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ARTICLE INFO ABSTRACT

Keywords: Shear walls are widely used as lateral load-resisting systems in high-rise building structures. The design and
Double Vertical Beam-column with Shell nonlinear analysis of shear walls under seismic loads for recoverability are complicated and challenging, which
Element

demands nonlinear computer modeling procedures. This paper presents a novel finite element named Double
Vertical Beam-column with Shell Element (DVBSE) for the nonlinear analysis of complex reinforced concrete
shear walls with columns. The DVBSE is implemented in the open-source finite element program OpenSees. The
theoretical formulations of DVBSE are described in detail. The accuracy of the developed DVBSE is established by
comparing the finite element analysis results with existing experimental data on recoverable steel-GFRP com-
posite bar reinforced concrete shear walls. The comparative study demonstrates that the proposed DVBSE is
superior to the commonly used finite element model in simulating the responses of recoverable complex shear
walls under seismic loads. These research findings contribute to further advancements in the development of new
shear wall elements and lay a solid foundation for the nonlinear numerical simulation of innovative shear walls.

Finite element analysis
Numerical simulation
Shear walls

1. Introduction

Earthquakes can result in urban dysfunction through structural
damage to buildings, resulting in considerable detriment to public
infrastructure and the loss of human life. Prompt restoration of building
functionality after earthquake is crucial to mitigate losses and expedite
urban recovery [1]. Shear walls are commonly employed in building
structures to resist earthquakes. Recoverable structures, which can
regain their functionality after an earthquake without repair or with
only minor repairs, have been studied by Fragiadakis et al. [2], Yang
et al. [3], Deng et al. [4], Rong [5], and Eatherton et al. [6]. Most
existing recoverable structures utilize self-centering mechanisms that
allow for rocking [6-10]. Establishing an accurate finite element (FE)
model of recoverable new shear walls is challenging. Presently, existing
finite elements cannot accurately model the measured responses of
novel shear walls made of new materials or structural elements due to
complex stress states in such shear walls [11-13]. Therefore, it is
necessary to develop a new element that is capable of accurately simu-
lating the responses of these shear walls as discussed by Chang et al.
[14].
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The finite element method is widely used in the numerical analysis of
engineering structures [15]. Finite element models for shear walls pri-
marily consist of micro-models and macro-models [14]. Micro-element
models involve dividing the structure into numerous small entities for
individual force analysis, later integrating these results to derive the
overall structure’s force analysis as reported by Guan et al. [16]. Ex-
amples include the solid element model and the fiber-based beam model
(each fiber can individually specify equilibrium conditions, suitable for
small displacement analysis), which typically necessitate grid division
for calculation. Micro-element models are generally employed for the
analysis of structural members under complex loads [17]. However,
micro-models have drawbacks, including complex modeling, lengthy
calculation times, low efficiency, and convergence issues. Consequently,
micro-models are typically used for supplementary analysis of single
components under complex load. In micro-element models, achieving
accurate results requires balancing precision and computational effi-
ciency. Conversely, fiber-based beam models lack consideration of shear
and bonding sliding between fibers, potentially leading to shear-bending
decoupling. Macro-element models, such as equivalent beam models,
demonstrate high efficiency in calculating the stress state of simple shear
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walls but face challenges in accurately representing the stress state of
novel complex shear walls. The reliability of multi-vertical rod models
depends on available experimental data; without it, obtaining precise
results is challenging. Shear plate models, while improving the precision
of coupling between bending and shearing under high shear stress,
exhibit significant limitations in terms of loading conditions as reported
by Yam et al. [18] and Kolozvari et al. [19]. Shell models provide
satisfactory simulation accuracy and relatively high computational ef-
ficiency, yet they lack the capability to simulate the edge region of
complex shear walls. Truss elements are simple to model and easy to
calculate but pose significant constraints when employed for non-elastic
analyses [20,21].

In summary, the various element models discussed above exhibit
relatively good applicability to traditional, simple structures. However,
these models have limitations in delivering precise and efficient simu-
lations, especially when dealing with the complexity of self-centering
shear walls. There is a critical need to improve finite element analysis
methods to address the complex stress states in these novel shear walls
[14].

This paper introduces an innovative finite element, DVBSE (Double
Vertical Beam-column with Shell Element), designed to simulate a new
type of recoverable shear walls, as illustrated in Fig. 1. The DVBSE’s
edge region is constructed using fiber-based beam-column models based
on the stiffness method on both sides, addressing the complex edge re-
gion of the shear wall, which cannot be simulated by shell elements. The
middle part employs a shell element with excellent coupling perfor-
mance between bending and shearing, achieving stress transfer by node
sharing. DVBSE has several key features that underscore its innovation:
(1) suitability for finite element analysis of novel and complex shear
walls, with a specific focus on capturing the intricate stress character-
istics of the edge constraint region; (2) implementing deformation co-
ordination; (3) effective management of complex boundaries,
simplification of modeling methods, and a demonstration of robust
convergence and computational precision.

The development of DVBSE is primarily driven by the constraints
inherent in conventional simulation methods. DVBSE stands as a pio-
neering solution for the simulation of self-centering shear walls. Its
comprehensive design, integrating fiber-based beam-column model and

Beam-column

Middle shell

Fig. 1. Double Vertical Beam-column with Shell Element.
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a coupling-efficient shell element, enables a nuanced exploration of
complex stress characteristics.

The DVBSE has been developed and implemented on the OpenSees
platform. The paper is organized as follows. The theoretical formulation
of DVBSE is described in Section 2. This is followed by the imple-
mentation of the shear wall element in OpenSees in Section 3. Section 4
presents the verification by experimental results on new shear walls.
Concluding remarks are given in Section 5. While a comprehensive
comparative study on the efficiency of DVBSE and other elements has
been undertaken, this paper does not include a detailed comparison due
to page limitation.

2. Theoretical formulation of DVBSE
2.1. General

The DVBSE is developed to simulate the shear wall, where a high-
performance quadrilateral flat shell element NLDKGQ which is based
on DKGQ is utilized to model the web and a fiber-based beam-column
model is used to simulate the constrained edge components. DKGQ
demonstrates superior computational accuracy and avoids locking is-
sues, compared to MITC4 shell element in OpenSees. Additionally,
DKGQ’s computational results closely align with the accuracy of S4
element in ABAQUS. [22] The DVBSE is suitable for the analysis of
complex novel shear walls: (1) using complex materials in the con-
strained edge region; (2) complex base structure of the wall; (3) intricate
web of the shear wall.

In DVBSE, the high-performance quadrilateral plate shell (NLDKGQ)
model is formulated based on the stiffness method, which significantly
improves the advantage of the DVBSE. On the other hand, the shear wall
edge constraint region is modeled using a fiber equivalent beam element
which can accurately model the complex state of edge forces as dis-
cussed by Kolozvari et al. [23]. Considering these features, the basic
theory of the DVBSE must address three fundamental issues: boundary
constraint handling, external load handling, and stiffness matrix
assembly.

2.2. Boundary constraint handling

In the DVBSE model, four edge constraints are considered, which
include the junction between the fiber beam and the shell, as well as the
top and bottom of the wall. With regards to the bottom of the wall, a
handling method that employs full constraint is directly utilized in order
to represent the actual stress state of the shear wall. In contrast, a load
constraint handling method is employed for the top of the wall.

The junction between the fiber beam and the shell is a relatively
complex area, as both must bear loads and deform. OpenSees provides
the equalDOF and rigidLink methods to handle the problem of node
movement along with the main node. However, due to the uniform
constraints in the double perpendicular beam shell element, these
methods are not used. The node that first generates displacement is
automatically considered as the main node, while the others are
considered as the slave nodes. Once the load is further transmitted to the
slave nodes, the displacement at the slave node can be divided into two
parts: the displacement caused by the main node and the displacement
caused by the load directly. The difference between these two can be
used to determine the convergence of the calculation. By utilizing this
theory, both the main and slave nodes possess flexibility, changing as the
program changes and providing a preliminary judgment of the
displacement order of the nodes. The convergence of the calculation is
determined by comparing the displacement caused by the main node.
This additional judgment condition imposed during the iteration process
theoretically has a minimal effect on the entire computational process.
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2.3. External load handling

The FE model is proposed for the nonlinear analysis of complex shear
walls subjected to vertical loads on the top of the shear walls. In the
finite element analysis process, it is necessary to ensure that the loads
are uniformly distributed to each node. Referring to the multi-vertical
rod model, a rigid beam can be applied at the top to ensure the uni-
form distribution of loads. However, in the double perpendicular beam
shell element model, constraints have already been imposed at the
interface, minimizing the impact of a rigid beam on the overall model.
Consequently, in the double perpendicular beam shell model, the top
rigid beam is not included by default. If the user is concerned about the
convergence of the overall model, they can add a rigid beam.

2.4. DVBSE stiffness matrix assembly

The stiffness matrices Kpkq of the quadrilateral thin plate bending
element DKQ and K¢qi2 of the quadrilateral planar membrane element
GQ12, as given in Eq. (1) and Eq. (2), can be decomposed into matrix
form according to Eq. (3) and Eq. (4).

klA] kl.lG
Kpko(isi16) = : | # (€D)]
kisi - kisis
kl.l k1,12
Kooy = | ¢ ™ P|# 2
k12,l k12.12
L pl=g
KPKT =24 A A B, .D,Bpirdédn# 3
1 1
K52 = // AEBTDBdA =t / 1 / 1 B"DBJj|dédn# 4

In Eq. (3) and Eq. (4), the detailed formulas of various parameters
can be found in the work by Noh et al. [24].

In Eq. (1), each value of k is calculated according to equation Eq. (3),
with a total of 16 rows and 16 columns. For each node, the first and
second terms are the contributions of translational degrees of freedom in
the plane, and the third and fourth terms are the contributions of rota-
tional degrees of freedom in the plane.

In Eq. (2), each value of k is calculated according to equation Eq. (4),
with a total of 12 rows and 12 columns. For each node, the first and
second terms are the translational degrees of freedom resulting from the
combination of the initial displacement field and the additional
displacement field, including one term for in-plane translational degrees
of freedom and one term for out-of-plane translational degrees of
freedom. The third term is the contribution of in-plane rotational de-
grees of freedom from the additional displacement field.

Let Tpkq(24+16) e the transformation matrix from DKQ to the global
coordinate system. The transformed stiffness matrix Ky, is obtained by
filling in the unspecified elements in Kpkq with 0’s and then performing
the transformation:

Ko = Thio * Koxo * Toxo# )

Let Tgqi2(24:15) be the transformation matrix from GQ12 part to the
global coordinate system. The transformed stiffness matrix K5y, is ob-
tained by filling in the unspecified elements in Ksq12 with 0’s and then
performing the transformation:

KGo1 = Tgo1n * Koo * Toontt 6)

The high-performance quadrilateral plate shell element DKGQ is
obtained by combining the quadrilateral thin plate bending element
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DKQ and the quadrilateral plane membrane element GQ12. The overall
stiffness matrix Kpkcq is

kg o ki
Kprcopaas) = Kpgo + Kgorn = : o# (@]

k24.] o k24‘24

The stiffness matrix Kpxgq has 24 rows and 24 columns, with each
node’s stiffness matrix including the first three terms representing
translational degrees of freedom and the last three terms representing
rotational degrees of freedom.

The nonlinear beam-column element stiffness matrix Kppc based on
the stiffness method is decomposed in the form of matrix as

kg ki
Kppe(izaiy = |+ - o# ®
kg o kaaoa

Let Tppc(24.12) be the transformation matrix from the Kppc part to the
global frame, with the unrepresented quantities in Kppc filled in with
zeros. The transformed stiffness matrix is Kj,:

Ko s = Thpe * Kope * TppcH 9

A high-performance quadrilateral plate shell element DKGQ and a
nonlinear beam-column element based on stiffness method are inte-
grated. There are m longitudinal and n horizontal DKGQs, and m stift-
ness method beam-column elements on both sides. The main node of
DKGQ is used as the node and the overall stiffness matrix of DVBSE
(Krvssg) is obtained through the common node method as shown in Eq.
(10), where kiiGQ” represents the value at position (x,y) in the stiffness
matrix of the DKGQ element at position (i,j) and K} represents the
stiffness matrix at position (i,j).

K, - K; - K,
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Ky - Ky - Ky,
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The calculation methods for the rest of the positions are similar to the
above method.

2.5. Validation of linear elastic model

To verify the theoretical accuracy of the double vertical beam shell
model, a simple model of the double vertical beam shell unit was set up
as shown in Fig. 2. Using a fully linear elastic material, the characteristic
values were calculated and compared with the results of material me-
chanics calculations.

The model shown in Fig. 2 is composed of a shell element DKGQ in
the middle and a nonlinear beam-column part on the left and right sides.
It is the simplest form of DVBSE, where the nonlinear beam-column is
bound to the master node with the plane shell element. In actual sim-
ulations, there are often multiple shell elements connected in the middle
of DVBSE. To facilitate numerical analysis, all quantities in this model
were not specified in units, and the default unit was 1. The width of the
plane shell element DKGQ was 1 and the thickness was 0.25; the length
of the two nodes of the nonlinear beam-column part was the same as the
height of the plane shell element DKGQ, and the cross-section was a
square of 0.25 x 0.25; all elements used linear elastic material E =
1.0 x 10'°, 4 = 0.25; a force of F = 1.0 x 10° was applied at node 1.
Nodes 2 and 4 were fully constrained.

According to the specification, it is divided into three cases: high
walls with a height-width ratio greater than 2 (h/b > 2), medium-high
walls with a height-width ratio less than 2 but greater than 1 (1 < h/b
< 2), and low walls with a height-width ratio less than 1 (h/b < 1). The
heights were set as follows: 2 and 3 for high walls, 1 and 1.5 for medium-
high walls, and 0.8 for low walls. The displacement of node 2 along the
loading direction was calculated using both the material mechanics
method and the finite element method of the double vertical beam shell
unit. The results are shown in Table 2.

Table 2 reveals that the displacement predicted by the FE model is
usually larger than that obtained by the mechanics of materials. This
may be due to the limited number of finite element nodes, leading to a
slightly larger overall stiffness. The performance of this simple model is
excellent for high and low wall cases but is more general for medium-
high wall cases. High walls are primarily affected by bending mo-
ments, while low walls are primarily affected by shear, and the force
conditions are relatively simple. When the simple model is applied to
high and low walls, the results are consistent, indicating the robust
performance of the DVBSE in a single force state. When the simple model
is applied to medium-high walls, the error is slightly larger than for high
and low walls but remains within a reasonable range. One of contrib-
uting factors is that when the aspect ratio is relatively small, the number
of beam-column nodes is small, resulting in a stiff performance, while
the plane shell elements are not sufficiently flexible. Another factor is
that in the simple model, the proportion of beam-columns is 2:1, which
closely simulates the beam-columns.

Master-slave node binding

Force o~ o
Nonlinear ~ node5 1% M09€ "node 7 Nonlinear
beam-column beam-column
~ Plane shell element e
DKGQ
node (w. node 3 node 4.|mde 8

Fig. 2. The simplest model of the double vertical beam shell.
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Table 1
Basic data of the simplest double vertical beam shell model.
Width Thickness Cross-section Material type Rigidity Poisson’s ratio Force
1 0.25 0.25 x 0.25 linear-elastic material 1.0 1010 0.25 1.0+ 10°
3.2. DVBSE front-end script call
Table 2
Comparison of theoretical results. . .
To build a model for the new shear wall, only two points and at least
Shear wall ~ Height- Finite element  Material mechanics Error two sections are needed. Simultaneously, the front-end script should
type widthratio _ solution theoretical solution consider both calculation efficiency and calculation accuracy. DVBSE
High wall 3 0. 25994 0.26466 1% consists of three major modules: domain, analysis, and recorder, as
;?;l‘l’:_u fs 2'0125913739 g'égg;g’ ;ZZ illustrated in Fig. 4. The Recorder module includes effective recorder
high wall ’ ’ ' items for DVBSE, such as global force (including forces, globalForce),
Medium- 1 0.01186 0.01216 3% local force (including localForce and localForces), lateral displacement
high wall magnitude (including basicStiffness), stiffness matrix output (including
Low wall 0.8 1.11%10°° 1.13%10°° 1%

3. Implementation of DVBSE in OpenSees
3.1. Implementation procedure

OpenSees, an open-source software, fosters a collaborative environ-
ment where users and researchers can write code to utilize and develop
the platform. This approach enhances the public’s potential for code
research, allowing researchers to collaborate freely across time and
space, using code as a medium for communication [25]. In this context,
the user script side is referred to as the front-end, while the developer
side is referred to as the back-end. This research has leveraged the ad-
vantages of OpenSees platform to develop a new shear wall element to
ensure flexibility and reusability of the DVBSE program.

The OpenSees program employs an object-oriented design method-
ology, which initially identifies abstract components required in the
finite element analysis, such as materials, nodes, elements, and algo-
rithms. These components are encapsulated into distinct base classes,
including node, material, and element base classes, among others.
Subsequently, derived subclasses are implemented from the base classes
to address specific engineering problems. For instance, the Steel02
material subclass was derived from the uniaxialMaterial parent class,
significantly enhancing the reusability of the program. The calculations
for transverse and longitudinal reinforcement are performed based on
the volume and spacing of the steel bars.

The implementation steps of the double vertical beam-shell element
in OpenSees are shown in Fig. 3 and described as follows:

(1) Determine the front-end script call method for the DVBSE.

(2) Write the source code and implement a subclass within the
Element abstract base class.

(3) Add element information by modifying the classTag.h file to
assign a unique identifier to the element, enabling recognition by
other parts of OpenSees.

(4) Ensure the front-end script’s DVBSE specification is recognized
by creating a new modeling command for the element in the
TclModelBuilderElementCommand() function within TclEle-
mentCommands.cpp.

(5) Add the path and compile the entire program.

Determine how the
script is invoked

—» Write the source code —® Add cell information

chordRotation, chordDeformation, basicDeformation), and section
displacement and force (including sectionDisplacements, sectionFor-
ces). Through these external interfaces, DVBSE can effectively commu-
nicate key information within the OpenSees framework via scripts.

To determine the basic geometric information of the shear wall, only
two user-defined nodes are required. The modeling process is completed
by specifying grid density, with $vertical number indicating the vertical
grid density and $middleNumber representing the horizontal grid den-
sity. During the modeling process, the program compares the difference
in height between the two center points of the unit and the shear wall’s
height to prevent errors. The program automatically creates calculation
nodes when forming the units, significantly enhancing computational
efficiency without sacrificing accuracy.

DVBSE necessitates two sections for the unification of edge-
constrained components in the shear wall: the LayeredShell section for
simulating the shear wall web area and the Fiber section for simulating
the constraint edge components. To avoid errors such as inconsistent
thickness between the shear wall transfer thickness and the central shell
section thickness in the equivalent beam model of the edge region, it is

D ‘ ‘ ‘f : jNode 2 ‘ ‘

divided into five sections 2000

[ [ 0 [ O]

Divided into two sections

M (iNodel [ |

L 600 J

() User defined point Program generation helper points

Fig. 4. Modeling of DVBSE.

Add a path to
compile the whole
thing

Identify the DVBSE

Fig. 3. Implementation steps of double vertical beam-shell element in OpenSees.
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essential to compare and verify the corresponding regions.

3.3. DVBSE back-end integration

The computer flowchart of the DVBSE model is shown in Fig. 5 and 6.

During the calculation process of DVBSE, the units are first initialized
and checked, while nodes, loads, and stiffness matrices are imple-
mented. Subsequently, the local coordinate system is established, and
the stiffness matrix in the global coordinate system is obtained through
the calculation program. The back-end code consists of DVBSE.h and
DVBSE.cpp, which describe the main functions of the DVBSE class, as
well as the relationships between various functions and functional
modules. After writing the back-end code, a function is required to link
the front and back ends. OpenSees prioritizes this function existing in
DVBSE.cpp, and it is conventionally named OPS_DVBSE. This function is
responsible for checking and passing parameters and initializing the
DVBSE unit class. Finally, within TclElementCommands.cpp’s TclMo-
delBuilderElementCommand() function, a branch is created for the unit,
which calls the OPS_DVBSE.

It is important to note that when a new unit is added, the virtual
functions in the Element abstract base class must be implemented.
Therefore, the developer’s new unit must inherit the Element abstract
base class.

Initialize the stiffness matrix

Engineering Structures 304 (2024) 117639

3.4. The compilation process

The most basic compilation process for OpenSees necessitates the
support from the script library and the Intel Fortran compiler. However,
the design of the LayeredShell section also requires the support from the
Intel MKL library. It is essential to note that when configuring the Visual
Studio environment, the compilation mode should be selected as
Release, in x64 mode. Additionally, Tcl and Python header file addresses
and static link library addresses must be added. The compilation process
involving all libraries is given as follows:

(1) OpenSees source code.
(2) Visual Studio.
(3) Support from the following libraries and compiler:

Git distributed management system.
Script runtime libraries.

Intel Fortran compiler.

Intel MKL Arithmetic library.

Node pointer

Establish a local coordinate system and
calculate a coordinate transformation matrix

A 4

Calculation of nodal displacement

Hammer integral cyclic

Calculate the integration point strain

Get the material

v A
Calculates shape functions for shell models . . . P . .
and equivalent beam models Calculate the integration point stress |4 Material cross-section
A
Combined strain-displacement matrix ~ Stiffness matrix and internal force < Material section

vector in local coordinate system

constitutive matrix

Stiffness matrix and internal force vector in

a global coordinate system

Returns the stiffness matrix and internal
force vector in the global coordinate system

Fig. 5. The computer flowchart of the DVBSE model.
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TVBSE

TVBSE
setDomain

getNumExternalNodes

getExternalNodes . Domain

getNodePtrs
getNumDOF
commitState
revertToLastCommit
revertToStart

update Analysis
getTangentStiff
getInitial Stiff
getMass
getResistingForce

sendSelf Recorder

i i

recvSelf

Computer

changeTVBSE

Fig. 6. The architecture of DVBSE.
4. Verification of the developed shear wall element
4.1. Description of tested shear wall

To verify the reliability of DVBSE in simulating complex shear walls,
the SWO01 and the SW04 shear walls tested by our research group were
selected. These new shear walls were made of C40 sea sand concrete,
and the main reinforcing steel in the constrained edge members con-
sisted of steel-continuous fiber composite reinforcement. The edge re-
gion incorporated GFRP reinforcement to provide self-recovery ability.
The self-centering shear wall uses steel-fiber reinforcements to absorb
energy and minimize deformation. GFRP’s strength prevents yielding,
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promoting resilience and reducing residual deformation. The tested
shear walls are depicted in Fig. 7. The test setup is shown in Fig. 8.
The end longitudinal bars were composed of S16G2 composite bars
with a diameter of 20 mm, while the longitudinal distribution bars in the
wall were selected as S6G2 composite bars with a diameter of 10 mm.

Vertical actuator

i

it W\h

Anchor bolt

15Ts

Foundation beam §

Fig. 8. Test Setup.
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S 200
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Anchor bolt
=] =) =] =]
. f=3 (=1 f=1
Foundation beam 3 %0 a2 2
= = = =
500
250 | 500 500 1000 500 500 | 250
3500

Fig. 7. Specimen Dimension.
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The lateral ties were made of GFRP bars with a diameter of 8 mm.

The shear reinforcement details for the wall steel are listed in Table 4
and Fig. 9. To validate the reliability of the DVBSE method, two speci-
mens, SW01 and SW04, were subjected to simulation testing. The in-
formation for the two shear walls is presented in Table 3.

In the experiment, the end GFRP (Glass Fiber Reinforced Polymer)
longitudinal bars, with a diameter of 20 mm, were employed, along with
S16G2 transverse bars representing 2-mm thick glass fiber wrapping
around HRB400 steel bars of 16-mm diameter as composite reinforce-
ment. Stirrups and intermediate longitudinal bars were represented by
S6G2, denoting 2-mm thick glass fiber wrapping around HRB400 steel
bars of 6-mm diameter as composite reinforcement. The specific
strength information is detailed in Table 4. It is important to note that
GFRP bars lack a yield plateau and behave linearly until reaching their
ultimate strength.

4.2. Material constitutive laws for steel reinforcement

Initially, it is essential to determine the uniaxial materials for steel
reinforcement and concrete. In addition, in the shell model, both con-
crete and hoop reinforcement are subjected to horizontal loads; thus, an
additional two-dimensional constitutive material model should be
determined.

The constitutive model for steel reinforcement used in this study was
Steel02, which accounts for isotropic strain hardening and the Bau-
schinger effect. It is based on the Menegotto steel reinforcement
constitutive model. This model conforms to the consistency of the steel
reinforcement reloading test results as shown in Fig. 10.

4.3. Uniaxial constitutive model for concrete

The Concrete01 Material and Concrete02 Material were used as the
uniaxial constitutive models for concrete. For concrete materials sub-
jected to earthquake and cyclic loading, it is necessary to define addi-
tional hysteretic rules. Concrete01 does not account for the tensile state
of concrete and employs linear unloading during the unloading process.
Conversely, Concrete02 utilizes piecewise linear unloading.

4.4. Two-dimensional morphable materials

For two-dimensional materials, PlaneStressUserMaterial, PlateR-
ebar, and PlateFromPlaneStress proposed by Lu et al. [26], were used to
model the central shell of the shear wall. The steps are as follows:

Construction of plane stress multi-dimensional material:

( nDmaterial PlaneStressUserMaterial ) .

Construction of concrete plane stress material:

( nDmaterial PlaneStressUserMaterial $matTag 40 7 $fc $ft $fcu $epscO
$epscu $epstu $st-c ) .

Where f, is the 28-day compressive strength of the concrete, f; is
the tensile strength of the concrete, f,, is the residual strength of the
concrete, epsc0 is the maximum compressive strain of the concrete, epscu
is the residual compressive strain of the concrete, stc is the shear strength
retention factor.

Assign shear stiffness to the plane to form a multi-dimensional ma-
terial of the layered shell concrete layer:

( nDmaterial PlateFromPlaneStress
$O0utofPlaneModulus ) .
The material for concrete plane stress is defined by the matTag and

$newmatTag $matTag

Table 3
Shear Wall Information.
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the OutofPlaneModulus. The Steel02 material can be employed to
construct a multi-dimensional steel reinforcement layer (nDmaterial
PlateRebar) for a layered shell grid. The command for this is (nDmaterial
PlateRebar $newmatTag $matTag $sita), where matTag refers to the
material for uniaxial steel reinforcement, and sita represents the angle of
the steel reinforcement. For longitudinal reinforcement, the angle is 90,
while for transverse reinforcement, the angle is 0.
The material setting is complete.

4.5. Assembled section

Due to the different regions of the DVBSE constraint components on
both sides and in the middle, two types of section assembly are required.
One is the Fiber section (simulating the region of constraint components
on both sides), and the other is the LayeredShell section (simulating the
central region).

Fiber section:

(section Fiber $secTag -GJ $GJ { fiber1 fiber2 ...}).

To prevent twisting strains from causing non-convergence, the linear
elastic torsional stiffness Gj assigned to this part can be adjusted to a
maximum value, such as 10™.

LayeredShell section:

(section LayeredShell $sectionTag $nLayers $matTagl $thickness.
$matTagn $thickness-n).

Here, nLayers represents the total number of section shell layers,
matTag refers to the multi-dimensional material number, and thickness
denotes the equivalent volume thickness.

To pass the geometric transformation object to the equivalent
constraint edge component region on both sides:

(geomTransf Linear $transfTag $vecxzX $vecxzY $vecxzZ).

In this command, transfTag represents the number of the local co-
ordinate axis vector, while vecxzX, vecxzY, and vecxzZ identify the di-
rection vector of the local coordinate axis (projecting the local z-axis on
the left onto the global coordinate system).

4.6. Loading method

Following the same approach as the experimental loading method,
the quasi-static loading method and displacement control loading mode
were employed. The total displacement length was 72 mm, with 19
hysteresis cycles being loaded, and the increment for each cycle was
4 mm. Measurements were recorded once every 2-mm increment.

4.7. Results and discussion

The predicted cyclic load-displacement curves of the shear wall by
using DVBSE are compared with experimental data in Fig. 11, revealing
a notable agreement between simulation and experimental data. The
hysteresis curves shown in Fig. 11 represent restoring force character-
istic curves. As depicted in Fig. 11(a), the rising branch of the hysteresis
curve exhibits better consistency than the descending branch. After
passing the peak point, the simulation curve drops faster than the
experimental one. This divergence may be attributed to defects and
artificial damage in the shear wall before and during the installation,
and a small amount of slip between concrete and steel bars in the shear
wall. It’s important to note that the computer simulation was run in an
ideal state without additional errors.

The skeleton curve connects the extreme points of each loading in the

Specimen  Height-width Axial load Diameter of End GFRP Stirrup End longitudinal Wall reinforcement with hoop
ratio ratio reinforcement spacing reinforcement reinforcement

SWo1 2.125 0.2 20 40 $16G2 S6G2

SWo04 2.125 0.3 26 80 S16G2 S6G2
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Table 4
Shear wall bar material strength.
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Specification  Inner core steel bar diameter ~ Fiber layer thickness Diameter Yield strength (N/ Ultimate strength (N/ Yield strain Ultimate strain
(mm) (mm) (mm) mm?) mm?) (%) (%)
GFRP - - 20 - 1255.5 - 1.980
S16G2 16 2 20 348.7 718.4 0.204 1.923
S6G2 6 2 10 257.5 837.2 0.196 1.658
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Fig. 9. Reinforcement details of shear wall.

same direction in the hysteresis curve. As shown in Fig. 11(b), in the
skeleton curve, the consistency of each characteristic point in each stage
is good, and the overall consistent trend indicates that the DVBSE yields
accurate simulation of the responses of shear wall.

Stiffness degradation refers to the phenomenon that the stiffness
decreases continuously in the process of continuous accumulation of
damage in the shear wall. As shown in Fig. 11(c), in the early stages of
loading, the experimental curve has a phenomenon slightly lower than

the simulation curve, potentially due to experiment instability and more
external interference factors.

The single cycle energy dissipation curve reflects the energy con-
sumption of the material during the loading process. As shown in the
comparison of Fig. 11(d), the overall trend is consistent, but the
measured energy consumption is lower than that of the simulation
result. This discrepancy arises from the material setting in OpenSees
used ordinary concrete and ordinary steel bars, while the seawater sand
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concrete and composite bars were used to construct the shear wall
Consequently,

specimen.
consumption.

I

% (€0,00) (&,0))
/ E;
bE E

E
0 Sy €
(£0,50)
(&y,0,)

Fig. 10. Constitutive model of Steel02.

the this led to deviation

in energy

In summary, the predicted cyclic load-displacement curves for the
tested shear wall are generally in good agreement with experimentally
measured data, which reflects high degree of accuracy of DVBSE pro-
posed in this paper. Although there are uncontrollable factors in the
experiment, the differences between simulation and experiment are
minimal and traceable. Therefore, the proposed DVBSE has high

80 60 40 -20 0 20 40 60 80
1 1 1 1 1 1 1
| [—Experimental hysteresis curve |
600 Hysteresis curve of TVBSE 600
400 - - 400
200 - 200
z
=
T 04 -0
o
-
-200 - -200
-400 - - -400
-600 - -600
T T T T T T T
80 60 40 20 0 20 40 60 80
Displacement/mm
(a) Hysteresis curves
80 -60 40 20 0 20 40 60 80
120 1 1 1 1 1 1 1 120
—a—Experimental stifiness decrease curve
Stiffness decrease curve of TVBSE
105 I I 105
90 4 , I 90
- -
E 754 ik 75
Z ‘l
< .
@ 60+ ' I 60
2 i
E 45 P 45
n . X
30 _,l' 5... 30
- “-
- . 15
15 - ¥ s -
e s e
-t S
0 T T T T T T T 0
80 -60 40 20 0 20 40 60 80
Displacement/mm

(c) Stiffness decrease curves

Engineering Structures 304 (2024) 117639

reliability in the numerical calculation of complex shear walls.

In order to validate the rationality and reusability of DVBSE, another
experimental component SW04 tested by our research group is selected
for verification. The shear wall information is listed in Table 3.

The difference from the previous example lies in the axial compres-
sion ratio changing from 0.2 to 0.3, the end GFRP bar diameter
increasing from 20 mm to 26 mm, and the spacing between stirrups
changing from 40 mm to 80 mm (resulting in a halving of stirrup den-
sity). All other parameters remain unchanged, including materials,
cross-sections, and loading conditions, thus only involving modifica-
tions in three parameters. Therefore, the material settings, section as-
sembly, and loading method mentioned earlier all remain the same.

The simulation results using Opensees are shown in Fig. 12. The
figure demonstrates that the agreement between the experimental and
DVBSE-simulated hysteresis curves is excellent. The forward loading
curve exhibits a slightly higher conformity compared to the reverse
loading curve, demonstrating the continued precision and strong reus-
ability of DVBSE. The overall trend closely matches the skeleton curve of
SWO04. The stiffness degradation curve also closely resembles the
experimental curve, with only minor discrepancies within a displace-
ment of 10 mm. In the single loop energy dissipation curve, the simu-
lation results of DVBSE remain.
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Fig. 11. Comparison of predictions by DVBSE and experimental results.
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Fig. 12. Comparison of computational and experimental results of shear wall SW04.

slightly higher than the experimental curve. This is attributed to the
material loss and human errors inherent in the experiment, while the
computer simulation assumed ideal conditions. Thus, a higher energy
dissipation curve is reasonable in this context.

In conclusion, the simulated curves of DVBSE closely match the
experimental results, highlighting the high simulation accuracy and
strong reusability of DVBSE. Furthermore, the minor discrepancies be-
tween the experimental and simulated curves stem from potential var-
iations in the testing environment and human manipulation, which are
typical within reasonable bounds.

5. Conclusions

In this paper, a novel finite element, referred to as the Double Ver-
tical Beam-column with Shell Element (DVBSE), has been developed and
presented for simulating the responses of complex shear walls subjected
to seismic loads. The DVBSE has been implemented in the OpenSees
program. The accuracy of the DVBSE was rigorously assessed by
comparing finite element simulations with the experimental results of
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self-centering shear walls composed of steel-GFRP composite bars and
sea sand concrete. The following conclusions can be drawn from this

study:

(1) The newly developed DVBSE makes a significant advancement in
the simulation of complex shear walls and its innovation lies in
integrating the edge members and shear wall plate into one
element which accurately
enhancing the reliability and adaptability of shear wall simula-
tions. A good agreement between the simulated hysteresis curve
and experimental results validates the effectiveness of the DVBSE
in capturing the behavior of innovative shear walls.

(2)

simulates

complex structures,

High-performance quadrilateral plate elements, specifically the

NLDKGQ, are utilized in the core regions of shear walls, while
equivalent fiber beam models are employed in the edge areas. A
good agreement between the simulated hysteresis curve and
experimental results validates the effectiveness of the DVBSE in
capturing the behavior of innovative shear walls.



M. Guan et al.

(3) The theoretical feasibility of DVBSE is substantiated through
comprehensive theoretical analysis and rigorous formula deri-
vation. The analysis of DVBSE is predicated upon its distinctive
configuration with particular emphasis on three integral aspects:
boundary constraint handling, external load processing, and
stiffness matrix formulation. Specifically, boundary constraint
handling is facilitated through the implementation of master-
slave nodes; external load processing was achieved by employ-
ing rigid beams at the apex; and Eq. (10) delineates the global
stiffness matrix intrinsic to DVBSE.

The integration steps and specific implementation process of
DVBSE within the OpenSees framework have been meticulously
delineated. Due to the open-source nature of OpenSees, the
DVBSE developed in this study exhibits a high degree of flexi-
bility and reusability. Two distinct specifications of innovative
complex shear walls were selected for simulation, with both re-
sults proving highly satisfactory and thus demonstrating the
substantial reusability of the DVBSE methodology.

This research advances a systematic methodology for simulating
the behavior of complex shear walls, with a specific focus on
seismic performance of recoverable structures. It should be noted
that the DVBSE proposed in this paper has only been employed
for simulating reinforced concrete shear walls. Future research
should be conducted to extend its application to steel plate shear
walls and steel-concrete composite shear walls.
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