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Abstract: With the quick progress of industrialization and
urbanization, the construction industry has become one of
the largest energy-consuming industries. However, the cur-
rent prefabricated shear wall focuses on the upgrade of
seismic function, with less analysis of the energy efficiency
of the overall structure. In this study, a sustainable prefab-
ricated building shear wall that takes into account both
energy conservation and stress is first proposed, and then
the shear wall is modelled by finite element method (FEM)
software. Meanwhile, the force functions of the shear wall
model, including concrete strength, axial condensability
rate, and aspect rate, and finally the seismic function are
verified. The experimental outcomes demonstrate that the
maximum difference between the FEM analysis outcomes
and the test data is only 10.66%, and the overall difference in
the outcomes is relatively small. The larger the aspect rate of
the proposed sustainable assembled shear wall model, the
better the ductility of the member, and the bigger the axial
condensability rate and concrete strength, the lower the
ductility of the member. In the seismic function analysis,
the maximum layer displacement angles of this shear wall
are all less than 1/120, which is in line with the national
seismic code. This indicates its good seismic function and
provides a methodological reference for the upgrade of the
structural function of shear walls.
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1 Introduction

Assembled construction is one of the achievements of resi-
dential industrialization and building industrialization. It
can reduce environmental pollution during construction
and greatly shorten the construction cycle, and has a broad
development prospect in modern structural buildings [1].
This type of building includes modern timber structures,
steel structures, and assembled concrete structures, of
which prefabricated assembled concrete structures are
the most widely used in construction projects and are gra-
dually becoming the focus of research in this field. At pre-
sent, the research on assembled shear walls focuses on the
seismic resistance of the structure as a whole and the ana-
lysis of the force function at the connection nodes, to some
extent neglecting the upgrade of energy efficiency [2]. With
the continuous development of computer science and tech-
nology, finite element numerical analysis is widely used for
construction engineering. It has great potential for use in
mechanical engineering, petrochemical, and energy indus-
tries [3]. Therefore, the sustainable prefabricated shear
wall structure is first proposed in the study, and the wallboard
model is established through Midas finite element analysis
(FEA) finite element software. Then, the parametric analysis
is carried out, and the influence of each parameter on the
mechanical performance of the model is summarized.
Finally, the seismic performance is evaluated to provide
theoretical and technical support for the design and per-
formance analysis of the shear wall structure.

2 Related works

The analysis of the structural function of assembled shear
walls is one of the main focuses of current research in con-
struction engineering. With the continuous progress of modern
technology, related professionals have got many achievements
in this area and obtained many milestones. In order to study
the seismic performance of composite shear walls, Su et al. [4]
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designed a new type of columnar stiffened concrete-filled steel
tubular frame-inclined bar composite shear wall to develop
high-efficiency stress-resistant components of high-rise build-
ings. The results show that its bearing capacity, damage, stiff-
ness, energy consumption and deformation are significantly
improved, and the calculated results of the finite element
model are in good agreement with the experimental results.
Dowden et al. [5] addressed the potential test problem of using
bolted connections between the boundary members of steel
sheet shear walls and punching padding panels in. Based on an
analysis of the advantages of perforated infill sheets, ie. their
ability to be refined to minimize the forces for sheet connectors
and ambient frontier component, combined with bolted con-
nections for overall format of steel sheet shear walls, this
method provides better seismic and hysteretic function com-
pared to steel sheet shear walls with conventional solid infill
sheets using welded connections. Guo and Wang [6] addressed
the issue of shear-bearing capacity shear walls of Axial load
precast-reinforced concrete, which is difficult to meet, and
developed a new prefabricated shear wall located on the
ground floor of a tower block in a violent earthquake zone
based on the introduction of high ductility concealed columns
and X-shaped steel sheet supports, which demonstrated widely
distributed cracks and upgraded load-carrying capacity in
quasi-static loading tests. Jya et al [7] conducted shear wall
repair on the structural performance of two single span and
two story steel plates using non welded inclined stiffeners,
and conducted quasi-static loading to simulate damage
caused by earthquakes. The results showed that it effec-
tively suppressed the residual out of plane deformation of
the filler plate, and further proved that using inclined
multi rib stiffeners is the most effective method to improve
bearing capacity and suppress out of plane deformation of
the filler plate. Labibzadeh et al. [8] designed a new type of
shear wall composed of three corrugated steel plates filled
with concrete to analyze the influence of opening shape
and aspect ratio on the shear bearing capacity of a three-
layer laminated steel plate concrete composite shear wall.
The results showed that the bearing capacity of this new
type of shear wall was 16% and 12% higher than that of a
regular composite wall.

Khan and Yan [9] used the finite element software
ABAQUS to analyse the nonlinear structural performance of
the new type of joints under quasi-static and static cyclic loads,
and carried out parametric analysis on the gap between adja-
cent modules and the length of the column tenon. The results
showed that the gap between the upper and lower parts of the
joints led to the failure of the floor beam. Wang and Wang [10]
established the shear wall element software through ABAQUS
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FEM based on the mechanical properties of prefabricated steel
plates, and carried out the construction of shear walls through
nonlinear finite element analysis method. The results verify
the effectiveness of this method. Jba et al [11] developed a
lateral force-based steel sheet shear wall framing system
based on lateral forces, which was developed by shear spring
and Buckling spring to simulate the behaviour of steel sheets
shear walls. The outcomes demonstrated that it optimized the
seismic function and obtained almost the same function para-
meters as the refined FEM. Mahmoud and Salman [12] eval-
uated the earthquake reaction of architecture with reinforced
concrete shear walls of different storeys by investigating the
displacement, shear force, bending moment, and inter-storey
displacement as function indicators and demonstrated that it
reduced the induced seismic response and cost. Msa et al. [13]
proposed a combination of interior wall structure and compo-
site system to address the low efficiency of existing shear wall
systems in low rise buildings, and utilized advanced modeling
programs for system design. The results showed that this
design demonstrated high application efficiency in low rise
buildings. Zhang et al. [14] designed a new type of prefabri-
cated energy dissipation shear wall structure system, which
connects adjacent wall panels with mild steel dampers at the
vertical joints, and analysed and compared the vulnerability
curve and seismic response under earthquake sequence and
single main earthquake. The outcomes proved the feasibility
and reliability of the shear wall.

In summary, most researchers have optimized the anti-
seismic function of shear walls in their system and structure,
and have demonstrated the effectiveness of the proposed
methods in simulation experiments. However, the degree of
application for finite elements is not sufficient and there are
still problems such as low efficiency. The study therefore aims
to analyse the function of sustainable assembled building wall
structures by establishing an FEM under which they could be a
reference for structural design.

3 Sustainable assembled building
wall structures under FEM

3.1 FEM of sustainably assembled wall
panels

The Midas FEA finite element simulation and analysis
software is a non-linear detailed analysis finite element
software specially designed for the civil engineering pro-
fession [15]. The pre-processing step is to build the FEM and
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the solution calculation is to carry out numerical calculations
on the completed model, while the post-processing part is to
output the calculation outcomes. The Midas FEA solution cal-
culation defines the solution process through linear coupled
equations and includes two solution methods: direct and
iterative [16]. The iterative method is generally used for struc-
tural models with a large number of solid units and requires
a long computational time, while the direct method can be
used for a wide range of models, but requires a larger amount
of computer memory. At the same time, the post-processing
capabilities of Midas FEA are very powerful, allowing the
output of detailed diagrams of the outcomes of various calcu-
lations and the ability to find the required units and specific
node stresses in the software [17]. Therefore, the study uses
this software to model the assembled wall panels. According
to the specification, the thickness of the short leg shear wall
shall not be less than 200 mm, and the ratio of the height of
the wall section to the thickness is 5-8. The section structure
of the shear wall model of the sustainable prefabricated
building studied and designed is the middle insulation layer
and the structural layers on both sides. The shear wall panel
wall is 2,000 mm wide, the wall thickness is 200 mm, and the
edge member length is 150 mm. The specific structure and
reinforcement form of the sustainable prefabricated shear
wall is demonstrated in Figure 1.

The reinforcement units of the sustainable assembled
shear wall model were created using reinforcing beam
units within the beam unit of the program itself, while
solid units were used in the concrete section [18]. For the
force analysis of the reinforced concrete structure, the con-
crete solid cell has a built-in reinforcement cell, as the
respective stresses of the concrete and the reinforcement
are the focus of the analysis, so the bond slip between the
two is ignored [19]. Midas FEA has a variety of meshing
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methods, with mapped meshing and automatic meshing being
the two main ones. Among them, mapped meshing has a clear
force transmission path and a uniform mesh form, and the
shear wall model proposed in the study is relatively regular
in shape, so this method is chosen for meshing. The smaller
the mesh size, the more accurate the outcomes of the FEA
calculations and the more accurate the force analysis will
be, and the corresponding time and memory required for
the calculations will be greater, so a suitable mesh size
for the model must be chosen [20]. The mesh size of the
reinforcing steel cells proposed in the study are all 50 mm,
while for the concrete cells the mesh size is determined
by their geometrical function. The grid widths of the sustain-
able assembled shear wall sections proposed in the study
are all 50 mm, with 65 mm on both sides and 70 mm in the
middle of the grid length. For the boundary conditions of
the model, fixed constraints are added to the bottom of
the wall slab model, constraining its degrees of freedom
to six directions. The difference between the experimental
outcomes obtained from the construction of reciprocally
loaded or monotonically loaded shear walls is small, and
the reciprocal loading will lead to changes in the material
ontology model, which affects the simulation accuracy of
the finite element analysis, so the horizontal monotonic
loading and vertical fixed loading regimes are used for
processing.

3.2 Concrete material ontological
relationships

Concrete is an engineering composite material in which
aggregates are cemented together by the action of
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Figure 1: Concrete structure and reinforcement form of sustainable prefabricated shear wall.
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cementitious materials. The composite materials of con-
crete are diverse, which leads to uneven materials and
complex Constitutive equation [21]. In finite element ana-
lysis, the selection and setting of the concrete material
instantonal relationship determine the level of detail and
accuracy of the analysis, and the selection of the appro-
priate material instantonal relationship is crucial to the
accuracy of the outcomes of the whole procedure. The
Midas FEA material library has a wide range of concrete
crack models, including expansion crack models, total strain
crack models, linear elastic crack models, and discrete crack
models [22]. The total strain cracking model is a discrete
cracking model based on the elastic behaviour of the mate-
rial cracking as defined by elastic damage and simulates
concrete in a non-linear state of hehaviour through isotropic
hardening in condensability and elastic cracking in tension.
The model can be divided into a rotating model, where the
crack always follows the direction of the principal strain,
and a fixed model, where the crack direction does not
change [23]. The fixed model can provide a specific descrip-
tion of the physical function of the crack, but the definition
of structural strength and stiffness is too large. The rotating
model does not require the physical function of the crack to
be preserved, is simpler to calculate in structural analysis,
and is highly convergent, so it is used for non-linear calcula-
tions of reinforced concrete structures [24]. The concrete
material is characterized by each isotropy before the crack
occurs and each anisotropy afterwards, so the concrete
material is defined in Midas FEA by orthogonal anisotropy
and then the shear and normal stresses of the crack are
calculated, the characteristics of which are demonstrated
in Figure 2.

In Midas FEA, if lateral restraint occurs when concrete
is compressed, then the various homogeneous stresses are
amplified, as is the stiffness of the structure [25]. The factors
influencing the stress—strain in concrete under condensa-
bility are the extreme strain and the value of the extreme
stress. The damage function determines the magnitude of
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Figure 2: Orthogonal crack model.
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these two factors and the damage function is at the same
time a function of the transverse restraint stress in the
structure. In the event of cracks in the structure along the
vertical direction of pressure, both the extreme strain and
extreme stress values decrease and the expression for the
model’s stressed region is demonstrated in the following
equation:

f;‘) = Bacr 'f(‘:f

@
ap = B, " &p

In Eq. (1), f; represents the extreme stress value, &, is the
extreme strain value, Bgcr represents the discount factor of
the extreme stress value, ﬁdcr is the reduction factor of the
extreme strain value, and fp and a, represent the com-
pressed area of the model. The relationship between the
crack normal strain and normal stress in the compressive
model is demonstrated in the following equation:
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In Eq. (2), f, represents the tensile strength, &g is the
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ultimate crack strain, and y

] represents the func-

tional expression of model softening graph. The tensile
softening is related to the type I fracture energy as a func-
tion of crack width, as demonstrated in the following
equation:
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In Eq. (3), h represents the crack width and Gr represents
the type I fracture energy. Substituting these into Eq. (3)
gives the following equation:
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In Eq. (4), L is a constant. The ultimate crack strain in the
finite element analysis can be treated as a fixed value
whose magnitude is related to the fracture energy, tensile
strength, and unit characteristic values as well as the crack
width, as demonstrated in the following equation:
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In Eq. (5), a represents the characteristic function of
the cells. The type I fracture energy will dissipate when the
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deformation of the model is concentrated in specific cells
or when the forces exceed the tensile strength, which is
directly related to the precision of the finite element
meshing. If the cell meshing is too large, it may cause the
intrinsic model to jump back, making it difficult to objec-
tively reflect the fracture energy [26]. In contrast to con-
crete, the internal structure of steel itself is ideally
homogeneous in all directions. The intrinsic model of steel
studied is the Von Mises model, which is capable of hard-
ening behaviour in response to yield stresses, so that the
steel model can be represented by a hardened elastic—
plastic model and the hardening behaviour can be defined
by a multiplicity function. The slope of steel is modulus of
elasticity when the yield strength is reached, while the
stress—strain relationship is a gentler straight line when
the steel enters the strain hardening phase, where the tan-
gential stiffness is taken to be 0.01E. The stress—strain rela-
tionship for the steel is demonstrated in the following
equation:

(0=se<gy
(6

(ey S &< &)

In Eq. (6), f; represents the yield strength and E means
elastic modulus. The steel reinforcement used in the study
was HPB235, with a Poisson’s rate of 0.3, an elastic modulus
of 2.06 x 10° MPa, a tangential stiffness of 2.06 x 103 MPa in
the strain hardening stage, and an initial yield stress of
235 N/mm? In verifying the exactitude of the established
shear wall FEM and its intrinsic structure relationship, the
study was carried out by means of finite element simula-
tions using specimen SW2. In this regard, the test members
include the bottom beam, the wall construction, and the
top beam of the specimen. The top beam is specified to
simulate the restraint of the wall construction by the
cast-in-place floor slab in the actual building structure
and to act as a loading unit for horizontal and vertical
loads, as well as to anchor the vertical reinforcement of
the wall [27]. The bottom beam is mainly used to simulate a
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rigid foundation and to anchor the vertical reinforcement,
so, the role of the bottom and top beams in the experiment
is to anchor the wall slab bottom and apply the load. In the
finite element simulation, the program used in the study
was able to directly fix the bottom of the restrained wall
sheet and apply the load to the top of the wall sheet, so only
the wall sheet itself needed to be defined for this purpose.
The wall panel specimen was 700 mm wide, 1,400 mm high,
and 100 mm specific reinforcement, and the section dimen-
sions are demonstrated in Figure 3.

4 Analysis of performance
outcomes of assembled shear
wall under finite element model

First, to validate the accuracy of the model and the adopted
principal structure relationship, three sets of material tests
were conducted on the reinforcing steel and concrete
materials used, respectively. The concrete was C40 and
the measured values of the cubic compressive strength in
the material mechanical function were 55.2, 49.96, and
52.1N/mm? with an average value of 52.42N/mm? and
the modulus of elasticity of 3.25 x 10* N/mm? the mechan-
ical indexes of reinforcement are demonstrated in Table 1.

Finite element simulations were carried out and com-
pared with experimental data to verify the model and the
intrinsic structure relationship under the defined mechan-
ical specifications of concrete function and the mechanical
specifications of steel function demonstrated in Table 1, the
outcomes of which are demonstrated in Figure 4.

In Figure 4, the experimental data are 1.25% smaller
than the outcomes under the FEM for the wall slab cracking
load. For cracking displacement, the experimental data are
5.32% larger than the outcomes from the FE because the
concrete diffuse cracking simulates the non-linear beha-
viour of concrete through condensability isotropic hard-
ening elastic—plastic and tension elastic cracking, causing
the analysis to be more rigid. For yield loads and yield
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Figure 3: Geometric dimension and reinforcement drawing of member section.
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Table 1: Mechanical index of reinforcement
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Rebar Elastic modulus Average Ultimate strength Average Yield strength Average
specification (x 10° N/mm?) value (N/mm?) value (N/mm?) value
D6.5 1.78 1.86 651.67 645.58 499.28 512.14
2.07 643.51 494.68
1.72 641.56 54217
D12 1.65 1.64 570.30 561.45 423.60 426.20
1.66 561.05 429.70
1.61 533.01 422.20

displacements, the difference is 10.38 and 2.17%, respec-
tively. In the comparison of ultimate load and ultimate
displacement, the FE data differed by 10.66 and 5.12%,
respectively. Therefore, the outcomes of the FE only par-
tially deviated from the test data, and the overall damage
trend was basically the same, indicating that the method of
defining the material intrinsic model and the FEM used were
accurate. The shear wall slab force function was then analysed
using three shear wall models with different aspect rate,
named SW1 (1.5), SW2 (2.0), and SW3 (2.5), all with axial con-
densability rate of 0.5, vertical and transverse reinforcement
rate of 0.393%, all built to a thickness of 200 mm, a width of
2,000 mm, and heights of 3,000, 4,000, and 5,000 mm, respec-
tively. The outcomes of the non-linear analysis in the finite
element software for the three shear wall models with dif-
ferent aspect rates are demonstrated in Figure 5.

In Figure 5, the force state of the shear wall model at
different periods is greatly influenced by the aspect rate.
When the top displacements are the same, the horizontal
bearing capacity of the member gradually decreases as the
aspect rate increases. The top horizontal displacement
increases with increasing height rate when the top loads
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Figure 4: Comparison outcomes of finite element calculation and
test data.

are equal, thus indicating that the greater the aspect rate,
the better the ductility of the shear wall element. At the
same time, the slope of the load displacement curve during
the increasing phase increases as the height rate of the
shear wall decreases. Once the ultimate load is exceeded,
the absolute value of the slope of the load displacement
curve in the decreasing phase increases and the member
demonstrates brittle damage. The effect of different axial
pressure rates on the structural function of the proposed
shear wall models was then analysed in finite element soft-
ware. Four groups of shear wall models with axial pressure
rates of 0.1, 0.3, 0.5, and 0.7, corresponding to the names
SW4, SW5, SW2, and SW6, were designed, all with member
height of 4,000 mm, member width of 2,000 mm, thickness
of 200 mm, horizontal and vertical reinforcement ratios
are both 0.393. The non-linear finite element analysis is
implemented for the four shear wall models with various
axial condensability rates, and the load-deflection out-
comes are demonstrated in Figure 6.

In Figure 6, the overall variation of load—deflection
curve obtained from the shear wall model with various
axial pressure rates is small at the beginning of loading,
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Figure 5: Nonlinear analysis outcomes of three shear wall models with
different rates of height to width in finite element software.
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Figure 6: Load-displacement outcomes of four shear wall models with
different axial condensability rates.

and as the axial pressure rate raises, the gradient of load-
deflection curve in the rising phase is greater, while the
axial pressure rate of the member is positively related to the
peak load. When the load—deflection curve is in the decreasing
phase, the decreasing trend of the model becomes steeper
with the addition of axial pressure rate. The reason for this
is that the relative compressive height of the section raises as
the member’s axial pressure rate raises, and the higher the
axial pressure rate, the higher the ultimate load-carrying capa-
city and the lower the ductility. The outcomes of the displace-
ment and load comparisons for shear walls with various axial
condensability rates are demonstrated in Figure 7.
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In Figure 7, the cracking load of the members increased
slightly with the increase of the axial pressure rate, indi-
cating that the cracking of the shear wall could be retarded
by increasing the axial pressure rate; the yield load of SW4
was 27.77 kN lower than that of SW5, the yield load of SW6
was increased by 52.27KkN compared with SW2, and SW2
was 35.21kN higher than that of SW5, indicating that the
yield load of the shear wall increased continuously with
the increase of the axial pressure rate. And the increase is
also greater, especially when the axial condensability rate
exceeds 0.5, the peak load and yield load appear to increase
significantly. At the same time, the cracking displacement of
SW4 is the smallest and that of SW6 is the largest, with a
difference of only 0.2 mm between the two, indicating that
the cracking displacement of the member is less affected
by the axial pressure rate. As the axial pressure rate
increases, the ultimate displacement, peak displacement, and
yield displacement of the model all decrease. When the axial
pressure rate of the model increases, the displacement angle
becomes smaller, indicating that its ductility function is worse.
Therefore, at a certain other parameter of the shear wall ele-
ment, the horizontal bearing capacity increases with increasing
axial pressure rate and the ductility function becomes worse.
The effect of different concrete strengths on the function of the
proposed shear wall elements is then investigated. C30 (SW2-1),
C40 (SW7-1), C50 (SW8-1) and C30 (SW2-2), C40 (SW7-2), and
C50 (SW8-2) are used to define the constitutive relationship
of model concrete, with an axial pressure rate of 0.5 and a
model aspect rate of 2.0, respectively, and the outcoming
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Figure 7: Comparison outcomes of various displacements and loads of shear walls under different axial condensability rates. (a) Comparison of
various loads of shear walls with different axial compression ratios and (b) comparison of various displacements of shear walls with different axial

compression ratios.
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load—displacement curves for different concrete strengths
are demonstrated in Figure 8.

In Figure 8, the load-displacement curves of SW2-1
and SW2-2, SW7-1 and SW7-2, and SW8-1 and SW8-2 differ
greatly, thus meaning that the force state of the shear wall
is greatly influenced by the strength of concrete. Mean-
while, as the concrete strength continues to raise, the
initial stiffness of the construction gradually increases
and there is a significant increase in ultimate and peak
loads. Finally, the seismic function of the proposed sustain-
able assembled building shear walls was analysed for seismic
waves of E1 Centro Site and Mexico City Station 1, with
seismic directions X and Y. The outcomes of the comparison
of the average maximum inter-storey displacement angle per
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storey for the 24-storey shear wall residential model under
the two seismic waveforms are demonstrated in Figure 9.
Figure 9 (a) and (b) demonstrates the comparative
outcomes of the inter-storey displacement angles of the con-
ventional shear wall and the new shear wall in the X-direc-
tion and Y-direction separately. In Figure 8, the maximum
inter-storey displacement angles of both shear walls occur
near the twelfth storey, both in the X-direction and in the Y-
direction, and the displacement angles of the proposed
shear wall at all storeys are slightly smaller than those of
the ordinary shear wall. At the same time, the maximum
storey displacement angles of the proposed shear walls
satisfy the national seismic code, i.e., the maximum storey
displacement angles are all less than 1/120, indicating that
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Figure 9: Comparison of the maximum inter story displacement angle between the proposed shear wall and the ordinary shear wall. (a) X direction

and (b) Y direction.
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the shear walls upgrade the seismic function to some extent
while satisfying the national seismic code.

5 Conclusions

The development of assembled shear walls is of great impor-
tance for the construction of modern structural buildings.
The research’s foundation is assembling concrete structures
and the development of sustainable assembled shear walls.
It consists of an insulation layer and a structural layer, with
concrete and lightweight insulation as the main compo-
nents, respectively. An FEM of the wall panel and the con-
crete material ontological relationship was then developed
and finite element analysis of its force function and seismic
capacity was carried out. The outcomes demonstrate that
with the increase of axial compression ratio, the cracking
load of members increases slightly. The yield load of SW4 is
27.77kN lower than that of SW5. The yield load of SW6 is
52.27kN higher than that of SW2. The yield load of SW2
is 35.21kN higher than that of SW5. Meanwhile, the crack
displacement of SW4 is the smallest, and that of SW6 is the
largest. The difference between the two is only 0.2mm.
Compared with the test data, the minimum difference
between the results obtained by the FEM is 1.25%, and
the maximum difference is 10.66%, which is consistent
overall. It indicates that the reliability of the method is
high. In the non-linear analysis of the four parameters of
aspect rate, concrete strength, and axial condensability
rate, it was concluded that concrete strength and axial
condensability rate have an inverse trend with shear
wall ductility function and aspect rate has a positive trend
with shear wall ductility function. In the analysis of dynamic
time, the mean maximum inter-storey displacement angle of
the model is smaller than the code limit of 1/120 for all
storeys and has a good seismic function. However, in the
analysis of the force function, there is a lack of consideration
of parameters in the form of horizontal reinforcement rate
and cavity size, so further investigation is required in
this area.
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