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Abstract: The application of ECC materials in major stress and energy dissipation regions of prefab-
ricated reinforced concrete (RC) shear walls to form prefabricated ECC/RC combined shear walls
can improve the seismic capacity of structures. The stress and damage mechanism of a 1/2-scale
two-story spatial structure specimen of the prefabricated ECC/RC combined shear wall under low
cyclic loading is numerically simulated. By comparing the numerical simulation results with the
experimental results, the correctness of the numerical simulation method is verified. On this basis, a
detailed whole process analysis is carried out by the numerical simulation method, including the
stress distribution of the concrete and ECC, compression damage of the concrete and ECC, crack
distribution of the concrete and ECC, stress distribution of the reinforcement, and structural and
fabricated joint displacement. The whole process analysis effectively reflects the cracking, damage,
and failure law of the specimen and extensively reveals the failure mechanism and internal force
distribution law of the fabricated ECC/RC combined shear wall structure. Based on the stress and
damage mechanism, the seismic energy dissipation performance with different ranges of ECC use in
the bottom of the wall is studied. The results show that when the ECC height of the bottom walls
is 400 mm, the energy dissipation performance of the prefabricated ECC/RC combined shear wall
structure reaches an optimal value.

Keywords: prefabricated ECC/RC combined shear wall; low cyclic loading; stress and damage
mechanism; internal force distribution; crack distribution; energy dissipation performance optimization

1. Introduction

Energy is the foundation and driving force for the progress of human civilization.
Every small step of change in the field of energy will have a profound impact on social
and economic development and is significantly related to the survival and development
of all mankind. To make sustainable and rational use of energy worldwide, China is
continuously promoting “carbon peak and carbon neutralization”. One of the important
measures taken is to further promote energy savings and consumption reduction in key
areas such as industry, construction, and transportation. As a construction method actively
promoted in China’s construction field at this stage, prefabricated buildings are of strategic
significance to China’s construction industry reform, low-carbon emission reduction, energy
conservation, and environmental protection. As the main structural form of high-rise and
super high-rise buildings, the shear wall structure is combined with the assembly type,
which is in line with the guiding ideology of “energy saving and land saving” and “building
industrial systems” for residential industrialization. It can effectively reduce resources
and energy consumption, achieve energy savings and emission reduction, and protect the
environment. It has significant economic and social benefits.
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The wide application of prefabricated shear wall structures mainly depends on
whether their seismic performance can meet the requirements. Due to various archi-
tectural constraints, such as the size of doors and windows, it is necessary to use short
coupling beams with small shear span ratios. Unfortunately, RC coupling beams often fail
in the brittle shear mode under earthquakes due to the small span-to-depth ratio. In this
case, the coupling beams absorb little energy and are often seriously damaged, resulting in
a weakening of the seismic performance of the shear wall structure.

One method to improve the seismic performance of the shear wall structure is to
change the reinforcement form of coupling beams, e.g., by using diagonal forms. Four
concrete coupling beams with different diagonal reinforcements were tested by Jang and
Han [1] to study their performance under cyclic loading. Park et al. [2] investigated the
effect of various reinforcement configurations on the seismic performance of diagonally
reinforced coupling beams as part of a coupled reinforced concrete wall system. Their
research indicated that diagonally reinforced concrete coupling beams can dissipate a large
amount of input energy generated by earthquakes, and with increasing reinforcement,
more energy is dissipated. However, due to the dense and complex reinforcement in the
coupling beams, the performance of concrete cannot be guaranteed. Some scholars have
also proposed using steel plates to strengthen coupling beams [3]. However, when applied
to shear wall structures, the joints between coupling beams and shear walls lead to very
difficult on-site installation.

Another option to improve the seismic performance of the shear wall structure is
to use highly ductile materials such as engineered cementitious composites (ECCs). The
compressive and tensile strengths of ECC and concrete are similar. However, ECC is a
highly ductile material with very good tensile strain hardening ability, which forms dense
cracks after cracking [4]. Its tensile strain is approximately 3~7% [5–7], and the crack spacing
is only 3~6 mm [8–10]. Additionally, ECC is significantly better than concrete in shear
carrying capacities and shear deformations [11]. To date, there have been many studies
on the mechanical properties of ECC materials. Meng et al. [12] studied the flexural and
shear behaviors of ECC beams. Compared with ordinary concrete beams, ECC beams have
greater bending and shear deformation capacity. Abbas et al. [13] conducted experimental
studies on 12 ECC beams and 4 concrete beams. Compared with the corresponding
normal concrete beams, ECC beams can withstand higher cracking and ultimate loads. The
ductility and toughness of ECC beams are higher than those of ordinary concrete beams.
Amiri and Esfahani [14] examined the effect of the strengthening layer thickness of ECC
on the punching shear strength and post-punching behaviour of flat slabs. The use of
ECC as a strengthening layer for the flat slabs significantly increased the punching and
post-punching shear strength capacities.

ECC has good crack width control ability, deformation ability, and self-healing abil-
ity [15]; therefore, it is an ideal material for seismic structures. To date, the seismic perfor-
mance of ECCs in many components and structures has been studied by several scholars.
Zhang et al. [16] investigated the seismic performance of ECC coupling beams. The test
results demonstrate that ECC coupling beams exhibit superior seismic performance. The
seismic performance of exterior beam–column joints constructed with ECCs was studied
by Suryanto et al. [17]. It was shown that the seismic performance of the structurally
relaxed ECC specimens was comparable, and in some cases was better than the concrete
specimens designed according to the seismic design provisions. Cai et al. [18] investigated
the seismic behaviors of assembled monolithic ECC/RC composite frames and RC frames
by experimental and simulation methods. The results showed that the energy dissipation
capacity, ductility, and stiffness of the ECC/RC composite frame were higher than those of
the RC frame. Khan et al. [19,20] studied the seismic performance of ECC/RC composite
frames by eliminating shear reinforcement in beam–column joints by a shaking table test.
The ECC beam–column joint without shear ties achieved a 75% larger R-factor than the
code-specified value. The efficient use of ECC in critical regions of frame structures can
be vital in mitigating seismic risk. Through the low cyclic loading test of reinforced ECC
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(RECC)-coupled shear walls and RC-coupled shear walls, Ye et al. [21] found that the
seismic performance of reinforced ECC (RECC)-coupled shear walls was obviously better
than that of RC-coupled shear walls.

Research on the performance of prefabricated buildings plays a part in solving global
climate problems and has positive significance for promoting “carbon neutralization and
carbon peaks” in China. The main structural form of high-rise buildings is the shear wall
structure. Whether the prefabricated shear wall structure can be widely promoted mainly
depends on its seismic performance. There are two main measures to improve the seismic
performance of prefabricated shear wall structures. One is to change the reinforcement
form of the coupling beams, and the second is to add high ductility materials. The first
method has difficulty guaranteeing the performance of concrete in the joint areas due to the
complexity of reinforcement. The second method has been proven by several scholars to be
applicable to beams, beam–column joints, slab–column joints, frame structures, and cast-in-
place shear walls. However, to date, there are few reports on the seismic performance of
prefabricated, coupled shear walls with ECC materials used in the main stress and energy
dissipation areas. There is no research on the force or energy dissipation mechanism of
prefabricated ECC/RC combined shear walls.

Our research group performed experimental research in the early stage, investigating
the seismic behavior of precast concrete-coupled shear walls with ECC in critical cast-
in-place regions [22]. The research highlighted the comparison between the ECC/RC
specimen and the RC specimen in terms of the load capacity, damage tolerance, ductility,
and energy absorption ability. Based on previous research, this paper further studies the
stress and damage mechanism of prefabricated ECC/RC combined shear walls under low
cycle repeated loading by means of numerical analysis, including the stress distribution
of concrete and ECC, compression damage of concrete and ECC, crack distribution of
concrete and ECC, stress distribution of reinforcement, and structural and fabricated joint
displacement. Based on the stress and damage mechanism, the seismic energy dissipation
performance of different ECC use ranges at the bottom of the wall will be studied, and the
optimal use range of ECC will be proposed.

In this paper, a new structure–prefabricated ECC/RC combined shear wall is formed
by adding high ductile material ECCs to major stress and energy dissipation regions. The
innovation of this research is to extensively reveal the failure mechanism and internal
force distribution law of the prefabricated ECC/RC combined shear wall structure and
propose design optimization suggestions accordingly It is expected to provide a theoretical
reference for further research and application of prefabricated ECC/RC-coupled shear
wall structures.

2. Establishment of the Finite Element Model
2.1. Material Constitutive Relations

The materials used in the finite element model are mainly concrete, ECC, and steel
bars. This paper adopts the concrete uniaxial stress–strain curve provided by “Code for
design of concrete structures” (2015 Edition) (GB50010-2010) [23]. In addition to inputting
the uniaxial stress–strain data, damage factors are also input into the finite element model.
The uniaxial stress–strain curve of concrete, together with the damage factors, constitute the
plastic damage model. In the model, the damage factor, D, is defined as the modification
of the elastic modulus of the concrete during elastic unloading. After the elastic stage, the
stiffness of the concrete decreases to (1-D) times the initial stiffness. The deterioration of the
mechanical properties of concrete under cyclic loading is described by inputting the damage
index corresponding to the inelastic strain of the material in ABAQUS. The value range of
the damage factor is 0~1, and the greater the value is, the greater the damage. The damage
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plasticity model proposed by Zhang et al. [24] is mainly used, and the tensile damage factor,
Dc, and the compressive damage factor, Dt, are determined by the following formulas:

Dc =
(1 − ∂c)εinE0

αc + (1 − ∂c)εinE0
(1)

Dt =
(1 − ∂t)εinE0

αt + (1 − ∂t)εinE0
(2)

where ∂c is the ratio of the compressive plastic strain to the inelastic strain, taken as 0.5;
εin is the inelastic strain of the concrete; E0 is the initial elastic modulus; and ∂t is the
proportional coefficient of the tensile plastic strain and inelastic strain, taken as 0.75.

ECC adopts the stress–strain curve proposed by Pan’s research group [25] and obtains
the ECC plastic damage model of ECC tensile and compressive damage factors according
to the energy damage principle of Amrane and Sidoroff [26].

The stress–strain relationship curve of the steel bar adopts a typical double-line model.
The steel bar can be considered completely elastic before yielding, and it is approximately
simplified as a gentle diagonal after yielding. The elastic modulus in the strengthening
stage is approximately 0.01 of the initial elastic modulus, Es. The constitutive relation of
steel bars is shown in Figure 1. The specific parameters of the steel bar in the ABAQUS
model are obtained according to the material property test: the ultimate strain εu = 0.07,
the initial elastic modulus is 2.0 × 105, and Poisson’s ratio is 0.3.
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Figure 1. Stress–strain curve of the steel bars.

2.2. Element Selection and Model Building

The choice of element type of each component in the finite element model greatly
affects the accuracy and convergence of the numerical simulation. Both concrete and ECC
elements are carried out with an eight-node hexahedral linear reduced-integration element
C3D8R [27]. A two-node spatial linear beam element, B31, is used to simulate the vertical
reinforcement at the prefabricated joint. The element can simulate shear deformation and
can accurately simulate the bending of longitudinally connected steel bars within a certain
range around the joint, thereby generating horizontal shear force on the longitudinally
connected steel bar section. The rest of the reinforcement is simulated by the space truss
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element T3D2, which only bears the axial tensile and compressive loads and does not
bear the bending moment and the lateral load in the vertical direction. A finite element
analysis model of a 1/2-scale two-story spatial structure specimen of the prefabricated
ECC/RC combined shear wall whose dimensions are consistent with the test member
is established [22], as shown in Figure 2. Figure 2a is the finite element model of the
specimen, and ECCs are used in the cast-in-place beam-to-wall joints and the upper regions
of the composite coupling beams. Figure 2b shows the steel cage of the spatial structure
specimen model.
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2.3. Simulation Method of Prefabricated Joint

The prefabricated joint is the weak part of the prefabricated component. Under the
action of an internal force, the contact surface of the concrete at the joint will prematurely
bond and fail, forming a straight crack that runs through the entire section. The internal
force distribution of the concrete and longitudinal connecting steel bars at the joint position
is more complicated due to the horizontal relative slippage of the interface and the vertical
opening displacement of the jointed joint after penetration. The main interaction internal
forces of the contact surface of prefabricated joints include the horizontal friction effect
and vertical compression force of concrete or ECC, interfacial force between steel bar and
concrete (or ECC), shear effect of steel pin and key, and tension and compression effect of
steel bars. Therefore, the numerical simulation of prefabricated joints needs to reflect the
above interaction forces.

2.3.1. Horizontal Friction and Vertical Compression between Concrete and Concrete and
between Concrete and ECC

ABAQUS general finite element software provides a variety of interface contact ele-
ments, which can easily and quickly simulate the horizontal friction and vertical extrusion
between different components. When ABAQUS performs solid element calculations,
surface-to-surface contact elements are usually used to simulate the contact mechanics
between different components. The mechanical simulation of the contact surface is realized
by parameter setting of normal behavior and tangential behavior. In this paper, the contact
between the wall pier and the base, the precast concrete part of the composite coupling
beam and the cast-in-place ECC part, and the composite coupling beam and the wall pier
are all simulated by surface-to-surface contact. The normal direction adopts the “hard”
contact that allows the contact to be disengaged again, the tangential direction adopts the
“penalty” friction contact, and the friction coefficient is taken as 0.4 [28].

2.3.2. Interfacial Bonding between Steel and Concrete, Steel and ECC

For steel reinforcement in the non-joint position, the interface slip between the steel
reinforcement and the concrete is very small under the action of an external force, which
is usually negligible. When modelling, a separate model is used, the steel reinforcement
and concrete are treated as different units, and the steel reinforcement works together
with the concrete through the “built-in area” method. The deformation between the
steel reinforcement and the ECC is coordinated, and the tangential slip is smaller, so the
relationship between the steel reinforcement and the ECC is also handled by the “built-in
area”. For the joint area, the effective transmission of the longitudinal internal force of the
steel reinforcement can be achieved through the sleeve connection [29]. The relative slip
between the longitudinally connecting steel reinforcement and concrete is almost zero [30].
Therefore, the numerical simulation of the cohesion and compressive forces between the
longitudinally connecting steel reinforcement and concrete is also achieved by using the
“built-in area” contact in the finite element.

2.3.3. The Pin-Cut Key Effect and Tension-Compression Effect of Longitudinally
Connecting Steel Reinforcement

The horizontal relative slippage and vertical opening displacement of the fabricated
splices cause the pin-cut key action and the axial tension (compression) action of the longi-
tudinally connected steel reinforcement, respectively. The pin-cut key action of the steel
reinforcement can make the longitudinal connecting steel reinforcement bend within a
certain range around the joint, thereby generating horizontal shear force on the longitudinal
connecting steel reinforcement section and reducing the axial tensile (compressive) strength
of the longitudinal connecting steel reinforcement. Therefore, the simulation of prefabri-
cated joints needs to be able to reflect the adverse effects of steel reinforcement pin-cut key
action on the tensile and compressive strength of steel reinforcement. The beam element
belongs to the rod element and can be used to simulate the axial tension, compression,
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bending, and shearing of the rod. Due to the obvious bending and shearing effect of the
pin-cut key on the longitudinal connecting steel reinforcement at the prefabricated joints,
the longitudinal connecting steel reinforcement is simulated by using B31 beam elements.

2.4. Boundary Conditions and Loading Methods

The accurate simulation of boundary conditions is the premise to ensure the reliability
of finite element calculation results. The lower end face of the base of the specimen is
anchored with a fixed end, which is consistent with the experimental conditions. The
vertical load of the numerical simulation space structure is calculated according to the
axial compression ratio, converted into a uniform load, and applied to the loading beams
(Figure 3). The horizontal load adopts the form of low reversed cyclic loading, which is
realized by force–displacement loading introduced by the “Specification for seismic test of
buildings” (JGJ/T 101-2015) [31]. At the initial stage of loading, the force loading method
is adopted, and the force gradually increases according to the amplitude. Each stage is
loaded with one cycle, and the size is a multiple of 50 kN. After the yield displacement is
reached, displacement loading is used instead. The displacement loading is carried out
with the amplitude loading according to the integer multiple of the yield displacement,
and three cycles are performed for each stage until the specimen reaches the failure state.
Figure 4 shows the simulation of the cyclic loading history. Py and ∆y represent yield load
and yield displacement, respectively. A reference point, RP, is set at the top center of the
spatial structure model, the reference point is connected with all nodes on the loading beam
surface at the near end and the far end by “coupling” (Figure 5), and the horizontal force
and horizontal displacement are applied at the reference point, RP (Figure 6).
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2.5. Meshing and Analytical Calculations

The mesh division has a direct impact on the accuracy of the finite element calculation.
The swept mesh method is mainly used to divide the model. The cutting surface is set
during mesh generation to make the mesh generation more regular. The mesh size of all
elements, such as steel bars, wall piers, coupling beams, floor slabs, loading beams, and
bases, is taken as 0.05 m. The grid of the spatial structure model is shown in Figure 7.
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Figure 7. Finite element model meshing.

Two analysis steps are set in the model calculation. In the first step, the base is set to a
fixed end. The contact relationship between components is set. Vertical loads are applied.
In the second step, the displacement outside the two side faces of the loading beam parallel
to the wall surface is limited to prevent the wall from losing stability during the loading
process. Then, horizontal loads are applied.

The Newton–Raphson method decomposes the analysis step into several incremental
steps, and the load is gradually applied to the test piece in the form of increments. In each
load increment step, the software will carry out a series of iterations. In each iteration,
the modified stiffness matrix obtained from the last iteration is used for calculation, and
the calculation results are continuously modified until the balance equation is satisfied, so
the software has good convergence. In this paper, the Newton–Raphson method is used
for iterative calculation. When the convergence of the finite element calculation results is
difficult or the calculation efficiency is very low, it can be adjusted by reducing the initial
step size and the minimum incremental step of the analysis step.

2.6. Introduction of Damage Criterion

The damage criterion used in the finite element ABAQUS analysis in this paper is
based on the plastic damage principle proposed by Zhang Jin et al. [24]. The deterioration of
the mechanical properties of concrete and ECC under cyclic loading is reflected by the value
of the damage factor. The compressive and tensile damage of concrete and ECC materials
are reflected by the compressive damage factor and tensile damage factor, respectively. The
range of the damage factor is 0~1, and the larger the value is, the greater the damage. The
crack distribution of the concrete and ECC in ABAQUS is reflected by the tensile damage
factor. The closer the damage factor is to 1.0, the more serious the damage to the concrete
or ECC is.

2.7. Comparison of Calculation Results and Experimental Results

The yield load and yield displacement were obtained by unidirectional pushover
loading on the two-story spatial structure specimen of the prefabricated ECC/RC combined
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shear wall. After that, low-cycle repeated loading is carried out, and the load–displacement
hysteresis curve of the numerical simulation and test measurement [22] can be obtained,
as shown in Figure 8. The load–displacement skeleton curve is obtained, as shown in
Figure 9. Figures 8 and 9 show that the load–displacement hysteresis curve and the load–
displacement skeleton curve of the numerical simulation of the specimen are approximately
consistent with the experimental test results. However, the finite element method shows
a slightly stiffer rigidity and a lower displacement. The reason for this is that the finite
element calculation method uses the finite degree of freedom to approximate the infinite
degree of freedom in the real structure. The finite element solution is equivalent to making
the structure deform according to the given shape function. Compared with the real
situation, the constraints are increased in the finite element simulation, so the stiffness is
larger than the real solution. Correspondingly, the displacement is a little smaller.
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Figure 8. Load–displacement hysteresis curves.
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Figure 10 is the comparison of experimentally measured cracks and finite element
simulation cracks of the spatial structure specimen of the prefabricated ECC/RC combined
shear wall. Figure 10 shows that the webs are mainly flexural shear diagonal cracks, and
the flanges are mainly horizontal bending cracks. The crack pattern simulated by the finite
element model is approximately consistent with the actual crack pattern.

Buildings 2023, 13, x FOR PEER REVIEW 11 of 24 
 

 
(a) 

 
(b) 

Figure 10. Comparison of experimentally measured cracks and finite element simulation cracks. 

(a) Experimentally measured cracks and finite element simulation cracks of the web; (b) Experi-

mentally measured cracks and finite element simulation cracks of the flange. 

The comparison between the experimental and numerical simulation results of the 

load‒displacement curves and the cracking morphology verifies the correctness of the nu-

merical simulation method. 

3. Analysis of the Stress and Damage Mechanism 

Based on the verification of the numerical simulation method in the previous section, 

a detailed whole process analysis is carried out, including the stress distribution of the 

concrete and ECC, compression damage of the concrete and ECC, crack distribution of the 

concrete and ECC, stress distribution of the steel bars, and structural and fabricated joint 

displacement. 

3.1. Stress Distribution of Concrete and ECC 

Figure 11 shows the stress distribution of the concrete and ECC of the spatial struc-

ture specimen of the prefabricated ECC/RC combined shear wall calculated by finite ele-

ment under the peak load. It can be concluded from Figure 11 that the internal force dis-

tribution of the wall piers is a bending-shear distribution under low cyclic loading. The 

Figure 10. Comparison of experimentally measured cracks and finite element simulation cracks.
(a) Experimentally measured cracks and finite element simulation cracks of the web; (b) Experimen-
tally measured cracks and finite element simulation cracks of the flange.

The comparison between the experimental and numerical simulation results of the
load–displacement curves and the cracking morphology verifies the correctness of the
numerical simulation method.

3. Analysis of the Stress and Damage Mechanism

Based on the verification of the numerical simulation method in the previous section,
a detailed whole process analysis is carried out, including the stress distribution of the
concrete and ECC, compression damage of the concrete and ECC, crack distribution of
the concrete and ECC, stress distribution of the steel bars, and structural and fabricated
joint displacement.
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3.1. Stress Distribution of Concrete and ECC

Figure 11 shows the stress distribution of the concrete and ECC of the spatial structure
specimen of the prefabricated ECC/RC combined shear wall calculated by finite element
under the peak load. It can be concluded from Figure 11 that the internal force distribution
of the wall piers is a bending-shear distribution under low cyclic loading. The bottom
bending moment is larger, and the concrete in the compression area bears a larger compres-
sive stress. The stress distribution in the compression zone of the flange walls is relatively
uniform, and the stress concentration occurs in the compression zones at the edges of the
webs. The main reason for this is that the area of the compression zone at the edge of
the T-section web is small, the pressure diffusion zone is small, and the phenomenon of
stress concentration occurs. It is predicted that if the ECC material with better deformation
performance is used in the compression zones of the web edges, the damage to the wall
piers will be reduced.
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Figure 11. Stress distribution of spatial structure specimen of the prefabricated ECC/RC combined
shear wall.

Figure 12 shows the stress distribution of one of the composite coupling beams. The
stress of the precast concrete of the superimposed coupling beam is larger than that of the
cast-in-place layer ECC, and the stress concentration appears in the end region, while the
ECC stress distribution is relatively uniform.
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Figure 12. Stress distribution of composite coupling beam.

3.2. Compression Damage of Concrete and ECC

The compressive damage factor can reflect the compressive failure of concrete and
ECC materials in the spatial structure specimen of the prefabricated ECC/RC combined
shear wall. Figure 13 shows the compressive damage distribution of the concrete and ECC
when the specimen is subjected to low-cycle repeated loads in the yield state, peak state,
and failure state. With continuous loading, the compressive damage factor increases, and
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the damage factor is the largest at the bottom of the web compression wall near the edge.
In the final failure state, the damage factor at the bottom of the web is greater than 0.9,
and the damage is serious. Due to the large cross-sectional area of the flange, the stress
distribution is relatively uniform, and no major damage occurs, so the damage factor at
the flange is very small. From the distribution law of damage factors, it can be predicted
that if ECC material with better ductility is used in the bottom areas of the webs instead of
concrete, the damage to the webs will be significantly reduced.
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Figure 13. Compressive damage distribution of the prefabricated ECC/RC combined shear wall.
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3.3. Crack Distribution of Concrete and ECC

As mentioned in Section 2.6, the crack distribution of the concrete and ECC in ABAQUS
is reflected by the tensile damage factor. The closer the damage factor is to 1.0, the more
serious the damage to the concrete or ECC is. Figure 14 shows the distribution and variation
of the tensile damage factor of the spatial structure specimen of the prefabricated ECC/RC
combined shear wall in the initial crack state, yield state, peak state, and final failure state.
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Figure 14. Crack distribution of the prefabricated ECC/RC combined shear wall.

Figure 14 shows that cracks first appeared in the precast concrete part at the end of
the superimposed coupling beam and the bottom of the tension web wall pier. The cracks
of the superimposed coupling beams are vertical, and the cracks of the web wall piers are
horizontal, all of which are flexural cracks. With continuous loading, the damage factor in
the coupling beam increases, and the damage spreads to the middle. The cracks of the web
wall pier gradually appeared from the bottom to the upper part. Before the yield state, the
horizontal cracks were the main cracks, and then the horizontal cracks gradually developed
obliquely downwards to the inside of the web. The original cracks became longer in length
and larger in width (the damage factor became larger). The flange wall also has cracks from
bottom to top, mainly horizontal cracks caused by bending. The bottom bending moment
of the space structure is large, and the tensile stress caused by the bending moment is large,
so the wall piers in the tension zone are gradually cracked from bottom to top. When the
structure is finally damaged, the coupling beams, webs, and flanges are seriously damaged,
indicating that the performance of all prefabricated components is fully exerted.
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3.4. Stress Distribution of the Steel Bars

Figure 15 shows the von Mises stress nephogram of the steel bars in the spatial
structure specimen of the prefabricated ECC/RC combined shear wall at the yield state
and the failure state. From Figure 15, we can see that the steel bars reach yield at 538.4 MPa,
and the maximum stress reaches 598.8 MPa in the failure state. The areas with high
reinforcement stress are the tension area and the compression area of the first floor walls and
the end of the coupling beams due to the large bending moments or shear forces subjected.
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Figure 15. Stress distribution of the steel bars in the spatial structure specimen of the prefabricated
ECC/RC combined shear wall.

3.5. Structural and Fabricated Joint Displacement

Figure 16 shows the horizontal displacement (U1) of the spatial structure specimen of
the fabricated ECC/RC combined shear wall in the yield state and failure state simulated
by the finite element. We can see that the displacement at the top of the structure specimen
is the largest and decreases as it decreases. The vertex displacement at the loading beam is
approximately 7.4 mm when the prefabricated ECC/RC combined shear wall yields, and
the vertex displacement is approximately 44.4 mm when it fails.
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Figure 16. Horizontal displacement of the spatial structure specimen of the fabricated ECC/RC
combined shear wall.
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The vertical opening displacement of the contact surface between the wall pier and
the base of the fabricated ECC/RC combined shear wall simulated by the finite element is
shown in Figure 17. When the wall pier is in tension, the vertical opening displacement
reaches 15.49 mm, which can be seen in the data of U3 in the dark blue figure of Figure 17.
Of course, the unit of measurement in the figure is meters. This indicates that slip failure
along the contact surface will occur at this same position, which is consistent with the
damage measured in the test (Figure 18).
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4. Seismic Energy Dissipation Performance Optimization

As the 1/2-scale two-story spatial structure specimen of a prefabricated ECC/RC
combined shear wall analyzed above is taken from the actual project, it is of great signif-
icance to study the energy dissipation capacity of the specimen. From the above stress
and damage analysis, it can be speculated that the use of ECC materials at the bottom of
the prefabricated ECC/RC combined shear wall can reduce the damage and improve the
energy dissipation performance. However, the question is, what is the best range to use
ECC materials in the bottom of the wall to balance the higher cost and better seismic energy
dissipation capacity? Now, we will change the ranges of the use of ECCs at the bottom of
the wall and study their seismic energy dissipation capacity to answer this question.

4.1. Parameter Value

Due to the high cost of ECC, it is not economical to use full ECC shear walls. It is
necessary to quantitatively analyze the influence of the use range of ECC in the bottom walls
on the seismic energy dissipation performance of the prefabricated ECC/RC composite-
coupled shear walls. The variation parameters of the use area of ECC in the bottom of the
walls are shown in Table 1. Other unspecified parameters are the same.
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Table 1. The variation parameters of the use area of ECC in the bottom of the walls.

Classification of Specimens Application Area Height of ECC in the
Bottom of the Walls

Specimen 1 0
Specimen 2 200 mm
Specimen 3 400 mm
Specimen 4 600 mm
Specimen 5 800 mm

4.2. Load–Displacement Hysteresis Curves under Low Cyclic Loading

The load–displacement hysteretic curves of the 1/2-scale two-story spatial structure
specimens under low cyclic loading when ECC is applied at different heights of the bottom
of the walls are shown in Figure 19. Figure 19a–e correspond to specimens 1–5, and the
height of the ECC in the bottom wall limb is 0~800 mm. With increasing ECC height,
the load–displacement hysteresis curves tend to be fuller, but the increase in fullness
gradually decreases.
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Figure 19. Load–displacement hysteresis curves under low cyclic loading.
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4.3. Seismic Energy Dissipation Capacity with Different Ranges of ECC

Under low cyclic loading, the energy dissipation capacity can be measured by the
area surrounded by the hysteresis loop. Based on the load–displacement hysteresis curve
obtained by finite element simulation, the approximate integral method is used to calculate
the single-cycle energy dissipation value when completing a hysteresis loop. After that, the
cumulative energy dissipation value is calculated in turn to evaluate the energy dissipa-
tion performance. Because the specimen is basically in the elastic stage during the force
loading stage, the energy dissipation value is very small. This calculation starts from the
displacement loading stage. The one-cycle and cumulative energy dissipation values of the
specimens when ECCs are applied in different areas of the bottom of the walls are shown
in Table 2. In the table, ∆ represents the yield displacement.

From Table 2, it can be seen that in the first cycle of the first displacement loading,
the single cycle energy consumption value of the specimen is Specimen 1 > Specimen
2. The main reason for this is that the specimen has just yielded, and the small content
of ECC (200 mm) has not fully reflected the delay effect of yielding. The stiffness of the
specimen at this stage plays a major role in energy dissipation. The energy dissipation
capacity of Specimen 1 is greater than that of Specimen 2 because the stiffness of concrete
is greater than that of ECC. Specimen 2 < Specimen 3, indicating that with the increase in
ECC content (400 mm), the yield displacement increases greatly, and the contribution of
the increase in yield displacement to the energy dissipation is greater than the contribution
of the elastic modulus of concrete. Specimen 3 > Specimen 4 > Specimen 5, indicating that
after the ECC content increases again (600~800 mm), the contribution of the increase in
the structural yield displacement to the structural energy consumption is less than the
contribution of the decrease in the structural stiffness to the structural energy consumption.
However, with continuous loading, for the single cycle energy consumption value and
cumulative energy consumption value, Specimen 5 > Specimen 4 > Specimen 3 > Specimen
2 > Specimen 1, indicating that as the amount of ECC in the wall increases (0~800 mm), the
energy consumption capacity continues to increase.

The calculation shows that when the specimen is loaded at the end of 6∆, the cumula-
tive energy dissipation values of Specimen 1–Specimen 5 are 343,860.7, 380,645.6, 414,415.9,
426,352.3, and 431,535.6 J, respectively. Compared with Specimen 1, the cumulative energy
consumption of Specimens 2–5 increased by 10.7, 20.5, 23.9, and 25.5%, respectively. When
the height of the ECC at the bottom of the wall is 400 mm, the increase in the cumulative
energy consumption value is more than 20% higher than that of the specimen without ECC
at the bottom of the wall. As the height of the ECC continues to increase, the cumulative
energy consumption value still increases, but the increase rate decreases. For example,
compared with Specimen 2, the energy consumption of Specimen 3 only increased by 8.9%,
while compared with Specimen 1, Specimen 2 increased by 20.5%.

With continuous loading, the damage of the specimen continues to accumulate, and the
specimen continues to dissipate the input energy. To better evaluate the energy dissipation
capacity, the energy dissipation coefficient, e, is introduced [31]. The calculation expression
of e is:

e =
S(FAE+ECG)

S(AOB+COD)
(3)

In the formula, S(FAE+ECG)—Sum of the area surrounded by hysteresis curve;
S(A0B+COD)—Sum of the area of two corresponding triangles. Figure 20 shows the calcula-
tion diagram.
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Table 2. Single cycle/cumulative energy dissipation of specimens (J).

Displacement
Loading Level

Number of
Cycles

Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5

Single Cycle Cumulative Single Cycle Cumulative Single Cycle Cumulative Single Cycle Cumulative Single Cycle Cumulative

1∆
1 1287.7 1287.7 1262.3 1262.3 1797.9 1797.9 1602.9 1602.9 1565.5 1565.5
2 658.6 1946.3 525.2 1787.5 851.8 2649.7 656.6 2259.5 626.6 2192.1
3 237.5 2183.8 322.8 2110.3 496.2 3145.9 419.7 2679.2 443.6 2635.7

2∆
1 8062.9 10,246.7 7793.2 9903.5 8679.7 11,825.6 8762.9 11,442.1 8778.5 11,414.2
2 5752.8 15,999.5 5979.1 15,882.6 7490.8 19,316.4 7271.9 18714 7350.2 18,764.4
3 5489.4 21,488.9 5890.6 21,773.2 7128.8 26,445.2 7033.5 25,747.5 7123.8 25,888.2

3∆
1 18,750.3 40,239.2 18,466.4 40,239.6 22,147.1 48,592.3 21,445.9 47,193.4 22,541.2 48,429.4
2 15,991.2 56,230.4 18,209.2 58,448.8 21,093.2 69,685.5 20,843.6 68,037 21,554.1 69,983.5
3 14,102.2 70,332.6 15,620.7 74,069.5 17,704.6 87,390.1 19,928.6 87,965.6 19,261.1 89,244.6

4∆
1 23,801.8 94,134.4 26,783.6 10,0853.1 28,071 11,5461.1 29,694.5 117,660.1 30,028.6 119,273.2
2 21,502.9 115,155.6 24,559.5 125,412.6 25,534.6 140,995.7 27,267 144,927.1 27,417.8 146,691
3 21,021.2 136,658.5 23,933.7 149,346.3 24,787.2 165,782.9 25,699.1 170,626.2 27,392.6 174,083.6

5∆
1 31,021.9 167,680.4 34,183.6 183,529.9 36,879.5 202,662.4 37,981.7 208,607.9 38,830.2 212,913.8
2 29,477.4 197,157.8 33,399.9 216,929.8 36,651.1 239,313.5 37,470.7 246,078.6 37,942.8 250,856.6
3 28,988.5 226,146.3 33,265.4 250,195.2 35,885.5 275,199 36,435.5 282,514.1 36,794.2 287,650.8

6∆
1 40,265.9 266,412.2 44,441.1 294,636.3 47,613.3 322,812.3 49,080.7 331,594.8 48,801.3 336,452.1
2 39,099.7 305,511.9 43,162.2 337,798.5 46,066.4 368,878.7 47,626.8 379,221.6 47,742.6 384,194.7
3 38,348.8 343,860.7 42,847.1 38,0645.6 45,537.2 414,415.9 47,130.7 426,352.3 47,340.9 431,535.6
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Table 3 shows the energy dissipation coefficients, e (the following abbreviations e), of
the five specimens at the yield and peak points. The e at the peak point is greater than that
at the yield point, indicating that the energy dissipation capacity is enhanced after yielding.
Comparing the e of the five specimens, it can be seen that the e at both the yield point and
the peak point are the largest in Specimen 3. The e of the five specimens at the peak point is
Specimen 3 > Specimen 5 > Specimen 4 > Specimen 2 > Specimen 1.

Table 3. Energy dissipation coefficients of the five specimens.

Specimen
Yield Point Peak Point

Displacement
(mm)

Load
(kN) e Displacement

(mm)
Load
(kN) e

Specimen 1 6.1 666 0.32 17.9 964 1.03
Specimen 2 6.4 682 0.29 18.3 891 1.13
Specimen 3 6.6 685 0.40 18.5 984 1.22
Specimen 4 6.9 686 0.33 18.9 979 1.16
Specimen 5 7.0 687 0.32 19.5 968 1.19

The energy dissipation performance of the specimen is the best when the height of
the ECC is 400 mm. The reason for this is that ECC has high ductility and strong tensile,
compressive, and shear deformation resistance, but its stiffness is smaller than that of
concrete, and the energy dissipation performance is determined by the stiffness, bearing
capacity, and deformation capacity of the specimen. Considering the energy dissipation
capacity and price factors, when the ECC height of the bottom walls is 400 mm, the energy
dissipation performance of the specimen reaches an optimal value.

5. Conclusions

In this paper, the stress mechanism and energy dissipation performance optimization
of prefabricated ECC/RC combined shear walls under low cyclic loading was studied. The
following conclusions are derived:

The comparison between the experimental and numerical simulation results of the
load–displacement curves and the cracking morphology verifies the correctness of the
numerical simulation method.

The stress concentration occurs in the compression zones at the edges of the webs, and
the damages are the largest at the bottom of the web compression walls near the edges. The
wall piers in the tension zone are gradually cracked from bottom to top, and the bottom
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wall piers are the most severely damaged when the final failure occurs. The areas with high
reinforcement stress are the tension area and the compression area of the first floor walls
and the end of the coupling beams.

The vertex displacement at the loading beam is approximately 7.4 mm when the
prefabricated ECC/RC combined shear wall yields, and the vertex displacement is ap-
proximately 44.4 mm when it fails. When the wall pier is in tension, the vertical opening
displacement of the contact surface between the web and the base reaches a large value.

When the ECC height of the bottom walls is 400 mm, the energy dissipation per-
formance of the prefabricated ECC/RC combined shear wall structure reaches an opti-
mal value.

Based on the stress and damage mechanism, this paper optimized the seismic energy
dissipation performance of different ECC usage ranges in the plastic hinge area at the
bottom of the wall. In addition, the factors that affect the seismic energy dissipation perfor-
mance of the prefabricated ECC/RC combined shear wall structure are the reinforcement
ratio, steel strength, ECC strength, etc. The influence degree of these factors has not been
studied in this paper. In future research, we will perform this work to further improve the
seismic energy dissipation performance of this new structural system.
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