standard tangent assembly. This approach aims to
minimize elevation deviations resulting from the elongation of the
buckle cables.

During the installation stage of the juncture pier and steel
buckle tower, an approach bridge is incorporated, forming
a right fixed joint effect of approach bridges, as plotted
in Figure 3.

By comparing it with the elevation changes during the normal
tangent assembly of the arch rib, the difference is obtained, as
provided in Supplementary Appendix Figure A7.

As can be seen from Supplementary Appendix Figure A7, it is
evident that the influence of the joint effect of approach bridges
on the elevation of the arch rib becomes more pronounced
with increasing distance, which is consistent with the rules
described in Equations 25 and 26. The node coordinates of
Midas/Civil were extracted, and geometric calculations were
performed to obtain the related parameters, as tabulated in
Supplementary Appendix Table A3.
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Note:

(1) According to Eq. 21, the EI of the steel buckle tower and the
juncture pier is different by an order ofmagnitude. At this time,
using the triangular distribution method results in a relatively
large error in tower deviations, so we calculate separately for
#2, #5, and #9 and #12 and #15 according to the distribution of
buckle points.

(2) What is extracted is the deviation at the top of the juncture
pier and steel buckle tower under the self-weight load of the
approach bridge–composite buckle tower structure.

After calculation, the theoretical elevation change deviation
value caused by pre-deviation is obtained. It is compared with the
elevation change deviation value obtained from the model, as listed
in Supplementary Appendix Table A4:

Note: The second-order deviation is the difference between
the elevation change deviation values calculated by the model and
the theory.

Supplementary Appendix Table A4 reveals that there is a
second-order deviation between the elevation change deviation
values obtained by theoretical calculation and model calculation,
and the second-order deviation of the later stage is greater.
According to the research in Section 2, the influence of the
right fixed pier–girder connection mode on tower deviations
stems from two aspects: 1) the deflection effect caused by
the self-weight of the main girder of approach bridges makes
the composite buckle tower deflect away from the midspan;
and 2) it restricts the rotation of the composite buckle
tower relative to the main girder of approach bridges toward
the midspan.

Therefore, the second-order deviation is caused by the effect of
constrained rotation, and it can be found that the higher the buckle
point elevation and the later the construction stage, the greater the
impact of constrained rotation on the tower deviation and arch
rib elevation.

6.4 Influence of the joint effect of
approach bridges on cable forces

Utilizing the relationship between thrust stiffness and
arch rib elevation changes, we have extracted the relevant
calculation parameters from the preceding text, as displayed in
Supplementary Appendix Table A5.

Upon substituting relevant parameters into Eq. 27, the
effects of pre-deviation and constrained rotation on the cable
force in the joint effect of approach bridges can be observed
in Supplementary Appendix Figure A8. The influences of pre-
deviation and constrained rotation on the cable force tend to
become more significant in the later stages. During these stages,
with greater hk and cos θ, to generate the same arch rib elevation
change, a larger horizontal cable force difference is required. Given
that changes in elevation typically occur more rapidly in later
stages, the overall impact of the joint effect of approach bridges
on the cable force in these stages far surpasses its effect in the
earlier stages.

Therefore, the joint effect of approach bridges can function
as a remedial measure. When the actual construction line of the

arch ribs in the middle and later stages deviates significantly
downward from the design line, the cable force that is needed
to install new arch segments becomes overly large. In such
cases, the joint effect of approach bridges can be utilized to
generate pre-deviation in the buckle tower and to constrain
pier–girder rotation, effectively substituting for a portion of the
cable force. This also reduces the potential elevation errors that
may arise in subsequent arch ribs compared with the case
without approach bridges. Moreover, the function of constrained
rotation serves as a manifestation of enhanced thrust stiffness in
buckle towers. Therefore, through the application of the thrust
stiffness analytical formula for sensitivity analysis, it becomes
possible to guide the design of structural member properties,
ultimately identifying the most cost-effective approach to enhance
thrust stiffness.

7 Conclusion and outlook

7.1 Conclusion

In summary, this study, centered around the engineering
scenario of a large-span, deck-type, steel pipe concrete arch
bridge assembled through a cantilever suspension with stay cables,
investigates the calculation method and the impact on the buckle
tower stiffness, considering the joint effect of approach bridges. The
primary conclusions are as follows:

(1) The main girder of the approach bridge and the composite
buckle tower are firmly interconnected, creating a
robust “T”-type rigid structure. In this configuration,
the junction of the pier and girder imposes constraints
on the rotation of the composite buckle tower. When
subjected to self-weight, the deflection of the main girder
causes the composite buckle tower to deflect away from
the midspan.

(2) The weight of the approach bridge’s main girder imparts
a pre-deviation to the buckle tower, resulting in axial
compression between the pier and the girder. This, however,
does not impact the thrust resistance stiffness of the
tower–girder structure.

(3) The height and flexural stiffness of the approach bridge pier
have minimal influence on the overall thrust resistance of the
structure. Additionally, a greater height for the steel buckle
tower is detrimental to the overall thrust resistance of the
structure. However, increasing the length and bending stiffness
of the main girder of the approach bridge, as well as raising
the height and enhancing the bending stiffness of the junction
pier, can effectively enhance the overall thrust resistance of
the structure.

(4) In situations where a significant downward elevation error
occurs in the middle and later stages of arch rib construction,
the tension in the back cables can become excessively high
for the installation of a new arch segment. In such cases, the
joint effect of the approach bridge can be used to decrease the
tension in the back cables, resulting in a smaller elevation error
in the subsequent arch ribs when compared to the joint effect
without an approach bridge.
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7.2 Outlook

(1) The derivation of the thrust stiffness analytical formula
does not consider the impact of the longitudinal slope and
temperature changes of the main girder; thus, the analytical
formula needs further refinement.

(2) The buckle-anchored stay cables and the composite buckle
tower form a multiple-time hyper-static structure. However,
this paper calculates the equivalent horizontal cable force
difference at the tower top, i.e., the horizontal cable force
difference ratio relative to the actual position distribution and
size, which can generate horizontal loads on the tower top
equal to the tower deviation. Therefore, further research is
needed to facilitate the intelligent calculation of the impact on
each cable.
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With rapid economic and social development, both concrete-filled steel tube
(CFST) composite structures and basalt fiber (BF) have been widely applied in
the field of civil engineering. To investigate the laws and characteristics of the
influence of chopped BF on the mechanical properties of CFST columns and
further promote the application of BF in CFST structures, the axial compressive
bearing capacity test of 18 CFST short columns was carried out, and the
influence of BF of different lengths on their structural mechanical properties was
analyzed. The test results were compared with the theoretical calculation results
and the finite element analysis results to verify the reasonableness of the test
results. The results reveal that the axial compressive bearing capacity of the CFST
short column after adding BF is significantly improved compared to the ordinary
CFST short column, in which the bearing capacity and the ductility coefficient
are increased by approximately 8.1% and 31.6%, respectively, on average. In
addition, changing the length of BF has less effect on the bearing capacity of
CFST short columns, the rate of increase in bearing capacity decreases with an
increase in the steel ratio of CFST, and the coefficient of ductility increases with
the increase in the steel ratio.

KEYWORDS

concrete-filled steel tube, basalt fiber, short columns, finite element analysis, bearing
capacity, ductility coefficient

1 Introduction

Under the background of the dual requirements of sustainable development strategy and
green construction in the civil engineering industry, various new materials and composite
structures are continually emerging (Wang et al., 2017; Lu et al., 2023a; Zhang Z. Y. et al.,
2023; Lu et al., 2023b; Wang et al., 2023; Yang et al., 2023; Zou et al., 2023). A concrete-
filled steel tube (CFST), as a composite structure, has been widely used in high-
rise buildings, large-span bridges, and complex structures due to their advantages
of high bearing capacity, good ductility, and convenient construction (Zhou et al.,
2022; Lai et al., 2023; Zhen et al., 2023). As a composite structure, steel tubes can
provide effective constraints on the core concrete to improve its strength and ductility.
Conversely, the core concrete can also significantly prevent local buckling of the
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TABLE 1 Core concrete mix ratio.

Target
strength

Water–binder
ratio

Cement/
kg·m−3

Water/
kg·m−3

Sand/kg·m−3 Aggregate/
kg·m−3

Water-
reducing

agent/kg·m−3

Expansive
agent/kg·m−3

C50 0.35 401 156 502 1,201 4.5 44.5

steel tube, which improves the overall bearing capacity of CFST.
At present, the continuous growth of building structure height and
bridge span and the emergence of specially shaped structures have
put forward higher requirements for the mechanical properties of
CFST structures. Sharif et al. (2019) and Yu et al. (2023) showed
that increasing the steel ratio and enhancing the mechanical
properties of core concrete can effectively improve the bearing
capacity and ductility of these composite structures. Basalt
fiber, as a low-cost, environmentally friendly green material,
has good mechanical properties and chemical stability and
plays a role in reinforcing the crack-blocking effect on concrete
(Dong et al., 2017). It has been shown that the concrete strength
can be improved by adding BF, and the maximum increase in
compressive strength of basalt fiber-reinforced concrete (BFRC)
reaches 47.5% (Lian et al., 2007). However, there are few research
studies on the mechanical performance of CFST structures with
the addition of BF. If adding BF to CFST structures improves
their mechanical performance, both BF and CFST will be more
widely used.

For the past few years, scholars in various countries have carried
out extensive research studies on the mechanical performance
enhancement of CFST structures. Xia et al. (2023) found that the
use of stirrup connection mode effectively improved the bearing
capacity of CFST. Fang et al. (2019) proposed a new type of
composite member of corrugated steel pipe, CFST, that increases
the bearing capacity and ductility index by 10.1% and 35.6%,
respectively, compared with CFST under the same conditions.
He et al. (2017), Güneyisi (2023), and Xiamuxi et al. (2023) showed
that the strength, stiffness, and ductility of CFST are related to
the shape of the cross section, steel tubes’ diameter, or width-
to-thickness ratio. Essentially, the above scholars were trying to
promote the mechanical properties of CFST by changing the steel
ratio. However, other scholars chose to enhance the core concrete
properties of CFST. Zong et al. (2023) studied the influence of the
volume fraction of steel fiber on the eccentric-compressive behavior
of steel fiber-reinforced recycled concrete-filled square steel tube
short columns. Hu et al. (2023) noticed that adding steel fiber at a
volume fraction of 0.75% essentially did not improve specimens
with 130-MPa matrix concrete. Wen et al. (2021) strengthened
square concrete-filled square steel tube short columns by the
application of the circularization technique. Chen et al. (2023)
analyzed the effect of ultra-high-performance concrete (UHPC) on
axial load–axial strain curves, axial compressive load capacity, and
ductility ofmembers. Bian et al. (2023) investigated the stress–strain
relationship of BFRC under uniaxial compression, and concluded
that the optimal amount of BF was 0.12%. Zhang Q. et al. (2023)
determined that at lower concrete strength, the bearing capacity
and displacement ductility of BFRC columns can be improved
more significantly. Zhang et al. (2021) concluded that BF can
effectively inhibit crack expansion due to its good bridging effect,

which helps improve the flexural capacity and crack morphology
of composite beams, and Dong et al. (2023) obtained the same
conclusion as Zhang. Abushanab et al. (2022) proposed a finite
elementmodel to predict the load-carrying capacity of BFRC beams,
finding that BF can effectively improve the load-carrying capacity
of beams. Zhang et al. (2020) measured the damage patterns and
load–displacement/strain curves of the basalt fiber-reinforced
recycled concrete-filled square steel tube short columns, proving
that BF has an enhancing effect on the load-carrying capacity
of CFST columns. Wang and Li (2016), Wang et al. (2019), and
Wang et al. (2022) investigated the effect of BF on the mechanical
performance of reinforced concrete short columns and long
columns and found that the optimal fiber length of the former
was 12 mm and the optimal fiber volume fraction was 0.15%,
resulting in a maximum increase of 28% in axial compressive
ultimate bearing capacity compared to ordinary reinforced
concrete columns. For the latter, the maximum increase in bearing
capacity under small eccentric compression was 13%, while the
maximum increase in bearing capacity under large eccentric
compression was 41%.

In summary, most scholars improve the mechanical
performance of CFST structures by changing the steel ratio, adding
steel fiber to the core concrete, or using ultra-high-performance
core concrete. While the application of BF is mostly found in
concrete structures, its impact on the mechanical performance of
CFST structures is rarely explored.Therefore, experimental research
on the influence of BF of different lengths on the mechanical
characteristics of CFST short columns under axial compression
load was conducted. The bearing capacity, ductility, and axial
compressionmechanisms of thememberswere investigated through
axial compression testing on 18 short columns. The findings of this
work are expected to be useful for the promotion of BF in civil
engineering.

2 Test program

2.1 Material properties

The core concrete mix ratio of all test columns in this
study is shown in Table 1. The following materials were used:
common Portland cement (P.O 42.5); two-gradation aggregate with
a diameter of 5–25 mm and a crushing value of 10.5; Dongting
Lake yellow sand with a fineness modulus of 2.85; Huiba concrete
water-reducing agent produced by Shandong Laiyang Hongxiang
Building Admixture Factory; and Jinwang concrete expansive agent
produced by Changsha Bada New-type Building Materials Factory.
The chopped basalt fiber produced by Zhejiang Hengdian Shijin
Basalt FiberCo., Ltd. was used in this study, and the two types of fiber
with different lengths are shown in Figure 1. The key parameters are
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TABLE 2 Details of specimens.

Type Specimen Outer diameter/mm Volume fraction/% Wall thickness/mm Length/mm

SⅠ

A1 108 0 4 /

B1 108 0 4 /

SⅡ

A2 108 0.15 4 12

B2 108 0.15 4 12

SⅢ

A3 108 0.15 4 24

B3 108 0.15 4 24

SⅣ

A4 108 0 5 /

B4 108 0 5 /

SⅤ

A5 108 0.15 5 12

B5 108 0.15 5 12

SⅥ

A6 108 0.15 5 24

B6 108 0.15 5 24

SⅦ

A7 108 0 6 /

B7 108 0 6 /

SⅧ

A8 108 0.15 6 12

B8 108 0.15 6 12

SⅨ

A9 108 0.15 6 24

B9 108 0.15 6 24

FIGURE 1
Basalt fiber. (A) Diameter, 17 μm; length, 12 mm. (B) Diameter, 17 μm; length, 24 mm.

as follows: fiber diameter, 17 μm; fiber density, 2,650 kg/m3; tensile
strength, 3,000 MPa; modulus of elasticity, 90 GPa; and fiber length,
12 mm and 24 mm. The seamless steel tube short columns were
made of Q345B-grade steel, and their elastic modulus and yield
strength were 206 GPa and 345 MPa, respectively.

2.2 Details of specimens

In order to minimize test errors, two separate tests were
successively conducted, the specimens of which were numbered
A1–A9 and B1–B9, respectively. In this study, 18 short columns
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FIGURE 2
Short columns. (A) BFRC-filled steel tube. (B) Concrete-filled steel tube.

were fabricated using steel tubes with wall thicknesses of 4 mm,
5 mm, and 6 mm, an outer diameter of 108 mm, and a length
of 540 mm, of which 12 were BFRC-filled steel tubes (Figure 2A)
and 6 were CFSTs (Figure 2B). Particularly, 0.15% is selected for
the fiber volume fraction of BFRC-filled steel tubes, according to
Wang et al. (2022). The information of all test columns in this study
is shown in Table 2.

2.3 Test loading procedure

The test columns SⅠ– SⅨ were preloaded with 20 kN for
3 min using a 5,000 kN compression machine to observe the
operational reliability of the loading system and measuring points.
After pre-loading, unloading and formal loading were performed.
The formal loading was conducted under step load at a step of 50 kN
for 2 min until failure. The resistance strain gauges were uniformly
arranged in the middle section of each test specimen, and a total of
eight measuring points were defined, with one strain gauge located
circumferential and longitudinal to each measuring point. Three
displacement meters were placed to measure the deformation of
the test specimens. Displacement meter 1 was used to measure the
vertical deformation of the test specimens, and displacement meters
2 and 3 were positioned on the side of the column at a 90-degree
angle to measure the lateral deformation of the middle part of the
test specimens (Figure 3). The displacement and strain values under
each load level were recorded.

2.4 Test phenomena

The short columns SⅠ– SⅨ after failure are shown in Figure 4. For
the test column SⅠ, there was no abnormality in the short columns

FIGURE 3
Photograph of the strain test on site.

at the initial stage of loading. When the load reached its peak, the
steel tubes bulged followed by a sudden increase in displacement
and strain, with no obvious plastic deformation before reaching
the peak. The test columns SⅡ and SⅢ showed similar structural
responses (strain, displacement, and shape) to SⅠ at the initial stage
of loading, but with larger displacement and strain, along with
relatively evident plasticity, before reaching the peak.There was little
difference among SⅣ, SⅤ, and SⅦ at the initial stage of loading.
However, as the load increases, the steel tubes bulged with greater

Frontiers in Materials 04 frontiersin.org175

https://doi.org/10.3389/fmats.2023.1332269
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles


Wang et al. 10.3389/fmats.2023.1332269

FIGURE 4
Shape of the test short columns after failure.

FIGURE 5
Ultimate bearing capacity. (A) Specimens A1–A9. (B) Specimens B1–B9.

displacement and rapidly increased at a load of 1,200 kN, as well as
with obvious plasticity at a peak load of approximately 1,330 kN in
test column SⅣ. A similar pattern was noted in test column SⅤ, but
at a load of 1,340 kN and a peak load of approximately 1,450 kN.
For test column SⅥ, bulged steel tubes, larger displacement, rapidly
increased strain, and evident plasticity were found under a load
of approximately 1,300 kN. The test columns SⅦ, SⅧ, and SⅨ
exhibited obvious plasticity with a small difference at the initial
loading stage or before reaching the peak, and the deformation of
SⅧ was greater at the peak value of bearing capacity. These results
suggested that in the test short columnswith the samewall thickness,
BFRC-filled steel tube short columns had advantages of late bulging,
long elastic stage, obvious plastic characteristics, and large bearing
capacity compared with CFST short columns.

2.5 Test results

2.5.1 Ultimate bearing capacity
The test results of ultimate bearing capacity under axial

compression are shown in Figure 5 for short columns A1–A9 and
B1–B9.

As can be seen from Figure 5, BF has an enhancing effect
on the ultimate bearing capacity of CFST short columns under
axial compression, and the improvement rate of the ultimate
bearing capacity gradually decreases as the wall thickness of
the steel tube increases. After adding BF with a length of
12 mm, the ultimate bearing capacity of CFST short columns
with wall thicknesses of 4 mm, 5 mm, and 6 mm increased
by 10.3%, 9.5%, and 7.2%, respectively. When BF with a
length of 24 mm was added, the ultimate bearing capacity of
CFST short columns with wall thicknesses of 4 mm, 5 mm,
and 6 mm increased by 8.4%, 7.8%, and 5.3%, respectively.
Obviously, BF with a length of 12 mm has a greater effect on
improving the ultimate bearing capacity of CFST columns than
BF with a length of 24 mm. In addition, another conclusion
can be reached that BFRC contributed little to the bearing
capacity of test columns with a greater steel ratio. This is
due to the fact that the presence of BF may constrain the
circumferential stress of core concrete, which is limited to slight
deformation. When extensive deformation occurs in concrete,
BF loses its constraint on core concrete, and the steel ratio
will be a dominant factor influencing the bearing capacity
of CFST short columns.
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FIGURE 6
Ductility coefficient. (A) Specimens A1–A9. (B) Specimens B1–B9.

2.5.2 Ductility coefficient
According to Bian et al. (2023), the ductility coefficient of BFRC-

filled steel tube short columns can be calculated as

DI =
μ0.85

μΔ
, (1)

where μΔ is the displacement at peak load and μ0.85
is the corresponding displacement when the load
reduces to 85% of peak load.

The test results of the ductility coefficient are shown in Figure 6
for short columns A1–A9 and B1–B9 (Eq. 1).

As can be seen from Figure 6, BF significantly impacts the
ductility of CFST short columns. For the test short columns
with three different wall thicknesses (4 mm, 5 mm, and 6 mm),
the displacement ductility coefficient of BFRC-filled steel tube
short columns increased by 33.4%, 35.8%, and 38.6%, respectively,
compared to CFST short columns.The ductility coefficient of BFRC-
filled steel tube short columns increases with an increase in the
steel ratio, and the variation law of the increase rate of the ductility
coefficient is similar to the former. The change in fiber length has
little effect on the ductility coefficient of the test short columns.
When the bearing capacity of short columns reduces to 85% of peak
load, the toughening of concrete after adding BF can lead to a larger
displacement. Therefore, the blending of BF into CFST is effective in
improving the ductility of CFST short columns.

2.5.3 Load–strain curve
The relationship curve between the strain at the midpoint of the

short column and axial compressive load is shown in Figure 7.
As can be seen from Figure 7, the influence of BF on the

load–strain curve of CFST columns is not significant at the initial
loading stage. As the load increases, the slope of the load–strain
curve of the CFST short columns after adding BF is greater than
that of the CFST short columns. When the ultimate load is reached,
the CFST short columns after adding BF have a greater ultimate
strain, a clear yield stage, and a plastic stage. In addition, the
load–circumferential strain curve and load–axial strain curve of

BFRC-filled steel tube short columns have similar characteristics.
The test results indicate that BF has an improved effect on the
deformation coordination ability of the concrete inside the CFST
short columns before crushing.

2.5.4 Load–displacement curve
The relationship curve between the displacement of the CFST

short column and axial compressive load is shown in Figure 8.
As can be seen from Figure 8, the CFST short columns and

BFRC-filled steel tube short columns with three different wall
thicknesses are both at the elastic stage, with a slight difference in
load–displacement curves between the two types of short columns.
With an increase in load, the plastic stage of BFRC-filled steel
tube short columns starts later than that of CFST short columns,
and the displacement of BFRC-filled steel tube short columns
is larger than that of CFST short columns before reaching the
peak load. The results indicate that the effect of BF on bearing
capacity and displacement of CFST short columns depends on the
steel ratio, and a higher steel ratio of CFST is associated with a
lesser effect.

3 Calculation results of bearing
capacity of BFRC-filled steel tube
columns

When the BFRC-filled steel tube columns are axially
compressed, the steel tube and BFRC are jointly stressed. The
structural deformation was small, and no cracks were found in
the internal concrete at lower loads. As external load increased,
numerous micro-cracks and lateral expansion appeared in
BFRC. After the steel tube reached its yield strength under axial
compression–circumferential tension, the strain of the BFRC-filled
steel tube increased rapidly; the external volume also increased
due to the lateral expansion of the core concrete, followed by the
ultimate load. This demonstrates that the mechanical characteristics
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FIGURE 7
Load–strain curve of BFRC-filled steel tube short columns under axial compression. (A) Wall thickness 4 mm. (B) Wall thickness 5 mm. (C) Wall
thickness 6 mm.

of BFRC-filled steel tube columns are roughly identical to those of
CFST columns. Therefore, in this section, the limit equilibrium
and finite element methods were applied for calculating CFST
columns. The parameters of core concrete were replaced by those
of core BFRC, and the calculations were then compared with the
experimental results to verify the correctness and rationality of the
test results.

3.1 Calculation methods for bearing
capacity

3.1.1 Limit equilibrium method
Many studies have been conducted on the ultimate bearing

capacity of CFST short columns, including the limit equilibrium
method (Qi et al., 2020) which allows for the direct determination of
the ultimate load based on the equilibrium condition of the member
in limit states. This method does not require consideration of the
challenging elastic–plastic stage and the constitutive relationship of

materials, making it relatively simple (Eqs 2–4). According to the
limit equilibrium method, the following assumptions are made:

1) The strain field of axially compressed short columns is
axisymmetric.

2) In limit states, the radial stress of thin-walled steel tubes with
D/T≥20 ismuch lower than the circumferential stress and thus
negligible.

3) The yield conditions of steel tube and core concrete were stable
and were not changed or weakened by plastic deformation.

The basic formula is as follows:

Nu = φ1φ2N0, (2)

N0 = Ac fc(1+√θ+ θ), (3)

θ =
As fs
Ac fc
, (4)
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FIGURE 8
Load–displacement curve of BFRC-filled steel tube short columns under axial compression. (A) Wall thickness 4 mm. (B) Wall thickness 5 mm. (C) Wall
thickness 6 mm.

FIGURE 9
Schematic diagram of the simplified stress–strain relationship curve of
a steel tube.

where φ1 is the influence coefficient of bearing capacity accounting
for eccentricity; φ2 is the reduction factor of bearing capacity
accounting for the slenderness ratio of compressed members; fc is

the designed compressive strength of BFRC; fs is the designed tensile
strength of the steel tube;Ac is the cross-sectional area of BFRC; and
As is the cross-sectional area of the steel tube.

3.1.2 Finite element method
The finite element method can better determine the bearing

capacity of CFST columns. The key is to define the constitutive
relationship between concrete and steel first. Particularly,
the stress–strain relationship (constitutive relationship) of
concrete is very important to calculate the bearing capacity and
deformation characteristics of CFSTs. Numerical results close to
real structural stress may be obtained only using a reasonable
constitutive model.

3.1.2.1 Stress–strain relationship model of the steel tube
According to Han (2016), given the complex three-dimensional

stress of CFST structures, the complex stress of the steel tube
is represented by a one-dimensional stress–strain relationship
to simplify the calculation (Eq. 5). A nonlinear analysis is
performed by introducing the equivalent strain and modifying
the elastic matrix to address the three-dimensional stress with a
one-dimensional stress–strain relationship. The one-dimensional
stress–strain relationship curve composed of four straight lines of
the steel tube is shown in Figure 9.
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The specific expression is as follows:

Reinforcementsection (oasection):
Yieldsection (absection):

Reinforcedsection (bcsection):
Secondaryplastic flowsection (cdsection):

{{{{
{{{{
{

σ = Eyε (0 ≤ ε ≤ εe1)
σ == fy (0 < ε ≤ εe2)
σ == fy +Ey/150(ε− εe2) (εe2 < ε ≤ εe3)
σ == fu (ε ≥ εe3),

(5)

where Ey is the elastic modulus in the elastic stage; εe1 is the ultimate
elastic strain; and fy and fu are the yield strength and ultimate
strength of steel, respectively. The ultimate elastic strain is taken as
εe2 = 10εe1; the reinforced ultimate strain is taken as εe3 = 100εe1; and
the ultimate strength of steel is taken as fu = 1.6 fy.

3.1.2.2 Stress–strain relationship model of concrete
Han (2016) proposed a stress–strain relationship model of core

concrete using the standard axial compressive strength of concrete
(for circular concrete-filled steel tubes) through verification and
analysis of the experimental results of various short specimens of
CFST under axial compression, as shown below (Eqs 6–9).

σc = σ0[A
εc
ε0
−B(

εc
ε0
)

2
]εc ≤ ε0, (6)

{
{
{

σc = σ0(1− q) + σ0 ⋅ q ⋅ (εc/ε0)
0.1ξ (ξ ≥ 1.12)

σc = σ0(εc/ε0)/[β(εc/ε0 − 1)
2 + (εc/ε0)](ξ < 1.12)

εc > ε0, (7)

where σ0 = fck[1.194+ (13/ fck)
0.45 ⋅ (−0.07485ξ2 + 0.5789ξ)];

ε0 = εcc + [1400+ 800 ⋅ ( fck − 20)/20]ξ
0.2 (με);

εcc = 1300+ 14.93 fck (με);

A = 2− k;B = 1− k;k = 0.1ξ0.745;

q = k/(0.2+ 0.1ξ);and

β = (2.36× 10−5)[0.25+(ξ−0.5)
7] ⋅ fck

2 × 5× 10−4.

For the lateral deformation coefficient of core concrete, the
suggested expression is as follows:

μc = 0.173
σc
σ0
≤ 0.55+ 0.25(

fck − 33.5
33.5 ), (8)

μc = 0.173+[0.7036(σc/σ0 − 0.4)
1.5( 20

fck
)] σc

σ0
> 0.55+ 0.25(

fck − 33.5
33.5 ). (9)

3.2 Results and analysis

A finite element analysis is conducted using ABAQUS software.
Both core concrete and steel tubes are simulated using the C3D8R
solid element. A reference point is set at the top and bottom,
respectively, and is connected to the corresponding surfaces through
a “coupling” boundary condition. The top reference point is used
for loading, and the bottom reference point is used for applying the
“rigid connection” boundary condition. The steel tube is connected
to the core concrete under a “tie” boundary condition. According to
the cube compression test of concrete specimens, the compressive
strength of plain concrete cubes is 51.4 MPa, while the compressive
strengths of concrete cubes after adding BF of lengths 12 mm and
24 mm are 61.5 MPa and 58.6 MPa, respectively. When calculating
the bearing capacity using the finite element method, the measured
compressive strength of the cube is used to calculate its constitutive
relationship.The yield strength of steel tubes is specified as 345 MPa.
The results of the stress nephogram of specimens at the peak load
stage are shown in Figure 10.

The comparison of the test average value, normative calculation
value, and finite element results of the bearing capacity of short
columns can be seen in Figure 11.

As can be seen from Figure 11, the finite element calculation
results of bearing capacity are relatively close to the measured
results, verifying the correctness and rationality of the latter.

FIGURE 10
Stress nephogram of specimens at the peak load stage (units: MPa). (A) CFST short column. (B) BFRC-filled steel tube short column.

Frontiers in Materials 09 frontiersin.org180

https://doi.org/10.3389/fmats.2023.1332269
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org/journals/materials#articles


Wang et al. 10.3389/fmats.2023.1332269

FIGURE 11
Comparison of bearing capacity results of short columns.

However, the normative calculation value of the bearing capacity
of BFRC-filled steel tube short columns is less than the test
average value by approximately 10%. The reason for the deviation
is that when using normative formulas to calculate the bearing
capacity of columns, the ultimate bearing capacity is directly
determined based on the equilibrium conditions of the component
in the ultimate state, without involving the constitutive relationship
of the material.

4 Conclusion

The axial compressive bearing capacity test of CFST short
columns was conducted, and the effect of BF on the mechanical
performance of the CFST short columns under axial compression
was investigated. The comparison of test results, normative
calculation results, and finite element results was made to prove
that the test results are reasonable. The following conclusions
are obtained:

1) The bearing capacity of BFRC-filled steel tube short columns
is greater than that of CFST short columns by approximately
8.1% on average. The bridging effect of BF can inhibit crack
development in the early stage of BFRC cracking, and the
bearing capacity of short columns will be enhanced. When
the load continues to increase, BFRC cracks will further
develop. Meanwhile, BF is pulled off or pulled out, which
causes the loss of the bridging effect. With the short column
deformation increasing, the steel tube under the constraints of
BFRC deformation plays a leading role gradually. Therefore,
compared to the fiber length, the steel ratio of CFST has a
greater effect on the mechanical properties of short columns.

2) BF has an effective influence on improving the ductility of
CFST short columns, and the ductility coefficient of BFRC-
filled steel tube short columns increases with an increase in the
fiber ratio, while changing the fiber length affects the ductility
coefficient insignificantly. After adding BF with a length of

12 mm, the ultimate bearing capacity of CFST short columns
with wall thicknesses of 4 mm, 5 mm, and 6 mm increased by
10.3%, 9.5%, and 7.2%, respectively, higher than that of CFST.

3) When axially compressed under the same conditions, the
plastic stage of BFRC-filled steel tube short columns appears
later than that of CFST columns, resulting in large deformation
at the peak load. The mixture with BF changes the plasticity of
CFST. At the ultimate bearing capacity, all short columns are
noted to have obviously bulged steel tubes and yield failure.

4) The bearing capacity of BFRC-filled steel tube short columns
calculated using the finite element method is in good
agreement with the test value, while the maximum difference
between the calculation results based on the limit equilibrium
method and test results is approximately 10%.

5) In this paper, the effect of BF on the behavior of CFST
short columns under axial compression is studied. Different
fiber lengths, fiber ratios, and steel tube wall thickness were
taken as variables, while BF diameter, steel tube section
shape, column slenderness ratio, and eccentricity were not
considered. The effects of these variables on BFRC-filled steel
tube columns will be further studied in the future. Meanwhile,
considering the anisotropy of concrete, the discreteness of
fiber, and the complex three-dimensional stress of CFST
structures, the constitutive relationship of BFRC will be
further studied.
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As one of the most innovative cement-based materials, ultra-high performance
concrete (UHPC), with excellent durability and mechanical properties, has
been widely used in strengthening existing bridges. In this study, in-situ four-
point bending tests were carried out to investigate the flexural behavior
of precast reinforced concrete (RC) hollow slab beams in service for 15
years strengthened with UHPC. Among them, three hollow slab beams were
strengthened with UHPC, and the interface treatment was chiseling, planting
rebars, and a combination of chiseling and planting rebars, respectively.
The remaining one without any strengthening treatment was used as the
control specimen. To evaluate the enhancement effect of different interface
treatments on UHPC-strengthened beams, the cracking load, ultimate load,
crack development and failure modes of UHPC-strengthened beams were
analyzed. Results indicated that the stiffness, deflection capacity and flexural
capacity of UHPC-strengthened beams was significantly improved. Meanwhile,
the stiffness of UHPC-strengthened beams in the pre-damage stage was
increased by 49%–94%, when compared with the unstrengthened beam.
Correspondingly, the ultimate flexural capacity was increased by 29%–38%. The
interface chiseling treatment was more favorable to enhance the deformation
capacity of UHPC-strengthened beams. The interface planting rebar treatment
was more favorable to enhancing the ductility of UHPC-strengthened beams.
The crack development was effectively suppressed by the interface chiseling
and planting rebars together. This contributes to a higher load capacity reserve
for UHPC-strengthened beams. The bearing capacity under serviceability limit
state of the UHPC-strengthened beams was increased by 1.25, 2, and 2.5 times
through the interface treatments of chiseling, planting rebars, and a combination
of both, respectively.

KEYWORDS

bridge engineering, UHPC strengthening, hollow slab beam, flexural capacity, interface
treatment
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1 Introduction

Precast reinforced concrete (RC) hollow slab beam bridges are
widely used in small and medium-span bridges in China. The
reason is that it has many advantages such as simple manufacturing,
convenient construction, low cost of engineering and easy large-
scale factory production. However, with the increase of service
life, as well as in the overloading, material aging, environmental
erosion, natural disasters and other coupling effects (Zhang et al.,
2019; Ren et al., 2023).The structural performance of a large number
of existing hollow slab beam bridge declined significantly, extremely
susceptible to safety accidents. Its safety performance is a priority
concern for bridge management and maintenance departments
(Zhou et al., 2023). Therefore, it is necessary to conduct an in-depth
study on the service performance and strengthening measures of
such bridge types.

Traditional strengthening methods of RC hollow slab beams
all have certain limitations. For example, the enlarged section
method reduces net clearance height and adds additional structural
self-weight (Zhang et al., 2022). The maintenance tasks for the
bonding steel plate strengthening method are heavy (Ciampa et al.,
2023). The fiber composite material bonding strengthening method
cannot overcome the brittle failure characteristics of the components
(Xun et al., 2022). Finally, the external prestressed strengthening
method has a complex construction process that significantly
impacts traffic (Li et al., 2018). Therefore, the development of
high-performance materials to strengthen existing RC hollow
slab beams will be one of the effective ways to solve the
above problems.

Based on compact microstructure and unique structural
components, ultra-high performance concrete (UHPC) possesses
outstanding mechanical properties, excellent toughness and
ductility, as well as exceptional durability (Li et al., 2020; Du et al.,
2021; Amran et al., 2022; Huang et al., 2022). Meanwhile, good
bonding properties are exhibited at the interface between the UHPC
and NC matrix (Feng et al., 2020; Tong et al., 2021; Yang et al.,
2023; Zhang et al., 2023). Expansion of microcracks within the
material can be significantly suppressed by the dispersed steel fibers
within the UHPC, thereby giving the structure ultra-high toughness
and ductility (Du et al., 2021; Zou et al., 2023a). Therefore, UHPC
has a promising application for application in bridge repair and
strengthening (Xue et al., 2020; Yang et al., 2022; Zou et al., 2023b;
Leng et al., 2023).

At present, scholars have conducted in-depth research on
the structural performance of beam bridges strengthening with
UHPC (Zhu et al., 2020). summarized the current state of research
on RC beams/slabs strengthened with UHPC, failure modes
of UHPC-RC structures under bending action influenced by
various parameters were identified (Zhang et al., 2022). proposed
a prestressing-UHPC strengthening technique based on model
tests, achieving efficient and durable strengthening protection of
damaged RC beams (Hou et al., 2019). found that macro-cracks in
concrete transformed into dense micro-cracks by using UHPC in
the tensile zone. The interfacial cracks hardly cause delamination
at the UHPC and RC interface (Prem et al., 2018; Li et al., 2021).
and carried out a series of studies on the flexural characteristics of
UHPC-NC composite beams under four-point bending by acoustic
emission technique. Research indicated that UHPC exhibited

high strength and plastic properties under bending, such as a
significant increase in load carrying capacity, a reduction in the
number and width of cracks, and a noticeable decrease in mid-
span deflection. Based on experimental studies and numerical
simulations (Zhu et al., 2021), discussed the effects of UHPC
thickness and reinforcement ratio within the UHPC layer on
the flexural response of pre-damaged RC beams. Results revealed
that the cracking load and ultimate bearing capacity improved,
with the increase of UHPC thickness and reinforcement ratio
within the UHPC layer. Gradually, UHPC has become an attractive
potential solution for enhancing the sustainability of existing
RC beams.

In summary, a large number of studies on the strengthening
measures of RC beams have been conducted by many scholars.
Nevertheless, the above series of studies are usually based on indoor
model tests or numerical simulations, failing to effectively and
realistically reflect the service performance of actual RC beams. To
overcome the shortcomings of existing research, the test beams in
this paper originated from prefabricated RC hollow-core slab beams
from a major highway in Heng County, Guangxi, China. The four-
point bending field experiments were conducted with the interface
treatment of chiseling, planting rebars and a combination of both
as test variables. The effect of interface treatments on the flexural
performance of existing RC beams strengthened with UHPC was
investigated in this study. Comparative analyses of load capacity,
load-displacement curves, stiffness and ductility coefficients of the
test beams were performed. Finally, efficient flexural measures for
actual RC beams strengthened with UHPC were proposed based on
the field tests.

2 Experimental program

2.1 Overview of test beams

The test beams came from a highway bridge along route G324
within Heng County, Guangxi, China. This bridge was put into
service in 2007 and has been in operation for 15 years. The
total length of the bridge is 114.00 m, with a width of 12.00 m.
The upper structure adopts prefab RC hollow slab beams of
15.98 m + 4 × 16.00 m + 15.98 m. The total span of the four test
beams is 15.96 m, with a beam height of 0.90 m and a bottom
plate width of 1.04 m. Notably, as the test beams were directly
removed from the original bridge, the beam height includes a
15 cm-thick asphalt concrete paving layer. The mid-span section
dimensions and strengthening details of the test beam are illustrated
in Figure 1.

Carbonization depths of the test beams was found to be 0.5
mm–1.0 mm by the appearance and material property inspection of
the original RC hollow slab beams. Multiple transverse cracks were
present in the bottom plate of the test beam, with a small number
of diagonal and vertical cracks on the web. The maximum crack
lengthwas 0.5 m,with amaximumwidth of 0.15 mm. Local concrete
protection had peeled off, exposing and corroding rebar, bridge
deck paving showed deformation, and expansion joints had failed
due to blockage. Moreover, diseases such as inter-slab seepage and
leakage were also observed. The load-bearing capacity and working
performance of the bridge structure seriously deteriorated under
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FIGURE 1
Mid-span section dimensions and strengthening details of the test
beam (units: cm).

the influence of these diseases. Thus, the technical condition of the
bridges was assessed at level 4.

2.2 Specimen description

To explore the flexural performance and crack distribution of
RC hollow slab beam bottom plate strengthened with UHPC under
load, four test beams were designed. Among them, one bare beam
received no strengthening and served as the control group. The
remaining three beams were strengthened with UHPC, all with a
strengthening thickness of 5 cm. The numbering and influencing
parameter settings of the test beams are shown in Table 1. To
enhance the flexural performance of the UHPC-RC composite
beams, the steel mesh was embedded into the UHPC layer. Details
of the steel mesh, planting rebar size, and interface treatment are
presented in Figure 2. The interface between UHPC and RC was
treated by chiseling, planting rebars and a combination of both,
respectively. Chiselingwas done bymeans ofmanual chiseling, while
planting rebars was done by locating the holes and subsequently
fixing the rebars using a planting adhesive. In this case, the interface

planting rebars are “L” type rebars and arranged in a plum blossom
pattern. The spacing of each row of rebars was 330 mm. The
implantation depth on the RC side was 6.5 cm, and on the UHPC
side, it was 2.5 cm.

Notes:

(1) Explanation of specimen numbering: “B” represents the
unstrengthened beam, “5”represents the thickness of the
UHPC strengthening layer, “U” stands for strengthening using
UHPC, “Ch” indicates that the interface treatment method
is chiseling, and “Pr” signifies that the interface treatment
method is planting rebars.

(2) Specifically, chiseling was carried out using a hand-held
percussion drill to randomly and irregularly chisel the surface
of the RC hollow slab bottom plate, with the roughness of the
chiseled specimens maintained in the range of 2–3 mm. The
outcome of the chiseling process is illustrated in Figure 2C.

2.3 Material properties

2.3.1 Normal concrete (NC)
Given that the test beam has been in service for 15 years, it is

extremely difficult to directly strip regular standard specimens from
the original girder bridge.Thus, after the flexural test was completed,
considering factors such as the geometric dimensions of the test
beam, the arrangement of rebar positions and maximum aggregate,
the method of core drilling was used to sample from the web of
the test beam at the beam end. Then, according to the “Standard
for test methods of concrete physical and mechanical properties”
(GB/T 50081–2019),material testingwas conducted on the concrete.
An overview of the material properties test of NC is shown in
Figure 3A. The results of the mechanical properties are shown
in Table 2.

2.3.2 UHPC
As the strengthening layer material, UHPC was a self-developed

early-strength dry mix developed by the team. Rapid early strength
development was observed, with an initial setting time of 6 h and a
final setting time of 14 h. Compressive strength exceeding 70 MPa
at 3 days and surpassing 120 MPa at 7 days was achieved. The
slump value reached 850 mm, and a self-compacting performance
rating of SF3 was attained, obviating the need for steam curing. The
mix proportions of UHPC are shown in Table 3. Among them, the
steel fiber in UHPC is 11 mm in length and 0.18 mm in diameter.
It has a tensile strength of 2,870 MPa and a modulus of elasticity

TABLE 1 Impact parameters of the test beams.

Specimen number Strengthening material Interface treatment Strengthening thickness

B - - -

5UB-Ch UHPC Chiseling 5 cm

5UB-Pr UHPC Planting rebars 5 cm

5UB-Ch + Pr UHPC Chiseling + planting rebars 5 cm
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FIGURE 2
Details of steel mesh, planting rebars and interface treatment in test beams (units: mm).

FIGURE 3
Mechanical properties test.

TABLE 2 Measured values of concrete material properties.

Material type Cubic compressive strength
(MPa)

Axial compressive strength
(MPa)

Modulus of elasticity (MPa)

Hollow Slab Concrete (C30) 66.8 53.4 3.5×104

of 200 GPa. The mechanical properties of UHPC were determined
according to the “ Reactive powder concrete” (GB/T 31387–2015),
standard. During the pouring of the UHPC strengthening layer,
the compressive strength was obtained by six cubic specimens with
dimensions of 100 × 100 × 100 mm forUHPC (Figure 3B). Six prism

specimens with dimensions of 100 × 100 × 300 mm for UHPC was
fabricated to obtain the axial compressive strength elastic modulus.
Meanwhile, six dog-bone-shaped UHPC specimens were reserved
for testing its tensile strength. The measured mechanical properties
of UHPC are shown in Table 4.
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TABLE 3 Mix proportions of UHPC.

Constituents Amount (kg/m3)

Cement 1,000

Silica fume 100

Fly ash 300

Basalt sand 1,100

Water 240

Superplasticizer 20

Steel fiber 170

2.3.3 Rebar
After the concrete in RC hollow slab beam cracked, the

concrete quit working. At this point the tensile force in the cracked
region of the RC hollow slab beam was mainly carried by the
steel rebars. Therefore, the analysis of the structural performance
of the flexural zone after cracking was closely related to the
constitutive relationship of the steel rebars. Two types of steel
rebars were used for RC hollow slab beams, namely, HRB300 and
HRB335. After the four-point bending test and concrete specimen
sampling were completed, the concrete in the bottom slab of
the unstrengthened hollow slab beams was chiseled away. Taking
into account the structural load characteristics, steel corrosion
conditions and concrete cover conditions, steel specimens were
selectively extracted from the least stressed locations at the ends of
the beams for tensile testing.

The HRB400 hot-rolled ribbed steel rebars was used for UHPC
strengthening layer of the test beams. The interface planting rebars
were 8 mm in diameter. The transverse and longitudinal rebars
in UHPC layer steel mesh were 8 mm and 10 mm in diameter,
respectively. The mechanical properties of the steel rebars were
tested in accordance with the standard “ Metallic materials -
Tensile testing - Part 1: Method of test at room temperature” (GB/T
228.1–2010). The mechanical performance indicators of the rebars
are presented in Table 5.

2.4 UHPC strengthening

The entire fabrication process of the test beams is depicted
in detail as shown in Figure 4. Firstly, as shown in Figure 4A,
the test beam bottom plate was carefully levelled and dusted
to ensure that the UHPC and RC interfaces were tighter and
better bonded together. This was extremely important step, as a
tight interfacial bond would substantially increase the durability
and bearing capacity of the test beams. Subsequently, holes were
drilled to locate the strengthened areas according to the predefined
strengthening design scheme, as shown in Figures 4B, C. Next, the
interface was treated as in Figure 4D, including chiseling, planting
rebars, and a combination of chiseling and planting rebars. In this
way, the bond between UHPC and RC was enhanced to further
improve the strength and stability of the test beams.

After the above steps were completed, the erection of the
steel mesh for the strengthening layer was installed as a means
of providing additional support. Formwork was then installed to
determine the thickness of the strengthening layer, as shown in
Figures 4E, F. Finally, the pouring of the UHPC was carried out and
the process and results are shown in Figures 4G, H. After theUHPC-
RC combination test beams have been naturally maintained for a
period of time, the four-point bending test can be carried out.

2.5 Loading and measurement

2.5.1 Loading scheme
The specific details of the experimental loading setup are

illustrated in Figure 5. The experimental loading system primarily
consists of anchor piles, a loading crossbeam, and hydraulic
jacks, among other components. To facilitate the deformation
measurement of the test beam, and adequately consider the space
of the experimental equipment, concrete bearing platforms were
designed at both ends of the beam. Rubber supports were placed
between the top of the platform and the bottom of the test beam
to simulate the effect of simple beam support.

The test beam was subjected to four-point bending loading,
with two hydraulic jacks synchronized for incremental loading. To
verify the proper functioning of the relevant measuring instruments

TABLE 4 Mechanical properties of UHPC.

Material type Cubic compressive strength (MPa) Tensile strength (MPa) Modulus of elasticity (MPa)

UHPC 142.5 7.0 4.2×104

TABLE 5 Mechanical property indicators of steel rebar.

Material Diameter/mm Yield strength/MPa Modulus of elasticity/MPa

Steel rebar

HRB300 14 335 2.0×104

HRB335 25 376 2.1×105

HRB400 8 435 2.2×104

HRB400 10 437 2.2×104
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FIGURE 4
Fabrication process of UHPC-RC test beams.

FIGURE 5
Loading device and measurement point arrangement.

and ensure good contact between different parts of the specimen,
the test beam was initially subjected to preloading. Additionally, to
ensure that the test beam experienced elastic loading, preventing
cracking and any form of residual loading, the preloading load
was approximately 20% of the ultimate load (Pu). After completing
the preloading and unloading, formal loading of the test beam

commenced. The formal loading was divided into two stages:
i) The first stage involved force loading, with an approximate
load increment of 40 kN for each level. Each level was held for
5 min to observe and record the test behavior. Loading proceeded
to the next level once the readings stabilized. ii) The second
stage was displacement loading, which was employed when the
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specimen exhibited significant cracks or reached approximately
60%Pu. Loadingwas discontinued if the concrete in the compression
zone of the test beam fractured, crushed, or if debonding occurred
at the interface between UHPC and RC.

2.5.2 Measurement point arrangement
The arrangement of measurement points on the test beam is

shown in Figure 5. i) Deflection measurements: A total of 10 linear
variable differential transformers (LVDTs) were installed, located at
the mid-span, at the loading point, and at the section corresponding
to the beam end supports. The LVDTs were placed in a symmetrical
manner along the span direction. Among these, LVDT displacement
sensors with a 50 cm range were used for measurements at the
mid-span and the two loading points, while LVDT displacement
sensors with a 5 cm range were employed at the support points.
ii) Strain measurements: In the vertical direction of the beam,
5 strain measurement points were evenly distributed along the
height at the mid-span section of the precast RC hollow slab beam.
Additionally, one strain measurement point was positioned at the
center of the UHPC strengthening layer, resulting in a total of
6 strain measurement points. During the entire loading process,
data from strain gauges and displacement sensors were recorded
automatically. Simultaneously, the complete failure process of the
specimen was documented using a camera.

To precisely measure crack width, crack distribution and strain
conditions during the loading process, the concrete hinge joints on
the side of the hollow slab beam were initially removed by chiseling.
Subsequently, the pure bending segment (3 m) of the test beams was
coated with white paint, a 10 cm × 10 cm grid was drawn. The crack
observation instrument and marker pen were used to meticulously

measure and record the positions, widths, and heights of cracks for
each load level step.

3 Experimental phenomena

3.1 Unstrengthened beam B

The failure mode and crack distribution of the unstrengthened
beam B) are illustrated in Figure 6. When loaded to 80 kN,
microcracks appeared on the bottom surface of the mid-span
section, with a crack width of 0.143 mm. Upon reaching 160 kN,
multiple microcracks developed on the bottom surface, and
microcracks at the mid-span section extended horizontally across
the bottom plate. At this point, the maximum crack width on the
bottom plate reached 0.211 mm, indicating the beam had reached
its serviceability limit state. As the load increased to 240 kN, the
bottom plate cracks gradually propagated upward along the web,
with the maximum bottom plate crack width reaching 0.374 mm
and the web’s maximum crack width reaching 0.407 mm. With
further load increments, the web cracks continued to propagate
upward, both in width and in quantity. When the load reached
400 kN, the maximum crack width reached 1.073 mm. As the load
increased to 560 kN, the primary crack at the bottom platemid-span
rapidly expanded and extended diagonally towards theweb, forming
multiple diagonal cracks with amaximumwidth of 1.886 mm.Upon
reaching the yield load of 620 kN, the web cracks branched out
in a dendritic pattern, gradually extending to the top plate of the
test beam. The load increase slowed down, and at this point, the
maximum crack width reached 2.13 mm. When the load reached
the ultimate load of 680 kN, concrete spalling occurred at the

FIGURE 6
The failure mode of B beam.
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mid-span of the bottom plate, exposing the reinforcement, and
the test beam lost its load-bearing capacity. The compressed zone
concrete remained uncracked.

3.2 Strengthening beam (5UB-Ch)

Compared to the B beam, the bottom plate of the 5UB-Ch beam
was strengthened using 5 cm of UHPC, with chiseling treatment
applied at the interface. After strengtheningwithUHPC, the flexural
stiffness of the hollow slab beam increased. When loaded to 200 kN,
a crack of 0.069 mm was found in the bottom plate of the mid-
span section. When the load reached 240 kN, multiple micro-cracks
appeared in the bottom plate and UHPC layer, with the maximum
crack width being 0.167 mm. At the load of 480 kN, the cracks in
the bottom plate extended to the web. The maximum crack widths
in the bottom plate and UHPC layer were 0.194 mm, whereas, in the
web, it measured up to 0.209 mm. At this point, the 5UB-Ch beam
had reached its serviceability limit state.

As the load continued to increase, several vertical cracks
appeared on the web, gradually extending to the top plate. The
number and width of the cracks in the bottom plate increased,
while evenly distributedmicro-cracks developed in the UHPC layer.
When the load reached the yield load of 720 kN, the maximum
crack widths in the web and the bottom plate were 1.528 mm
and 0.306 mm, respectively. Upon loading to 800 kN, the crack
width in the bottom plate’s mid-span section dramatically increased
and quickly evolved into two main cracks, with the maximum
crack width becoming 2.185 mm. When the load reached 840 kN,
the structure lost its load-bearing capacity. No delamination was
observed at the UHPC layer and RC interface. The failure mode and
crack distribution of the 5UB-Ch beam are shown in Figure 7.

3.3 Strengthening beam (5UB-Pr)

The failure mode and crack distribution of the 5UB-Pr beam are
shown in Figure 8. The 5UB-Pr beams had the same strengthening
parameters as the 5UB-Chbeams, except that the interface treatment
was planting rebars. Upon loading to 240 kN, three micro-cracks
were observed in the bottom plate with a maximum crack width of
0.097 mm. When the load was increased to 320 kN, the number of
cracks in the bottom plate grew and gradually extended to the web.
Also some crackswere observed in theUHPC layerwith amaximum
crack width of 0.167 mm. At a load of 480 kN, the 5UB-Pr beam
reached its serviceability limit state, with the maximum crack width
of 0.203 mm.

As the load continued to increase, numerous evenly distributed
minute cracks appeared in the UHPC layer, and several vertical
cracks formed on the web and extended towards the top plate.When
the load reached the yield load of 760 kN, the vertical cracks in the
web developed in a tree-branch manner, extending upwards to the
top of the test beam, with a maximum crack width of 0.986 mm.
When the load reached 920 kN, the tension reinforcement of
the 5UB-Pr beam yielded, and the structure lost its load-bearing
capacity. However, the UHPC layer remained well-adhered to the
RC beam, with no signs of separation.

3.4 Strengthening beam (5UB-Ch + Pr)

Figure 9 illustrates the failure mode of the 5UB-Ch + Pr beam
under bending load. In the initial stage of loading, no cracks were
visible on the surface of the test beam. Upon loading to 240 kN,
three minor cracks appeared at the base of the hollow slab beam,
with a maximum crack width of 0.083 mm. When the load reached

FIGURE 7
The failure mode of 5UB-Ch beam.
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FIGURE 8
The failure mode of 5UB-Pr beam.

FIGURE 9
The failure mode of 5UB-Ch + Pr beam.

360 kN, the micro-cracks in the bottom plate of the hollow slab
beam gradually extended upwards, and a few minor cracks emerged
in the UHPC layer. At this point, the maximum crack widths were
0.111 mm in the web, 0.162 mm in the bottom plate. Upon loading

to 600 kN, the cracks in the web continued to extend upwards, with
maximum crack widths of 0.218 mm in the bottom plate, 0.181 mm
in the web, and 0.132 mm in the UHPC layer. The 5UB-Ch + Pr test
beam had reached its serviceability limit state.
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FIGURE 10
Load-displacement curves for mid-span sections.

As the load continued to increase, several vertical cracks
developed on the web and extended gradually towards the top of
the test beam in a tree-branch pattern. The number and width
of the cracks in the bottom plate increased, while numerous
evenly distributed micro-cracks appeared in the UHPC layer. Upon
reaching the yield load of 820 kN, the maximum crack width
was 0.958 mm for the web and 1.106 mm for the bottom plate,
and the web cracks had developed to the top of the hollow
slab beam. When the load reached 940 kN, the structure lost its
load-bearing capacity. At this point, the UHPC layer was well-
adhered to the bottom plate of the RC beam, with no signs of
delamination detected.

4 Results and discussion

4.1 Load-displacement curves

The actual mid-span deflection of the test beam before and
after strengthening was calculated based on the mid-span vertical
displacement and support settlement. The load-deflection curve
for the mid-span section of the unstrengthened beam and UHPC
strengthened beams are shown in Figure 10. From Figure 10, it was
evident that the failure process of the test beam under four-point
bending was divided into four stages: i) Elastic stage: Initially, the
behavior of the test beam was similar to that of a homogeneous
elastic body. The mid-span deflection increased linearly with the
increasing load. The load was shared by the tensioned concrete,
tensioned steel rebar, and theUHPC strengthening layer. ii) Cracked
working stage: After a decrease in the slope of the load-displacement
curve, it stabilized. During this stage, cracks appeared on the bottom
plate of the test beam and the UHPC strengthening layer. Some of
the concrete in the tension zone stopped working and the stiffness of
the member was decreased. The load was mainly supported by the

FIGURE 11
Bearing capacity index of test beams with different interface
treatments.

tensioned steel rebar and the UHPC strengthening layer until the
steel rebar yielded. iii) Strengthening stage: The load-displacement
curve exhibited a nonlinear behavior, with the curvature accelerating
with increasing deflection. As the tensioned steel rebar yielded,
the load was primarily supported by the strengthening material
UHPC and the steel mesh within the strengthening layer. iv) Failure
stage: The UHPC layer strengthening failed and the stiffness of
the test beams decreased significantly. The member lost its load-
bearing capacity, and the load decreases as the deflection increased.
The points of transition between these four stages (curve inflection
points) are the cracking load (Pcr), yield load (Py), and ultimate load
(Pu) of the test beam.
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TABLE 6 The magnitude of improvement in load capacity with different interface treatments.

Interface treatment Cracking load (%) Yield load (%) Ultimate load (%)

Chiseling 43 19 29

Planting rebars 71 23 35

Chiseling + planting rebars 71 32 38

Throughout the loading process, the mid-span deflection of all
four beams increased in response to the increasing load. It was
evident that under equivalent load levels, significantly reduced mid-
span deflection was exhibited by the UHPC-strengthened beam
compared to the unstrengthened beam B). The effectiveness of
UHPC strengthening in controlling the mid-span deflection of
hollow slab beams has been confirmed by this observation.

4.2 Load capacity analysis

Due to the existence of pre-existing cracks in the in-service
hollow slab beams, their cracking behavior is characterized by
the appearance of new cracks and the extension of existing ones.
Figure 11 displays various load-bearing indicators of the test beams,
revealing different effects on the load-bearing capacity of the beams
under various interface treatment methods. Compared with the
unstrengthened beam, the performance of UHPC-strengthened
beams was noticeable improved. These improvements in three
different stages of loading were observed: cracking load, yield load,
and ultimate load. The cracking load of UHPC-strengthened beams
increased by 43%–71% as compared to the unstrengthened beam.
Similarly, the yield load increased by 19%–32%, and the ultimate
load increased by 29%–38%. Comparing and analyzing the load-
bearing indicators of the four test beams, the interface treatment
method has the most significant effect on the enhancement of
the cracking resistance of the UHPC-strengthened beams. The
enhancement occurred primarily due to two factors. The first
factor was that larger moments of inertia were obtained by
increasing the cross-section height. The second factor was that
the strengthened beams were subjected to greater tensile stresses
before cracking due to the high tensile strength of the UHPC.
This phenomenon demonstrated the strengthening and toughening
effect of UHPC.

The load-bearing capacity of 5UB-Ch + Pr beam was
significantly increased as compared to 5UB-Ch and 5UB-Pr beams.
The cracking load, yield load and ultimate load of 5UB-Ch +
Pr beam were increased by 71%, 32% and 38%, respectively,
compared to B beam. The formation of frictional interlocking at the
UHPC-RC interface was facilitated by chiseling treatment, thereby
enhancing the bond strength. Planting rebars provides an effective
“bridging effect” for the interface through dowel action and drawing
action. When there are small cracks in the material, the fibers act
as a bridge, connecting the two sides of the crack, thus preventing
the crack from progressing. Additionally, when the bottom of the
test beam (in the tensile zone) was strengthened with UHPC, the
concrete substrate was placed in the compressive zone. The full

FIGURE 12
Test beam load-maximum crack width curve.

FIGURE 13
Stiffness and ductility coefficients of test beams with different
interface treatments.

potential of the tensile strength of UHPC and the compressive
strength of concrete can be utilized with this flexural load. It helps
to seal existing cracks at the bottom of the concrete, increasing the
durability of the beams. The magnitude of improvement in load
capacity by UHPC strengthening with different interface treatments
was compared in Table 6.
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TABLE 7 The magnitude of improvement in stiffness and ductility with different interface treatments.

Interface treatment Stiffness at pre-cracking stage (%) Stiffness at pre-failure stage (%) Structural ductility (%)

Chiseling 49 91 8

Planting rebars 41 49 35

Chiseling + planting rebars 65 94 44

4.3 Crack width analysis

Figure 12 presents the variation curve of the main crack width
of the test beams under four-point bending. According to the
“Specifications for Design of Highway Reinforced Concrete and
Prestressed Concrete Bridges and Culverts” (JTG 3362–2018), the
maximum allowable crack width for RC structures is limited to
0.2 mm.Under this crackwidth limitation, the load-bearing capacity
of the unstrengthened beam was 160 kN. For the 5UB-Ch beam
with chiseling treatment, the load capacity was 360 kN, which was
increased 1.25 times in load-bearing capacity. The 5UB-Pr beam
with interface treatment of planting rebars had a load of 480 kN,
which was increased 2 times in load carrying capacity. The 5UB-
Ch + Pr beam with interface treatment of planting rebars had a load
of 560 kN, which was increased 2.5 times. Results showed that in
case of smaller crack width, higher load-bearing capacity of UHPC
strengthened beams was obtained as compared to unstrengthened
beams. Additionally, at the same applied load, the crack widths
of 5UB-Pr and 5UB-Ch + Pr beams were reduced compared to
5UB-Ch beam. The change in crack width became more evident
as the load value increased. In comparison to 5UB-Ro beam,
crack suppression was found to be more significant in 5UB-Pr and
5UB-Ro + Pr beams.

4.4 Stiffness and ductility analysis

In this study, the flexural stiffness of the test beams is defined
by the slopes of the curves in three loading stages: the pre-cracking
stage stiffness (Kcr), the pre-yield stage stiffness (Ky), and the pre-
failure stage stiffness (Ku). Additionally, the displacement ductility
coefficient is employed to assess the ductility performance of the
test beams. This coefficient represents the ratio of the vertical
displacement at the midspan under the yield load to the vertical
displacement at the midspan under the ultimate load.

Figure 13 presents the stiffness and ductility coefficients of the
test beams at different loading stages. It can be observed that the
stiffness was highest in the pre-cracking stage. Compared to the B
beam, the stiffness of the 5UB-Ch beam, 5UB-Pr beam, and 5UB-
Ch + Pr beam increased by 50%, 41%, and 65%, respectively, in
this stage. However, UHPC contributes significantly to the stiffness
improvement of hollow slab beam in the failure stage. The stiffness
of 5UB-Ch beam, 5UB-Pr beam, and 5UB-Ch + Pr beam increased
by 91%, 49%, and 94%, respectively, compared to the B beam. The
interface treatment methods have minimal impact on the stiffness
of the test beams in the pre-yield stage. Additionally, using UHPC
for strengthening significantly improved the ductility of the test

beams. The ductility coefficients of 5UB-Ch beam, 5UB-Pr beam,
and 5UB-Ch+Pr beam increased by 8%, 36%, and 44%, respectively,
compared to the unstrengthened beam.

In addition, the stiffness of the 5UB-Ch beam is 6.4%, 5.2%, and
28.8% higher than that of the 5UB-Pr beam in the respective stages.
However, the ductility index of the 5UB-Ch beam is lower than that
of the 5UB-Pr beam. These results indicate that chiseling is more
favorable for enhancing structural stiffness, while planting rebars
is more advantageous for improving structural ductility. The effect
of UHPC strengthening on stiffness and ductility with different
interface treatments was compared in Table 7.

5 Conclusion

The following conclusions can be drawn from this research:

■ The failure mode of the unstrengthened beam was
characterized by concrete spalling in the tension zone and
exposed of steel rebars. In contrast, the UHPC-strengthened
beam exhibited a flexural failure mode. Throughout the
loading process, the interface between the UHPC and the
bottom plate of the RC hollow slab beam was well bonded and
no peeling occurred. Uniformly distributed, dense and subtle
cracks appeared in the UHPC strengthened layer. Vertical
cracks with dendritic development extending to the top slab
appeared in the web, and the crack width of the web cracks was
larger than the cracks in the UHPC layer.

■ Under different interface treatment methods, UHPC-RC
beams exhibited various degrees of improvement in flexural
load-carrying capacity. Compared to the unstrengthened
beam, the cracking load of 5UB-Ch beam increased by 43%,
5UB-Pr beam by 71%, and 5UB-Ch + Pr beam by 71%. The
yield load increased by 19% for 5UB-Ch, 23% for 5UB-Pr, and
32% for 5UB-Ch + Pr. The ultimate load increased by 29% for
5UB-Ch, 35% for 5UB-Pr, and 38% for 5UB-Ch + Pr.

■ The concrete substrate was in the compression zone when
UHPC was used to strengthen the service hollow slab beams
in the tensile zone. This gave full potential to the super strong
tensile strength of the UHPC and the compressive strength of
the concrete, resulting in good crack control.

■ The interface bond strength between the UHPC layer and
the RC layer was strengthened by using three interfacial
treatments: chiseling, planting rebars, and a combination of
the two. Crack development in the test beams was effectively
inhibited by a combination of chiseling and planting rebars.
This measure allowed the interface to have an effective
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“bridging effect”, providing the structure with a higher bearing
capacity reserve.

■ Compared to the unstrengthened beams, the stiffness of
UHPC-RC beams increased by 41%–65% and 49%–94% in the
pre-cracking and pre-failure stages, respectively. During the
pre-failure stage, UHPC played a significant role in increasing
the stiffness, whereas a slight decrease in stiffness is observed
during the pre-yield stage. At the same time, after UHPC
strengthening, the structural ductility increased by 8%–44%.

To comprehensively assess the performance of structural
strengthening, it is necessary to conduct further experimental
and numerical analyses beyond the variables studied thus far.
These additional analyses will explore the impact of critical
parameters such as surface roughness, the depth of planting
rebar, and the thickness of strengthening layers. Furthermore,
environmental factors that can erode or age the strengthening must
be taken into account. This requires in-depth scientific research to
investigate these durability factors, ultimately ensuring the enduring
effectiveness of the strengthening.
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Hazard evaluation of concrete dam fractures is vital for safe operations. The
width (S1), length (S2), and depth (S3) of fractures are adopted as the assessment
index, and the game theory combination weighting-normal cloud model is
introduced. The normal cloud model of certain dam fractures is subsequently
established. The weight coefficients of each index are calculated using game
theory combination weighting, and the certainty degree of each index is
determined using the cloudmodel. Finally, the hazard levels of the concrete dam
fractures are judged. The proposed model solves the fuzziness and randomness
of different indexes; the conclusions demonstrate that the model is feasible for
the hazard assessment of concrete dam fractures, and its accuracy is very high;
therefore, a new approach can be provided for future hazard-level assessments
of concrete dam fractures.

KEYWORDS

level evaluation, concrete dam fracture, game theory, combination weighting method,
normal cloud model

1 Introduction

Cracks are common in the operation of concrete dams, and their appearance has become
a hidden danger to the safety of dam operations (Gu and Wu, 2019; Gu et al., 2021a). For
timely action, the damage assessment of cracks investigates their influence on dam safety
operations and engineering benefits. For example, the gravity arch dam in Longyangxia,
China, has 35 cracks. Nine of the cracks are within the range of 10–30 m in length and
0.3–1.6 mm in surface width. These pose a safety hazard to the dam, so accurately assessing
concrete dam fractures has great practical significance. As some uncertainties exist between
the quantitative monitoring values and qualitative indicators, fracture evaluation is fuzzy
and random (Gu et al., 2021b; Gu et al., 2021c). Therefore, accurately assessing concrete
dam fractures has become a hot topic.

Many researchers have adopted methods to accurately assess the hazard grade of
concrete dam fractures (Zhou et al., 2016; GuWu and Ma, 2022). For example, Zhang et al.
considered the influence of cracks on the structure and durability of dams (ZHANG et al.,
2022). The comprehensive evaluation of the entire serviceability of concrete dams was
performed using evidence theory in conjunction with the displacement and stress
conditions. Lu et al. (Lu et al., 2012) used variable fuzzy sets and extenics to verify
damage from structural cracks in concrete dams. Zhang et al. (Zhang and Yang, 2018)
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developed a cloud matter-element model for the fuzzy attribution
of rank evaluation. The damage level of cracks is determined
based on the maximum membership degree criterion. Feng et al.
(Xue-hui, 2015) established the cloud-entropy weight model due
to many factors, such as dam deformation and seepage. Zhou
et al. (Zhou et al., 2008) analyzed the nature of the cloud model
and discussed the comprehensive evaluation method for dam
operational behaviors in conjunctionwithmethods to determine the
subjective, objective, and comprehensive weights of the evaluation
indexes. Zhao et al. (Zhao and Liu, 2005) applied evidence theory
to dam safety monitoring and proved the method’s effectiveness.
A dam surface crack detection algorithm based on adaptive region
growth and local K-means clustering is proposed by Zou et al.
(Zou et al., 2023); at present, CNN convolutional neural network
method (Zhang et al., 2023) has also been applied in the field of
concrete structure crack detection.

Although these methods promote the development of concrete
dam fractures, they still require improvements (Gu et al., 2019;
Gu et al., 2022a) due to complex calculation processes, low
efficiency, etc. The game theory combination weighting method
overcomes these insufficiencies by assessing the hazard grade
of concrete dam fractures. The technique applies a game theory
combination to determine the weights of each evaluation index. The
normal cloud method then calculates the certainty and uncertainty
degrees of each index. Finally, a fundamental synthetic matrix of
a certain degree is constructed to determine the hazard level of
concrete dam fractures.

The paper is organized as follows. Section 2 introduces the
theory and methodology based on game theory combination
weighting. Section 3 provides an engineering example of concrete
dam fractures and analyzes the results. Section 4 draws conclusions.

2 Methodology

2.1 Combination weighting method

The standard weight calculation methods are divided into
subjective, objective, and combination weights. Combination
weighting is most common where two or three kinds of subjective
and objective weights are combined to get the comprehensive
weight. This process reduces errors caused by a single method
(Klauer et al., 2012; Gu et al., 2022b). This study applies the entropy
weight method and criteria importance through the inter-criteria
correlation (CRITIC) method to calculate the index weights. The
combination weights are obtained using game theory.

2.1.1 Entropy method
The entropy weight method is an objective approach to

determining the weight coefficients based on the different degrees
of information utility values for each evaluation index (Zhou et al.,
2015; Chen and Zhou, 2019). This approach reflects the discreteness
degree among index data. Its calculative process is given as follows:

① Construct the original matrix of the assessment index X

Assuming there are m evaluation indexes and n evaluation
objects. Then, xij is the corresponding value of the ith assessment

index at the jth assessment object. Its origin assessment matrix can
be expressed as:

X = (xij)m×n(i = 1,2, ...,m; j = 1,2, ...,n) (1)

② Normalization and forward processing

Various types of indicators and dimensional differences make
it necessary to rule out the associated impacts, and dimensionless
processing of each index is required. These are expressed as:

Y = (yij)(i =)1,2, ...,m, j = 1,2, ....,n) (2)

The positive indicators are:

yn =
xij − min(xij)

max(xij) − min(xij)
(3)

The negative indicators are:

yn =
max(xij) − xij

max(xij) − min(xij)
(4)

where yij is the standard value of the ith assessment index at the jth
assessment object.

③ Calculating information entropy of the ith assessment index
(Gu and Wu, 2016)

hi =
1

ln n

n

∑
j=1

eij ln eij (5)

eij =
yij
n

∑
j=1

yij

(6)

④ Calculation of weights ω1i

ω1i =
1− hi

m−
m

∑
i=1

hi

(7)

where 0 < ωi1i ≤ 1,
m
∑
i=1

ω1i = 1, i = 1,2, ...,m.

2.1.2 The CRITIC method
CRITIC is an objective weighting method proposed by

Diakoulaki (ZHOU et al., 2017) that synthetically measures the
index weight by calculating variability and conflicts of the index. Its
calculative procedure is given as follows:

① There are m estimated objects and n assessment indexes
assumed. These construct the matrix A = (aij)m×n, where
i = 1,2, ...,m; j = 1,2, ...,n.
② ThematrixA is standardized based on the Z-scoremethod and

is expressed as:

a∗ij =
aij − aj
sj
(i = 1,2, ...,m; j = 1,2, ...,b) (8)

where aj =
1
a

m
∑
i=1

aij, sj =
√

m
∑
i=1
(aij−aj)

a−1
, and aj and sj are the mean value

and standard deviation of the jth assessment index, respectively.
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FIGURE 1
Location of the survey area.

FIGURE 2
Layout of the concrete dam.

③ Calculate the coefficient of variation for different indexes as:

BYj =
sj
aj
(j = 1,2, ...n) (9)

where BYj is the variation coefficient of the jth index.

④ The coefficients of the correlation are calculated based on
the standardization matrix A∗ . Their expressions are given
as X = (rkl)n×n(k = 1,2, ...,n, l = 1,2, ...,b), where rkl are the
coefficients of correlation between the kth and lth indexes, and:

rkl =

m

∑
i=1
(aik − ak)(ail − al)

√
m

∑
i=1
(aik − ak)

2√
m

∑
l=1
(al − al)

2

(rkl = rlk;k = 1,2,⋯,m, l = 1,2,⋯,m)

(10)

where aik and ail are the standard value ofmeasured values at the kth
and lth indexes for the ith assessment object in the standardization

TABLE 1 Information on the fractures.

Number Dam block State

S1/mm S2/m S3/m

1 1# 0.175 8.7 1.2

2 2# 0.25 8 2.1

3 3# 0.15 4.4 0.5

4 4# 0.1 6 2.4

5 5# 0.15 11.5 0.6

6 6# 0.1 2 2.55

7 7# 0.2 3.2 1.52

8 8# 0.16 6.5 0.9

9 9# 0.25 7.1 1.2

10 10# 0.11 5.6 1.5

TABLE 2 Classification for fracture hazards.

Risk rank I II III IV

S1/mm [0 0.2] [0.2 0.3] [0.3 0.5] [0.5 3]

S2/m [0 3] [3 5] [5 10] [10 15]

S3/m [0 0.3] [0.3 1] Gu et al. (2022a) [5 10]

matrix A∗ , respectively. The ak and al are the mean of the standard
value of the measured values at the kth and lth indexes in the
standardization matrix A∗ , respectively.

⑤ Calculate the quantitative coefficient about the degree of
independence for different assessment indexes. Its expression
is (Zhao et al., 2021):

ηj =
n

∑
k=1
(1− |rkj|)(j = 1,2, ...,n) (11)

⑥ Quantitative coefficients of the comprehensive information
and the degree of independence of each index are solved as:

Cj = BYj

n

∑
k=1
(1− rkj)(j = 1,2, ...,n) (12)

⑦ Determination of the weight of each evaluation index can be
expressed as:

ωj =
Cj
n

∑
j=1

Cj

(j = 1,2, ...,n) (13)
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FIGURE 3
Flowchart of the assessment frame.

2.1.3 Combination weighting method of game
theory

Based on game theory, the combination weight ω is obtained by
combining the entropy weight and CRITIC methods. Its procedure
is correlated as follows (B Zhang et al., 2018):

① The weight sets ω1 and ω2 are obtained by the entropy weight
andCRITICmethods. It is assumed that a1 and a2 are the linear
combination coefficients. Then, the weight sets ω1 and ω2 can
be linearized as:

ω = a1ω
T
1 + a2ω

T
2 (14)

② According to game theory, the linear combination coefficients
a1 and a2 in Formula (10) are optimized and expressed as:

min ‖akω
T
k −ωk‖

2(k = 1,2) (15)

③ According to the differential properties of thematrix, the linear
differential equation group for optimizing the first derivative
condition of formula (15) is:

[

[

ω1ω
T
1 ω1ω

T
2

ω2ω
T
1 ω2ω

T
2

]

]
= [

[

ω1ω
T
1

ω2ω
T
2

]

]
(16)

④ The optimal combination coefficients a1 and a2 are
obtained via Formula (16). The normalization process
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TABLE 3 Digital features of the cloud model.

Level I II III IV

The digital feature Ex En He Ex En He Ex En He Ex En He

S1 0.1 0.0333 0.01 0.25 0.0167 0.01 0.4 0.0333 0.01 1.75 0.4167 0.01

S2 1.5 0.5 0.01 4 0.3333 0.01 7.5 0.8333 0.01 12.5 0.8333 0.01

S3 0.15 0.05 0.01 0.65 0.1167 0.01 3 0.6667 0.01 7.5 0.8333 0.01

is obtained as a∗1 =
a1
(a1+a2)

and a∗2 =
a2
(a1+a2)

. Then, based
on game theory, the comprehensive weight ω can be
obtained as:

ω = a∗1 ω
T
1 + a
∗
2 ω

T
2 (17)

2.2 Normal cloud model

The cloud model is defined as x,E,D, which is assumed to
be a common quantitative set. The E is the domain, where x ∈ E,
and D is the qualitative conception in the domain E. For the
random research object x, a random number exists with a stable
tendency u(x) ∈ [0,1]. Then, u(x) is called the membership degree
of x corresponding to D or the definitive degree. The distribution of
the definitive degree in the domainE is called themembership cloud.
If x meets x ∼ N(Ex,En,2), and En, ∼ N(En,He2), and u(x) can be
expressed as:

u(x) = exp[−
(x−Ex)2

2En,2
] (18)

where the distribution definitive degree u(x) in the domain E is
called the normal cloud or Gauss cloud.The expectation Ex, entropy
En, and hyperentropy He are applied to represent digital features in
the cloud model.

The Ex represents the point of a particular conception in the
domain, En reflects the accepting range of the conception, and
He demonstrates the uncertainty of the entropy with a magnitude
reflecting the thickness of the cloud drop. These values are
expressed as:

Ex = c
+ + c−

2
(19)

En = c
+ − c−

6
(20)

He = k1 (21)

where c+ and c− are the upper and lower bounds corresponding
to the grade standard of the specific index, respectively. The
hyperentropy He can select a proper constant k, set as 0.01 in the
investigation.

3 Engineering example

3.1 Engineering background

The dam is located in Tianer County, Guangxi Province, China
(Figure 1), and is a roller-compacted concrete gravity dam. All parts
of the dam body with roller-compacted concrete conditions are
roller-compacted concrete, while the others are standard concrete
(Figure 2). The height of the dam body is 178 m, the maximum
bottom width is 80 m, and the elevation of the dam top is 2160 m.
As the dam began to operate, as many as 35 cracks appeared in
the downstream surface. Most cracks are horizontal and distributed
primarily at 2510–2570 m and few cracks or no obvious features
are at other positions. The influence of these cracks on the dam’s
strength, stability, and safe operations is of great concern. So, 10
typical fractures were selected for evaluation. Their monitoring data
are shown in Table 1.

4 Established assessment model

4.1 Constructed index system

Many factors affect the occurrence of concrete dam fractures;
three evaluation indexes (width (S1), length (S2), and depth (S3) of
fracture) are selected as the assessments to simplify the calculations.
According to the relevant references (Zhou et al., 2012), the three
evaluation indexes are classified into four levels in Table 2. These are
level I (slight), level II (common), level III (serious), and level IV
(very serious).

4.2 Constructed evaluation frame

A flowchart of the assessment frame is plotted in Figure 3. Its
calculative process is listed as follows:

1) Determining the evaluation index and corresponding
classification.

2) Determining theweighting coefficients using the gamemethod
according to Eqs 1–17.

3) The characteristic parameters Ex, En, and He in the cloud
model are calculated based on Eqs 19–21.
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FIGURE 4
Cloud of each assessment index: (A) The width of fracture S1 (B) The length of fracture S2 (C) The depth of fracture S3.

4) Determining the membership degree of each assessment
index when the characteristic parameters are instituted
into Eq. 18.

5) The synthetic membership degree M of each level for different
samples can be calculated according to Eq. 19.

M =
n

∑
i=1

uiωi (22)

6) The level corresponding to the maximum synthetic
membership degree is determined as the final
risk grade.
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TABLE 4 Predicted results of the concrete dam fracture.

Sample No The level of concrete dam fracture Comprehensive
assessment

I II III IV

1 0.0209 0 0.1385 0 III

2 0 0.326 0.4375 0 III

3 0.0867 0.3385 0 0 II

4 0.2633 0 0.3385 0 III

5 0.0853 0.3747 0 0.1587 Ⅱ

6 0.461 0 0.327 0 I

7 0.0029 0.0213 0.035 0 III

8 0.0519 0.0414 0.1587 0 III

9 0 0.2633 0.3013 0 III

10 0.2517 0 0.0569 0 I

FIGURE 5
The comparison results of the three methods.

4.3 Determining index weight coefficients

1) Calculations of the weight coefficient ω1 based on the
entropy method.

According to Eqs 1–7 and in conjunction with Table 1, the
corresponding weight coefficient can be calculated as:

ω1 = [0.1993 0.3561 0.4446]

2) Calculation of weight coefficient ω2 based on the
CRITIC method

Based on Eqs 8–10 and in conjunction with Table 1, the
coefficients of correlation can be obtained as:

r =
[[[[

[

1 0.3008 0.2026

0.3008 1 0.4328

0.2026 0.4328 1

]]]]

]

According to Eq. 11, the standard deviation of different columns
is obtained as:

η = (0.37 0.2907 0.3485)
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Similarly, Eqs 12, 13 calculate the weights of each
evaluation index as:

ω2 = (0.3962 0.2636 0.3403)

4) Calculation of combination weights.

Based on Eqs 14–17 and in conjunction with the weight sets ω1
and ω2, the combination weight ω is obtained as:

ω = (0.2633 0.326 0.4107)

4.4 Determination of digital features in the
normal cloud model

The classification standard of the normal cloud about seismic
slopes is depicted in Table 3 based on Table 2 and in conjunction
with Eqs 19–22.The characters of the cloudmodel corresponding to
different indexes are calculated using the forward cloud generator,
as plotted in Figure 4. The horizontal coordinates provide the
magnitude of different variables. The vertical coordinates present
the magnitude of the certainty degree. The sub-figure in Figure 4
includes four grades: I, II, III, and IV. The certainty degree of
a given point at the state grade can be obtained when a certain
variable is fixed.

The game theory combination weighting-normal cloud model
is applied to evaluate the concrete dam fractures. The assessment
results are depicted in Table 4. The hazard grade of the concrete
dam fracture from Nos. 1–10 samples differ. The hazard level
of concrete dam fractures at Nos. 1, 2, 4, 7, 8, and 9 samples
is III and at Nos. 3s and 5 samples is I, and the remaining
is I. Thus, the hazard level of the concrete dam fracture in
most samples is significant, accounting for 60%. The remaining
samples are light or common, accounting for 40%. So, necessary
consolidation measurements should be taken for the Nos. 1, 2,
4, 7, 8, and 9 samples to prevent the concrete dam hazards. For
example, grouting cracks could be performed.The other samples are
considered safe.

The comparative results of the assessment model in Figure 5
indicate that the proposed method is consistent with the
investigations for 10 different samples. Its accuracy reaches 100%,
greater than the results from the Gray clustering method (80%)
(LIANG et al., 2020). Therefore, estimating concrete dam fractures
using the game theory combination weighting-normal cloud model
is feasible. The proposed approach provides additional details for
assessing concrete dam fractures. For example, the fracture length
for the No. 5 sample is 11.5, belonging to level IV based on data
in Table 2. In addition, the reliability distributions of the other
indicators obtained using the proposed model belong to level III,
indicating that the hazard level probability of the No. 5 sample
at level III is greater than levels I, II, and IV. As a result, the
hazard grade of the No. 5 sample is level III. Its hazard level is
more likely to be level III than that of the No. 2 sample as the
certain degree (0.3747) for level III is greater than the No. 2 sample
(0.326). The results obtained using the proposed model accurately
demonstrate the hazard level of concrete dam fractures and further
determine the risk grade rankings for different samples at the
same level.

5 Results and discussions

In comparison with the other traditional models, the fuzziness
and randomness of evaluating the index are considered for the
suggested model, and interval-oriented evaluation criteria are
adopted. So, the suggested model improves the reliability of
the assessment process and enhances the predictive accuracy of
assessment results. So, in the future, it will have great application
prospects in civil engineering.

However, some shortcomings still exist, for example,
great calculative load and the neglected correlation among
the indexes; these insufficiencies limit the development
of the suggested method, but they still provide a new
perspective for the hazard-level assessments of concrete dam
fractures.

6 Conclusion

Considering the width (S1), length (S2), and depth (S3)
of fractures establishes a new evaluation method to assess the
hazard level of concrete dam fractures based on the game
theory combination weighting-normal cloud model. The weight
coefficients for three different assessment indexes are first
determined based on game theory combination weighting. Then,
the certainty degrees for different indexes are calculated using
the entropy normal cloud method. Finally, the comprehensive
degree of concrete dam fractures is determined, and the hazard
level is judged.

The proposed method assessed the hazard level of concrete
dam fractures. The results obtained by the proposed method
are consistent with actual investigations for 10 different samples.
The method’s accuracy reached 100%, which is greater than the
results from the Gray clustering method (80%). The results give
various hazard grades for the concrete dam fractures from Nos.
1–10 samples. The hazard level of concrete dam fracture at Nos.
1, 2, 4, 7, 8, and 9 samples is III, Nos. 3 and 5 samples is I,
and the remaining is I. Thus, the hazard level of concrete dam
fractures at most samples is significant, accounting for 60%. The
remaining samples are considered light or common, accounting
for 40%. So, the necessary consolidation measurements should be
taken for Nos. 1, 2, 4, 7, 8, and 9 samples to reduce concrete
dam risks. In addition, the reliability distributions of the other
indicators obtained using the proposed model belong to level
III, indicating that the hazard level probability of the No. 5
sample at level III is greater than levels I, II, and IV. The hazard
grade of the No. 5 sample is level III, and its hazard level is
more likely to be level III than that of the No. 2 sample as the
certain degree (0.3747) for level III is greater than the No. 2
sample (0.326).

In total, the results from the proposed model accurately
predict the hazard levels of concrete dam fractures and further
determine the hazard grade ranking for different samples
at the same level. The suggested method provides a new
thought for the future of the hazard level of concrete dam
fractures.
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Shear performance of headless
studs in ultra-high performance
concrete bridge deck

Haoting Jiang, Hongjie Wang, Xilei Deng, Yongguang Li,
Heying Zhou, Chaolan Wu and Jinlong Jiang*

School of Civil Engineering, Chongqing Jiaotong University, Chongqing, China

Conventional stud connectors were proved to be inconvenient for the later
disassembly and replacement in ultra-high performance concrete (UHPC)
bridge decks. In this study, the headless studs which is a type of studs with their
heads removedwere employed as a substitute for conventional stud connectors,
aiming to enhance the detachability of the bridge decks on the premise of
ensuring the anti-lift bearing capacity of the decks. Three push-out specimens
containing the headless studs with a diameter of 13 mm were carried out to
study themechanical properties of headless studs. In addition, the finite element
model was developed to reveal the failure mechanism of headless studs in
UHPC. Results indicated that the load-slip curve of headless stud connector can
be divided into elastic stage, plastic stage and failure stage. The failure mode
of headless studs was the shear fracture at the root of stud shank. Headless
stud connections under cyclic loading can produce greater plastic deformation.
The ultimate shear capacity and shear stiffness of headless studs were lower
than those of conventional studs. Additionally, the UHPC slabs configured with
headless studs have a small quantity of separation at the steel-UHPC interface,
so it is suggested to use headless studs and conventional studs together in UHPC
slabs to ensure the necessary anti-lift bearing capacity. Finite element analysis
indicated that in the elastic stage, the bearing capacity of the push-specimen
was dominated by thematerial properties of the headless stud. After entering the
plastic stage, the bearing capacity of the push-specimen was mainly controlled
by the UHPC below the headless stud.

KEYWORDS

steel-UHPC composite structure, shear connector, demountable, headless stud, shear
performance

1 Introduction

Orthotropic steel bridge decks (OSD) are preferred for steel box girders or steel truss
bridge decks due to their lower self-weight, lower material consumption, higher strength,
and more convenient installation compared with concrete bridge decks (Luo et al., 2019;
Zhu et al., 2022; Li et al., 2024). However, conventional orthotropic steel bridge decks
exhibit lower local stiffness. Under the influence of wheel loads, the presence of welded
residual stresses and stress concentration effects in the welded joint zone makes the decks
more susceptible to fatigue damage (He et al., 2023; Zhu et al., 2021; van den Berg et al.,
2021). Therefore, Shao et al. (Shao et al., 2013) proposed a composite material system
composed of OSD and ultra-high performance concrete (UHPC)layers to enhance local
stiffness. Dieng et al. (Dieng et al., 2013) pointed out that reinforcing the interaction
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FIGURE 1
Headless studs in orthotropic steel-UHPC bridge deck.

between OSD and UHPC layers can significantly reduce stresses
in both components. Conventional stud connectors welded to the
steel plate are considered a reliable means to ensure a strong
bonded interaction between OSD and UHPC layers (Cao et al.,
2017; Jiang et al., 2022). Thus, conventional stud connectors play a
vital role for the UHPC layer to assist the OSD in bearing the wheel
loads of vehicles.

In the past few years, several studies investigated the shear
behaviorof the studsembedded inUHPCslabs.Kimet al. (Kim et al.,
2015) conducted 15 push-out tests and found that when the aspect
ratioof studwasreducedfrom4to3.1andthecover thicknessover the
stud head was decreased from 50 mm to 25 mm, the shear strength
of stud would not be affected. A lower aspect ratio (2.7) and cover
thickness (15 mm) were employed in the experiments conducted by
Cao et al. (Cao et al., 2017), and the shear strength of stud could
still be fully developed. Wang et al. (Wang et al., 2018; Wang et al.,
2019) conducted experimental research on the static performance
of large studs with diameter of 30 mm embedded in UHPC, it
was found that UHPC could match the large studs very effectively,
although the aspect ratio was reduced to 2.3. For demountable
headed studs in UHPC, the minimum allowable aspect ratio was 1.5
(Wang et al., 2017). On the other hand, it was relatively conservative
to arrange the studs inUHPC slabs using theminimum stud spacing
in the longitudinal and transversal directions specified by current
design codes (Hu et al., 2020). Kruszewski et al. (Kruszewski et al.,
2018) andMcMullen et al. (McMullen Kevin andZaghi Arash, 2020)
investigated the shear performance of the studs welded on corroded
steel plates and embedded in UHPC. They discovered that the studs
could reach their full strength even with stud spacing smaller than
typically employed in practice. According to observations by Luo
et al. (Luo et al., 2016a), a densely arranged longitudinal spacing of
3.5d could ensure the shear capacity of studs exceeding 0.9 times the
full shear strength, while no strength reduction was observed with a
transverse spacing of 2.3d.

UHPC is believed to have relatively great anchoring strength
for conventional studs, which could be attributed to its excellent
mechanical properties (Fang et al., 2024; Ding et al., 2021;
Tian et al., 2022; Zhou et al., 2022; Zhang et al., 2023; Zhou et al.,
2023; Fang et al., 2024; Leng et al., 2024; Ye et al., 2024). Lai et al.
(Lai et al., 2023) experimentally investigated the pullout behavior
of single studs and stud groups embedded in UHPC. The results

showed that the single studs or stud groups embedded in UHPC
had higher pullout strength and ductility than those embedded in
NC. Lu et al. (Lu et al., 2021) conducted experimental research on
the tensile performance of cast-in-place headed bolts embedded in
high-strength concrete (HSC) and UHPC thin members of various
embedment depths. They found that the anchorage performance
of bolts in thin UHPC members was better than that in HSC.
Additionally, according to the study by Choi et al. (Choi et al., 2015),
the bearing capacity and displacement capacity of the anchors in
ultra-high-performance fiber-reinforced concrete under tension
and shear were significantly better than those in normal concrete. Li
et al. (Li et al., 2022) studied the pull-out behavior of studs in UHPC
with steel fibers. The results indicated that the UHPC specimens
with steel fibers exhibited greater initial stiffness and better ductility
than those without fibers. These findings further substantiate the
feasibility of conventional studs which embedded in UHPC slabs.

Although conventional stud connectors are a viable option in
OSD-UHPC composite bridge decks, they still have shortcomings.
Thehead of conventional stud are firmly anchoredwithin theUHPC,
making the removal of damaged UHPC bridge deck units extremely
challenging. Therefore, the use of conventional studs in UHPC is
not conducive to the maintenance, replacement, and reusability
for composite structures (Luo et al., 2012; Jurkiewiez et al., 2021;
Zou et al., 2023). The conventional studs have excess anchored
strength because of the exceptional performance of UHPC, this
study attempts to release the constraint of conventional stud by
removing its head (hereinafter called “headless studs”), as shown in
Figure 1. The purpose of this approach is to enhance the efficiency
of later removal and replacement of UHPC bridge deck units on
the premise of ensuring the anti-lift bearing capacity. At present,
research on the performance of headless studs has not been covered.
To study the mechanical properties of headless studs embedded in
UHPC, three push-out tests under monotonic and cyclic loads were
carried out. In addition, the failuremechanism of headless studs was
analyzed based on finite element model.

2 Experimental program

2.1 Test specimens

The push-out specimens are favored by many researchers
because of their advantages such as small specimen size and low
stress redistribution in studs (Cao et al., 2017; Fang et al., 2023a).
In this study, there push-out specimen was used to study the shear
behavior of headless studs. The specimens were designed with
reference to Eurocode-4 (Anderson, 2023).The steel beamwasmade
of two T-shaped steels made of Q345. The material of headless studs
was M15, the diameter was 13 mm, and the height was 27 mm. The
12headless studswerewelded on the steel flanges onboth sides of the
specimen in three rows and two columns. The thickness of UHPC
slab was 50 mm and the headless studs have a cover thickness of
15 mm. The reinforced steel bars in the UHPC slab were made of
HRB400 and had a diameter of 10 mm. The structures of each push-
out specimen were exactly the same, as shown in Figure 2. Among
these three specimens, two were monotonically loaded specimens
and one was cyclically loaded. They were distinguished by M and C
and named DS-M1, DS-M2 and DS-C respectively.
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FIGURE 2
Dimensions of specimen (unit: mm).

The fabrication of push-out specimens was divided into 5 steps
in total. (1) Welded the headless studs to the both sides of the steel
flange according to the designated position. (2) Made formworks
according to the size of the specimen and tied the steel bars.
(3) Assembled the steel components and formworks. (4) Applied
lubricating oil to the interface of steel plate and placed steel bars into
formworks. (5) Poured UHPC. After the specimens were produced,
they were watered and cured under natural conditions for 28 days.
The fabrication steps of specimens are shown in Figure 3.

2.2 Material properties

In this study, the selected UHPC is formulated by mixing
cement, silica fume, quartz sand, quartz flour, water reducing agent,
water, and steel fibers. The dry material mix ratio of UHPC is listed
in Table 1.

According to GB/T31387-2015 (General Administration of
Quality Supervision, 2015), the compressive strength of UHPC
was determined by conducting axial compression tests on cubic

specimens, while the tensile strength was measured through
axial tension tests on dog-bone-shaped specimens. Following the
Chinese standard (China NTMC, 2010), the mechanical properties
of the steel plate (Q345) and steel bar (HRB400) were measured
through tension tests using the electronic universal testing machine
(CMT2503). As shown in Figure 4, on the premise of ensuring
the welding quality, the steel bars with a diameter greater than
the diameter of the head of stud (22 mm) were welded at each
end of the studs, and then the tensile tests were performed on
these components to obtain the mechanical properties of studs. The
specific performance parameters of the above materials are shown
in Table 2.

2.3 Loading method and instrument layout

As shown in Figure 5A, the push-out specimens were tested in
an electrohydraulic servo pressure testing machine with a capacity
of 1,000 t. In order to ensure uniform force distribution on the studs
on both sides of the specimen during the test, a small quantity of
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FIGURE 3
The manufacturing process of push-out specimens. (A) Welding headless studs. (B) Tying steel bars. (C) Applying lubricating oil. (D) Assembling
formworks and steel bars. (E) Pouring UHPC.

TABLE 1 Dry material mix ratio of UHPC.

Component Mass ratio Volume dosage

Cement 1.000 —

Silica fume 0.250 —

Quartz sand 1.100 —

Quartz flour 0.300 —

Water reducing agent 0.019 —

Water 0.225 —

Steel fiber — 2%

fine sandwas placed at the bottom of the specimen and subsequently
leveled using a balance ruler. The loading devices were arranged on
top of the steel plate in the following order: spreading plate, circular
cushion block, pressure transducer, and another circular cushion
block. Six linear variable displacement transducers (LVDT) were
used, as shown in Figure 5B, to measure the relative slip and relative
separation between UHPC and steel plate, thereby obtaining the
load-slip curve and load-separation curve. S1 and S2 in the figure
are the tangential slip measuring points in the middle, while T1,
T2 and B1, B2 are the normal separation measuring points at the
top and bottom respectively. The thrust load during the test can be
directly read from the digital display instrument on the pressure
testing machine.

As shown in Figure 6, the loading procedure consists of
monotonic and cyclic loading. Three preloading were performed
before formal loading, and the force was set to 30% of the predicted
ultimate load (Pu), the Pu here was determined through numerical
simulation before loading, and its value was 720 kN. Monotonic
loading means loading from zero load to failure of the specimen.
Cyclic loading involves cycling between 0 Pu to 0.5 Pu and 0 Pu
to 0.7 Pu ten times each and then loading beyond 0.7 Pu until
failure of the specimen. During the elastic stage, loading was
conducted in increments of 10 kN with a loading rate not exceeding
1 kN/s. During the elastic-plastic stage, loading was conducted in
increments of 5 kN with a loading rate not exceeding 0.5 kN/s. The
displacement control was utilized when the specimen entered the
plastic stage or slip was observed, and a loading of 0.05 mm per level
was applied.

3 Results and discussions

3.1 Failure mode

When each specimen was loaded to failure, the final shape of the
specimen was recorded. As shown in Figure 7A, all three specimens
showed that one side UHPC slab fell off from the steel beam. This is
because it is difficult to ensure that the stress state of headless studs
on both sides of specimen is exactly the same during the test, the
headless studs on both sides did not fail at the same time. Among
them, the left side slab of DS-M1 and DS-M2 specimens fell off,
while the right slab of DS-C specimen fell off. Figure 7B shows the
details of the interface between UHPC plate and steel flange. It can
be seen from Figure 7B that the failure of the three specimens was
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FIGURE 4
Mechanical property test of stud.

TABLE 2 Material properties of specimens.

Material name Ec (GPa) Fcu (MPa) Es (GPa) Fy (MPa) Fu (MPa)

UHPC 42.0 144.6 — — —

Q345 — — 202.2 359.5 494.0

HRB400 — — 210.0 439.3 577.1

Headless stud — — 206.0 355.0 530.0

Note: Ecis the elastic modulus of UHPC; Fcuis the cube compressive strength of UHPC; Esis the elastic modulus of steel components; Fyis the yield strength of steel components; Fuis the tensile
strength of steel components.

FIGURE 5
Test setup and layout of LVDTs. (A) Test setup. (B) Layout of LVDT.
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FIGURE 6
Loading produce for push-out tests. (A) Laoding produce for DS-M1 and DS-M2 specimens. (B) Laoding produce for DS-M specimens.

controlled by the fracture of stud shank near the root of the headless
stud.The headless studs were still embedded in the UHPC and there
was no obvious pull-out phenomenon.Thewelds on the steel flanges
remain intact. In addition, except for the partial crushing at the root
of headless stud, there was no damage in other areas on the inside
of the UHPC slab, and there were no obvious cracks or damage on
the outside. These phenomena were basically similar to the failure
modes of the push-out specimens of conventional studs in UHPC
(Kim et al., 2015; Cao et al., 2017; Tong et al., 2020).

3.2 Load-slip curves

Figure 8 shows the load-slip curves of all specimens, where
the load represents the shear strength per headless stud (Pstud),
which is calculated by dividing the shear capacity of specimen (Pu)
by headless stud numbers. The interface slip is represented as the
average of two vertical LVDTs (i.e., (S1+S2)/2, Figure 5B. For theDS-
M1 and DS-M2 specimens under monotonic loading, the load slip
curve can be divided into three stages. (1) Elastic stage (A1∼B1):
The load increases linearly with slip. (2) Plastic stage (B1∼C1):
As the slip increases, the UHPC under the root of headless stud
was gradually crushed, the headless stud begins to undergo plastic
deformation, and the load growth slows down. (3) Descending stage
(After C1): After the load exceeded the ultimate bearing capacity,
the headless studs were sheared off one after another, and the load
dropped rapidly.

The DS-C specimen under cyclic loading can also be divided
into the above three stages. When the cyclic load was 0.5 Pu, the
headless studs was basically in the elastic stage (A2∼B2), the residual
deformation after cyclic loading was small, and the loading and
unloading curves basically coincide. After the 10th unloading of
0.5 Pu was completed, the residual slip was 0.041 mm. When the
cyclic load was 0.7Pu, the headless studs had begun to undergo
plastic deformation. The residual deformation after cyclic loading
gradually increases with the number of loadings. The loading and
unloading curves do not overlap. After the 10th 0.7 Pu unloadingwas
completed, the residual slip reached 0.450 mm. It can be observed
that the residual slip of the specimen under 0.7 Pu cyclic load is
more obvious, which could be attributed to the gradual increase
in cumulative deformation with the increase in the number of

loadings after the headless studs yielded. However, the slip of the
DS-C specimen under ultimate load was 22.15% and 19.07% higher
than that of the DS-M1 and DS-M2 specimens respectively, and the
ultimate bearing capacity was only 4.21% and 1.10% lower. It shows
that cyclic loading has little effect on the bearing capacity of the
headless studs, but it helps to improve the plastic deformation ability
of the headless studs.

According to Eurocode 4 (Anderson, 2023), when the load of the
connector reached the characteristic value (i.e., the load drops to 0.9
Pu), the interface slip is not less than 6 mm before it can be called a
“plastic connector”. As can be seen from Figure 8, the characteristic
slip of three specimens was in the range of 3.41–3.65 mm.Therefore,
the headless studs in UHPC do not meet the requirements of plastic
connectors.

3.3 Load-separation curves

As shown in Figure 5B, the interfacial separation between steel
plate and UHPC slab was measured using four transverse LVDTs.
The top separation is represented as (T1+T2)/2, while the bottom
separation is represented as (B1+B2)/2. Here, two specimens under
monotonic loading were used for analysis, and the load-separation
curves are shown in Figure 9. It can be seen that the trends of all
load-separation curves are relatively similar to the trends of the
load-slip curves. During the elastic phase, the bellow separation
grew faster than the upper separation. After entering the plastic
stage, the separation growth accelerated as the headless stud yielded.
When the ultimate load was reached, the top separation and below
separation of the DS-M1 specimen was 0.483 mm and 1.367 mm
respectively, and top separation and below separation of the DS-
M2 specimen was 0.814 mm and 0.935 mm respectively. Obviously,
the below separation part was larger than the top separation,
because the inevitable friction caused the transferred load to be
applied eccentrically on the UHPC slab, thus causing the lateral
deformation of the UHPC slab (Xu et al., 2012). Further, for the
thin UHPC bridge deck with a thickness of 55 mm, a shear span
length of 1,200 mm, and a conventional stud spacing of 200 mm,
the interfacial separation between steel beam and UHPC slab
was 1.17 mm under ultimate load (Xu, 2022). This result is 17%
smaller than the maximum interfacial separation of the UHPC slab
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FIGURE 7
Failure modes of push-out specimens. (A) the failure mode of the push-out specimens. (B) Inner surface of the UHPC slabs and steel plates.

FIGURE 8
Load-slip curves.

configuredwith headless studs in this study.Therefore, it is suggested
to use headless studs together with conventional studs in UHPC
slabs to ensure sufficient anti-lifting bearing capacity.

3.4 Shear strength and shear stiffness

Since there have been some studies on the shear performance
of conventional studs in UHPC (Kim et al., 2015; Wang et al., 2018;
Ding et al., 2021; Fang et al., 2023b), in this study, we plan to use
existing research results to compare with the experimental results
of this paper. To ensure that the data comparison is valuable,
existing data need to be screened. The filtering principles include
the following four conditions: (1) The conventional stud diameter
is 13 mm; (2) The UHPC compressive strength is greater than
120 MPa; (3) The group stud effect is not considered; (4) Specimens
under monotonic loading.

Figure 10 shows the comparison of the shear capacity of selected
conventional studs with the test results in this paper. It can be seen
from Figure 10 that the test results in this paper are close to the
results of the research by Cao et al. (Cao et al., 2017), and lower
than the research results of Li et al. (Li et al., 2021) and Wu et al.
(Wu et al., 2022)This is because in the study by Cao et al. (Cao et al.,
2017), stud fractures were mostly caused by weld fracture, and there
was almost no local damage of the UHPC slab. But in other studies,
it was basically the shear failure of the stud shank. On average,
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FIGURE 9
Load-separation curves. (A) DS-M1. (B) DS-M2.

FIGURE 10
Comparison of shear strength (Cao et al., 2017; Li et al., 2021;
Wu et al., 2022).

the shear capacity of headless studs is 16.3% lower than that of
conventional studs. This may be because the headless stud loses the
head restriction, and there may be a slight pull-out displacement in
the normal direction, which leads to large plastic deformation at its
root, an increase in stress level, and a decrease in bearing capacity.

Shear stiffness is an important indicator to measure whether
the composite structure has good composite effect. The shear
stiffness can be calculated based on the load-slip curve, which is
defined as the slope of a secant line on the load-slip curve. Some
researchers also use the slope of the secant line where the slip is
0.2 mm to express the shear stiffness (Tong et al., 2020; Zou et al.,
2022). Cao et al. (Cao et al., 2017) used 3 methods to calculate
the shear stiffness of conventional studs in UHPC. The results

showed that the higher the point on the secant line, the lower
the shear stiffness. For a single stud, the shear stiffness of stud
obtained by the three methods varies between 266 and 396 kN/mm.
However, since the slip of the stud in UHPC is relatively small,
considering that the slip will have a greater impact on the shear
stiffness, this paper adopted the method recommended in JSSC
(2002) (JSSC Japan Society of Civil Engineers, 2002) to calculate the
shear stiffness. JSSC (2002) (JSSC Japan Society of Civil Engineers,
2002) prefers to use points corresponding to 1/3 Pu. The shear
stiffness calculated using selected data and test results is listed in
Table 3. It can be seen from Table 3 that the shear stiffness of the
headless studs is lower than that of the conventional studs. The
average shear stiffness of conventional studs (STA-1 to UHPC-
120–13) is 354.8, and the average shear stiffness of headless studs
is 224.3. The average shear stiffness of headless studs is 36.8%
lower than that of conventional studs. This may be attributed to the
deformation of the headless studs during the elastic phase is larger
than that of the conventional studs, resulting in lower shear stiffness.

4 Finite element analysis

4.1 General

TheFE analysis was performed in theABAQUSExplicitModule.
The nonlinear contact as well as material damage and failure
behavior can be powerfully simulated using the explicit central
difference rule (Simulia, 2014; Guan et al., 2022; Xu et al., 2022).The
FE models consisted of five components: H-section steel, UHPC
layer, headless stud, weld, and steel bar. Considering the symmetry
of geometry and loading, only a quarter of the push-out specimen
was modeled to enhance computational efficiency.

As shown in Figure 11A, the UHPC layer, H-section steel,
headless studs, and welds were simulated utilizing the C3D8R
element type provided by the ABAQUS element library. C3D8R
can prevent unexpected element shear locking, making it a suitable
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TABLE 3 Shear stiffness for conventional studs and headless studs (Cao et al., 2017; Li et al., 2021; Wu et al., 2022).

Specimens STA-1 STA-2 STA-3 D13TA-1 D13TA-2 UHPC-120–13 DS-M1 DS-M2

Shear stiffness k 369.9 397.8 421.6 299.3 270.8 369.1 255.3 193.2

FIGURE 11
FE model of push-out specimen. (A) Components and mesh configuration of the FE model. (B) Weld of the FE model. (C) Contact pairs of
the specimen.

method for nonlinear analysis with reasonable accuracy (Mia,
2017). The steel bars were constructed via B31 elements because
they primarily acted as constraints on the concrete. It is worth
noting that for studs embedded in UHPC, the welds should be
modeled in the analysis considering their necessary contribution to

the shear strength of studs (Cao et al., 2017; Cao and Shao, 2019;
Tong et al., 2020; Huang et al., 2021). In this study, the modeling
method for welds was referenced from the literature (Cao and
Shao, 2019), where a 1 mm × 1 mm slope was simulated at the
top corner of the weld, as shown in Figure 11B. To accurately
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FIGURE 12
Material constitutive relations of steel (Cao and Shao, 2019; Zou et al., 2021). (A) Steel plate and steel bar Zou et al., 2021. (B) Stud and weld Cao and
Shao, 2019.

FIGURE 13
Stress-strain curves of UHPC (Cao and Shao, 2019).

simulate the severe distortion of the headless stud and the contact
behavior between UHPC layer and steel plate, a refined mesh was
essential in these specific zones. Thus, the size of the element
representing the root of headless studs and the surrounding
UHPC material was set to 2.5 mm, and other zones were set
to 8 mm.

As shown in Figure 11C, the involved contact pairs
were the steel-UHPC interface and the headless stud-UHPC
interface. A surface-to-surface contact was applied on the
above-mentioned contact pairs. In this contact model, the
normal behavior between the two surfaces was defined as
“hard contact” in the normal direction. For headless stud-
UHPC interface, a “penalty function method” was utilized

for the tangential direction, with a friction coefficient of
0.4 (Luo et al., 2016b; Huang et al., 2021; Guan et al., 2022).
While the friction coefficient was not defined for the steel-
UHPC interface.

Based on the symmetry of the specimens, the symmetric
boundary conditions were applied to the surface along the
symmetric plane of the model. While all degree of freedoms were
restricted at the bottom of UHPC layer. Steel bars were embedded
into the UHPC layer through the “embedded region constraints”
available in ABAQUS. In addition, the top surface of the steel
beam was coupled to a point, a 6 mm displacement was applied
to this point, and a smoothing analysis step was set to prevent
load fluctuations.
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TABLE 4 Plasticity parameters of UHPC material.

Dilation
angle ψ

Eccentricity
λ

Yield stress ratio σb0/σc0 Constant stress ratio Kc Viscosity coefficient

36° 0.1 1.16 0.6667 0.0005

FIGURE 14
Comparison of load-slip curves from tests and FE analysis.

4.2 Material models

4.2.1 Steel components
The steel plate and steel bars were assumed to be ideal elastic-

plastic materials. Their constitutive relationship was based on the
tri-line stress-strain curve as shown in Figure 12A (Zou et al., 2021),
and the mechanical properties are shown in Table 2.

Figure 12B illustrates the stress-strain curves of headless studs
and welds. The main parameters of the headless stud constitutive
obtained from the tensile test were as follows: fy = 355 MPa, fu =
530 MPa, εy = 0.003, εp = 0.04, εu = 0.12. It has been previously
verified by Cao et al. (Cao and Shao, 2019) that the predicted load-
slip curve generally agreed well with the test results when the weld
strength ( fweld)was no less than that of the studs (i.e., fweld = fstud/0.8).
Consequently, the stress-strain relationship of the welds in FEmodel
was defined as fweld = fstud/0.8.

4.2.2 UHPC
The CDP model in ABAQUS can simulate the damage and

failure process of the UHPC layer (Lubliner et al., 1989; Lee and
Fenves, 1998). For UHPC, its stress-strain curves for tension and
compression behaviors need to be defined independently. Cao et al.
(Cao and Shao, 2019) adopted the UHPC constitutive model that
exhibited good agreement with the experimental results, including
the stress-strain relationship in tension (Eq. 1) and the stress-strain
relationship in compression (Eq. 2). Two types of stress-strain curves

for UHPC are shown in Figure 13. The plasticity parameters of
UHPC material are shown in Table 4.

σ =

{{{{{{{
{{{{{{{
{

I
ft
εca

ε 0 < ε ≤ εca

II ft εca < ε ≤ εpc

III
ft

(1+w/wp)
p ε > εpc

(1)

σ =
{{{{
{{{{
{

fc
nξ− ξ2

1+ (n− 2)ξ
0 < ε ≤ εcp

fc
ξ

2(ξ− 1)2 + ξ
ε > εcp

(2)

where, fc is the compressive strength of UHPC, and its value is
144.6 MPa. ft is the tensile strength of UHPC, and its value is
8.9 MPa. ξ is compressive strain ratio, defined as ξ = ε/εcp. εcp is the
compressive strain corresponding to compressive strength, whose
value is 0.0038. n is the elastic modulus ratio, defined as n = Ec/Et .
Ec is the initial elastic modulus, and its value is 42.0 GPa. Et is
the secant modulus at the compressive strength in the compressive
stress-strain curve.

4.3 Validation of FE models

Figure 14 shows the comparison between the FE analysis results
based on the load-slip curve and the test results. It can be seen from
Figure 14 that the curve trend obtained by FE calculation was close
to the test results. The ultimate bearing capacity per headless stud
in the FE was 62.6 kN, and the ratios to the DS-M1 and DS-M2
specimens were 0.99 and 1.02 respectively. The slip corresponding
to the ultimate bearing capacity of the FE model was 2.419 mm, and
the slip corresponding to the ultimate bearing capacity of theDS-M1
and DS-M2 specimens was 2.553 mm and 2.619 mm respectively,
i.e., the errors were 5.2% and 3.0% respectively. These results show
that the load-slip curve calculated by FEmodel is in good agreement
with the test results.

Figure 15 shows the comparison of the failure mode between
test results and FE analysis results. The compressive and tensile
damage coefficients of concrete (DAMAGC and DAMAGT), along
with the equivalent plastic strain (PEEQ) were used to track the
UHPC and headless stud failure zones, respectively. As can be seen
from Figure 15A, the damage of UHPC in the FE results appeared
in a very small zone around the headless studs. The compressive
damage mainly occurred at the rear of headless studs, while the
tensile damage was obvious at the front of headless studs. Figure 15B
shows the PEEQ of the steel components in FE results. The zones in
gray represent that the PEEQ exceeds 20%, and at this threshold,
the stud fracture is assumed (Xu et al., 2022). It can be observed
that the gray zones appeared at the junction of stud shank and weld,
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FIGURE 15
Comparison of experimental results and FE results. (A) Damage distribution of UHPC. (B) Equivalent plastic strain of headless studs.

indicating that the failure of headless studs is caused by the fracture
at the root of stud shank. The results observed above are in good
agreement with the test results.

4.4 Failure mechanism

Based on the stress slicing function in ABAQUS, the failure
process of the headless stud in UHPC was observed, as shown in
Figure 16. Here, q represents the resistance produced by UHPC to
prevent headless stud from bending, and the red arrow corresponds
to the maximum stress of headless stud and UHPC. The number of
steps shown corresponds to the star markings in Figure 14. When
the load was 0.3Pu, the headless stud was in the elastic stage. The
bearing capacity mainly comes from the material properties of
headless stud, and the bearing capacity increases rapidly. When the
bearing capacity reached 0.7Pu, the headless stud begins to yield
gradually, and the stress of theUHPCbelow the root of headless stud
increased. At this time, the bearing capacity was mainly provided
by UHPC, and the growth of bearing capacity was slower than
before. In addition, a small amount of gap was observed at the rear
end of the weld, which was caused by the downward movement

of the steel beam. When the load was 0.85Pu, the stress of the
local UHPC below headless stud exceeded the ultimate compressive
stress, indicating that it was crushed. The plastic deformation of the
headless stud becomes larger and larger. This moment the bearing
capacity continued to be provided by UHPC. However, there was
a slight pull-out displacement on the top of the headless stud,
and a small separation occurred at the interface between the steel
beam and UHPC. When the load reached 1.0Pu, the stress at the
intersection between the root of headless stud and theweldwas close
to 530 MPa. The stress of the UHPC near headless stud continued
to increase, and the bearing capacity was still mainly provided
by UHPC. When the load exceeded 1.0Pu, the headless stud was
sheared along its root, and the bearing capacity decreases rapidly.

5 Conclusion

The following conclusions can be drawn from this research:

■ A push-out test was conducted on the headless stud embedded
in UHPC, and it was found that the load-slip curve of the
headless stud can be divided into three stages, namely, elastic
stage, plastic stage and failure stage.
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FIGURE 16
Failure process.

■ The failure of the pushed-out specimen was dominated by
the fracture of the root headless stud. There were signs of
local crushing for the UHPC below the root of headless
stud, but other than that, there was no obvious damage in
other area.

■ Under cyclic loading, the headless stud connector has
greater plastic deformation capability. Compared with the
specimens under monotonic loading (DS-M1, DS-M2), the
slip of the specimen under cyclic loading (DS-M) at the
ultimate bearing capacity increased by 22.15% and 19.07%,
but the ultimate bearing capacity only decreased by 4.21%
and 1.10%.

■ Under the ultimate load, the maximum separation at the steel-
UHPC interface of the UHPC slab configured with headless
studs is 17% larger than that of the UHPC slab configured
with conventional studs. Consequently, it is suggested to use
headless studs together with conventional studs inUHPC slabs
to ensure sufficient anti-lifting bearing capacity.

■ Headless studs embedded in UHPC have lower load-bearing
capacity and stiffness than conventional studs. Compared with
conventional studs fromwhich previous studies were collected,
the average bearing capacity of per headless stud in this
paper decreased by 16.3%, and the average shear stiffness
decreased by 36.8%.

■ The FE model well simulated the mechanical behavior of
the headless stud in UHPC. The analysis results show that
when the headless stud had not yielded, the bearing capacity
of the push-out specimen mainly came from the material
properties of the headless stud itself. After the headless stud
produced plastic deformation, the bearing capacity of the
push-out specimen was mainly provided by the UHPC below
headless stud.
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