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Abstract

The connection between the space frame and its supporting columns is a critical aspect
of structural design. The way these two elements are joined significantly influences the
overall stability, load transfer, and behavior of the entire structure. This study investi-
gates the seismic behavior of composite double-layer space frames with reinforced con-
crete (RC) slabs under three alternative support configurations: simple point supports,
inverted-pyramid supports, and crosshead-beam supports. A detailed finite element (FE)
model was developed in ABAQUS to conduct a nonlinear time-history analysis under
recorded earthquake excitation. The selected record captures the temporal variation in
ground motion and enables an accurate assessment of structural response under dynamic
loading. The Concrete Damage Plasticity model was incorporated into the analysis of the
concrete slab. The steel was modeled using an elastic–plastic material behavior to mimic
the formation of plastic hinges. Maximum lateral displacements, base shear forces, and
hysteretic behavior were studied to evaluate the comparative performance of the systems.
The results show that the inverted-pyramid configuration reduced vertical (Y-direction)
displacement by 33.6% compared to the simple point support. At the same time, the
crosshead-beam system exhibited similar levels of vertical displacement. However, it exhib-
ited significantly enhanced energy-dissipation capacity, with hysteretic force ranges up to
1250 kN, compared to approximately 922 kN and 860 kN for the simple point and inverted
configurations, respectively. In the X-direction (lateral displacement), the simple support
and inverted-pyramid cases showed comparable responses, whereas the crosshead-beam
configuration exhibited greater displacement, indicating reduced lateral stiffness. Overall,
the results of this study indicate that the inverted-pyramid system improves displace-
ment control, and the crosshead-beam configuration provides superior hysteretic energy
dissipation. These findings highlight the importance of selecting appropriate support
configurations in the seismic design of composite space frame systems.

Keywords: space frame; double-layer structure; seismic performance; ABAQUS; support
conditions; finite element analysis; RC slab; boundary effects

1. Introduction
Double-layer space frames are widely recognized as among the most efficient structural

systems for covering large-span buildings, including airports, exhibition halls, industrial
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facilities, sports arenas, and transportation terminals. Their widespread use is attributed to
their high stiffness-to-weight ratio, three-dimensional load-transfer capability, structural
redundancy, and architectural flexibility. Compared with conventional planar framing
systems, space frames provide more efficient load distribution and reduced self-weight,
making them particularly suitable for structures requiring large unobstructed spaces and
enhanced structural stability under complex loading conditions [1].

The structural behavior of space frame systems under earthquake excitation is more
complex than that of ordinary framed structures due to the interaction among geometric
configuration, multidirectional force transfer, connection behavior, and support conditions.
Since seismic forces are redistributed through multiple load paths, even minor changes
in the boundary configuration may significantly affect stiffness, vibration characteristics,
internal force redistribution, and energy-dissipation capacity. Consequently, the connection
system between the space frame and its supporting columns is a critical component that
significantly influences the structure’s seismic performance.

Previous studies have shown that the method used to transfer forces between the
space frame and supporting columns plays a decisive role in the overall structural re-
sponse. According to Lan [1], space frame support systems may include direct point
support, inverted-pyramid support, and crosshead-beam support, each providing distinct
mechanisms of load transfer and stiffness distribution. The supporting configuration influ-
ences force concentration near column regions, structural rigidity, and the redistribution
of seismic actions throughout the spatial system. Furthermore, support detailing signifi-
cantly affects the transfer of concentrated reactions from the space frame to the columns,
especially in long-span structures where excessive member forces may develop near sup-
port regions [1]. Therefore, selecting an appropriate support arrangement is particularly
important for a structure subject to seismic loading.

The fundamental concepts related to the analysis and design of space structures
were initially established by the International Association for Shell and Spatial Structures
(IASS), which emphasized the importance of geometric stability and joint configuration
in spatial steel systems [2]. Later investigations by Ramaswamy et al. [3] and Rizwan
and Bhatti [4] examined the structural performance and behavioral characteristics of
double-layer square-on-square grids. They highlighted the influence of geometric con-
figuration on force distribution and structural response in spatial systems. Karamanos
and Karamanos [5] investigated the seismic design behavior of double-layer space grids.
They demonstrated that support configurations and boundary conditions significantly
influence force redistribution and structural stiffness in spatial steel systems. Their study
emphasized that inadequate support detailing may increase stress concentrations near
support regions, thereby affecting the overall seismic response and structural stability of
space frame structures.

With advances in computational methods and nonlinear finite element analysis, in-
creasing attention has been directed toward evaluating the seismic behavior of spatial
structures under dynamic loading.

El-Sheik [6] investigated the dynamic behavior of space trusses and demonstrated
that geometric stiffness plays a significant role in controlling modal characteristics and
the vibration response under dynamic loading. Moghaddam [7] discussed the seismic
vulnerability of spatial systems and emphasized the importance of global stiffness and
connection behavior in controlling structural instability during earthquake excitation.
Experimental studies conducted by Bezerra et al. [8] also demonstrated that improvements
in joint detailing can enhance load-carrying capacity. Recent advances in finite element
modeling have improved the ability to simulate the complex interaction between steel and
concrete components in spatial structural systems. Liu et al. [9] conducted experimental
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and numerical investigations of steel-reinforced concrete spatial frames and showed that
interactions among structural components affect stiffness, deformation behavior, and seis-
mic response under earthquake loading. Their observations also indicated that structural
configuration influences force redistribution and displacement demand in spatial systems.
Nie et al. [10] combined shaking-table tests with numerical simulations to study the seismic
response of lattice space structures and reported that the support configuration and con-
nection rigidity have a noticeable effect on displacement demand and energy-dissipation
behavior. In a more recent study, Karimi Ghaleh Jough and Babaei [11] used nonlinear static
and time-history analyses in ABAQUS to evaluate the seismic behavior of space frame
structures. They observed that spatial configuration and dynamic loading characteristics
affect displacement response, base shear behavior, and structural stability.

Several researchers have also examined the contribution of reinforced concrete slabs to
the global seismic behavior of composite spatial systems. Cui [12] reported that reinforced
concrete slabs improve damping capacity and increase the overall stiffness of space frame
systems subjected to dynamic loading. Wang et al. [13] experimentally investigated com-
posite steel–concrete space frames and concluded that slab participation enhances seismic
resistance by reducing lateral deformation and improving load redistribution mechanisms.
Fang et al. [14] proposed self-centering spatial systems that improve hysteretic performance
and minimize residual deformation under earthquake excitation.

In parallel with these developments, modern earthquake engineering research has
increasingly focused on performance-based seismic design approaches in which struc-
tural response is evaluated in terms of displacement capacity, ductility demand, stiffness
degradation, and energy dissipation, rather than solely on elastic strength requirements.
Chopra [15], Priestley et al. [16], and Fardis [17] emphasized that nonlinear time-history
analysis provides a more reliable representation of structural behavior under severe seismic
loading, particularly for irregular and spatial structural systems. Such approaches are
especially important for double-layer space frames because their highly indeterminate
behavior and multidirectional load-transfer mechanisms cannot be adequately represented
using simplified linear procedures.

More recently, advanced seismic-control and optimization techniques have been in-
troduced for spatial structures. Taymus et al. [18] studied the seismic optimization of
steel space frame buildings equipped with triple-friction pendulum isolators and reported
significant improvements in displacement control. Despite these significant developments,
the available literature still exhibits several limitations. Most previous investigations have
focused on either bare steel space frames, isolated structural systems, or simplified sup-
port representations. Furthermore, few studies have examined the combined influence of
reinforced-concrete-slab interaction and alternative support configurations on the nonlinear
seismic response of double-layer space frames. In addition, comprehensive comparative
studies employing identical earthquake excitation, consistent numerical modeling parame-
ters, and detailed hysteretic evaluation remain scarce. Consequently, the effect of support
conditions on stiffness degradation, lateral displacement demand, base shear response,
and energy dissipation behavior of composite double-layer space frames has not yet been
fully clarified.

Accordingly, the present study investigates the seismic behavior of double-layer
composite space frames with reinforced-concrete slabs under three alternative support
configurations: simple point supports, inverted-pyramid supports, and crosshead-beam
supports. Detailed three-dimensional finite element models were developed in ABAQUS,
and nonlinear time-history analyses were performed under earthquake excitation. The rein-
forced concrete slab was modeled using the Concrete Damage Plasticity (CDP) approach to
simulate nonlinear concrete behavior under cyclic loading conditions accurately. Structural
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response was evaluated in terms of maximum lateral displacement, base shear capacity,
and hysteretic behavior to provide a comprehensive assessment of stiffness, strength, and
energy-dissipation characteristics. The novelty of this study lies in the integrated evalua-
tion of support-condition effects on composite double-layer space frames using consistent
nonlinear seismic simulations and identical loading conditions. Unlike previous investiga-
tions that primarily focused on isolated structural aspects, the present work systematically
examines the interaction among support configuration, slab stiffness contribution, and non-
linear dynamic response within a unified analytical framework. The findings are expected
to contribute to improving the seismic design and performance assessment of long-span
composite spatial structures subjected to earthquake loading.

2. Analytical Background
Therefore, the analytical background presented here establishes the foundation for the

modeling approach used in this research. By accounting for interactions among inertia,
restoring, damping, and excitation forces, the subsequent finite element simulations are
based on well-established principles of structural dynamics, ensuring both theoretical rigor
and practical relevance.

2.1. Fundamentals of Structural Dynamics

Understanding the dynamic behavior of spatial structures requires developing analyt-
ical models that accurately capture their responses to various dynamic loads, such as wind,
explosions, earthquakes, and mechanical vibrations. Structural dynamics are governed by
four principal forces: inertia force, restoring force, damping force, and external excitation
force [15,19]. These forces collectively determine a structure’s ability to resist, absorb, and
dissipate energy under time-dependent loading.

Mü(t) + Cu̇(t) + Ku(t) = F(t)

where M, C, and K are the mass, damping, and stiffness matrices, respectively; u(t), u̇(t),
and ü(t) denote displacement, velocity, and acceleration vectors; and F(t) represents the
external dynamic load vector.

The dynamic behavior of the structural system can be conceptually represented by the
idealized single-degree-of-freedom (SDOF) model shown in Figure 1, in which the mass,
stiffness, damping, and external excitation components are explicitly identified.

 
Figure 1. Idealized single-degree-of-freedom (SDOF) system used in dynamic analysis (adapted
from Chopra [15]).
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Inertia force indicates the resistance of mass to acceleration, while the restoring force
relates to the elastic tendency of structural members to return to their equilibrium position.
Damping force describes energy-loss mechanisms, such as material hysteresis, joint friction,
and cracking, which are crucial for controlling excessive vibrations. External excitation, on
the other hand, refers to the applied dynamic load, whether from seismic ground motion,
wind gusts, or mechanical machinery.

2.2. Dynamic Analysis in Seismic Applications

Static analysis can provide approximate insights into structural performance when
loads are applied slowly, and inertia effects are negligible. However, earthquake load-
ing introduces rapidly varying cyclic forces that generate significant inertia effects.
Consequently, dynamic analysis is necessary to accurately evaluate displacement, acceler-
ation, internal force redistribution, and energy dissipation [15,20,21]. The finite element
method (FEM) offers a robust numerical framework for dynamic structural analysis by dis-
cretizing the structure into finite elements and nodes. The governing equation of motion is
solved incrementally over time to obtain the transient structural response under prescribed
seismic excitation.

2.3. Finite Element Modeling Framework

The nonlinear finite element analysis conducted in this study was performed using the
ABAQUS 2020 software package. The structural system was discretized into finite elements
to capture the complex nonlinear response under seismic loading conditions accurately.
Concrete behavior was simulated using the Concrete Damage Plasticity (CDP) model,
which can represent stiffness degradation, tensile cracking, and compressive crushing
under cyclic loading. Steel reinforcement was modeled using an elastic–plastic constitutive
model to capture yielding and post-yield behavior under dynamic excitation.

The analytical procedure adopted in this study is summarized in Figure 2. The modeling
framework includes the development of structural geometry, the definition of material
constitutive models, the finite element discretization, the application of boundary condi-
tions, and the nonlinear dynamic analysis under earthquake excitation. The governing
equation of motion was solved incrementally through nonlinear time-history analysis to
evaluate the transient structural response.

The response parameters investigated in this research include base shear, roof displace-
ment, acceleration response, stress distribution, energy dissipation, and overall structural
damage behavior. This numerical framework ensures that the interactions among iner-
tia, restoring, damping, and external excitation forces are accurately represented within
the simulations, thereby improving both the reliability and practical relevance of the
analytical results.
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Figure 2. Flowchart of the nonlinear finite element analysis procedure adapted in this study.

3. Numerical Study
To investigate the seismic performance of double-layer space frames with reinforced

concrete slabs, a detailed finite element model was developed in ABAQUS, commercial
software widely recognized for its accuracy in nonlinear and dynamic structural analysis.
The choice of ABAQUS was driven by its capability to handle complex geometries, its
extensive element library, and its established use in simulating structural responses under
earthquake excitation [22].

3.1. Structural Configuration

The structural model consisted of an orthogonal, square-pyramid-type, double-layer
grid space frame spanning 11 m × 11 m and 0.8 m deep. Each module length was set at
1 m, creating a regular grid suitable for load distribution. The space frame supported a
reinforced concrete (RC) deck measuring 11 m × 11 m, with a 0.5 m overhang on each side
to simulate realistic slab overhang conditions, as shown in Figure 3. The slab thickness was
100 mm and reinforced with 6 mm BRC mesh spaced at 100 mm intervals in both directions,
in accordance with ACI 318-19 [23]. Standard round-section cold-formed steel was used
for the space frame components. The frame components consisted of a round pipe with
a diameter of 7.5 cm and a column with a circular hollow section (CHS) with an outer
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diameter of 300 mm and a wall thickness of 10 mm. Additionally, a 1 mm thick curved
steel plate was used to simulate curb elements. Figure 4 shows the model description. The
supporting columns were 6.0 m tall, measured from the base support to the bottom layer
of the space frame. This height was selected to represent a typical floor-to-floor height in
space frame structures and significantly influences the system’s global stiffness, vibration
period, and drift response.

Figure 3. Plan view of 11 m × 11 m space frame layout and column locations. Node numbering is
not shown for clarity.

Figure 4. Side view of the modeled space frame.
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Three identical models were created with a supporting system comprising the three
alternative boundary conditions: 1. Simple Point Support—direct connection of the space
frame to columns via hinged joints. 2. Inverted-Pyramid Support—a geometrically stable
arrangement designed to improve load transfer and lateral stiffness. 3. Crosshead-Beam
Support—where loads from the space frame were transmitted through intermediate beams
spanning between the columns. These support conditions were selected to represent
common engineering practices and to capture variations in structural response due to
boundary conditions.

3.2. Material Modeling

Steel members were modeled using an elastic–plastic constitutive relationship with
isotropic strain hardening to capture yielding, post-yield ductility, and hysteretic energy
dissipation under cyclic loading. The adopted steel properties equivalent to S420 were
the elastic modulus Es = 200 GPa, yield strength fy = 420 MPa, ultimate tensile strength
fu = 550 MPa, Poisson’s ratio ν = 0.30, and density D = 7850 kg/m3. The post-yield
behavior was represented by using a bilinear strain-hardening model.

The elastic region is defined as [22]

σs = Esεs(εs ≤ 0.0021)

The post-yield hardening region is expressed as

σs = 420 + Et(εs − εy)(εs > 0.0021)

where the strain-hardening modulus was defined as

Et = 0.01Es = 2000 MPa

Moreover, the yield strain is

εy =
fy

Es
=

420
200, 000

= 0.0021

The elastic–plastic stress–strain relationship adopted in the finite element model is
shown in Figure 5. The same material model was also adopted for reinforcing steel in
the concrete.

Figure 5. Elastic–plastic steel behavior used in the finite element simulation in accordance with the
FIB Model Code.
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The Concrete Damage Plasticity (CDP) model was employed to simulate the concrete
slab. This model captures the nonlinear behavior of concrete in tension and compression.
The Concrete Damage Plasticity (CDP) model was used to simulate nonlinear concrete
behavior. The CDP is defined in terms of flow potential eccentricity ε = 0.1, dilation angle
ψ = 35◦, and viscosity parameter µ = 0.008. The ratio of the strength in the biaxial state
to the strength in the uniaxial state, σbo/σco, is 1.16, and the ratio of the second stress
invariant on the tensile meridian, Kc, is 0.666.

To model concrete using the CDP model in ABAQUS, the stress–strain relationship in
compression and the post-failure stress–strain curve in tension are required. In this study,
stress–strain data for compression and the post-failure curve were adopted in accordance
with the FIB Model Code [24] and the constitutive model proposed by Chen (1995) [25].
The adopted concrete properties included an ultimate compressive strength of 31 MPa, an
elastic modulus of 26 GPa, a density of 2400 kg/m3, and an ultimate strain of 0.001026.
A linear stress–strain relationship following Hooke’s law was assumed up to approximately
50% of the ultimate compressive strength. Figure 6 shows the nonlinear concrete compres-
sion constitutive model adopted in the CDP finite element simulation, including both the
linear-elastic and nonlinear-inelastic regions. The concrete compression hardening behavior
implemented in the CDP model is presented in Figure 7.

Figure 6. Nonlinear concrete compression constitutive model adopted in the CDP finite element
simulation, in accordance with the FIB Model Code.

Figure 7. Concrete compression hardening model adopted in the CDP finite element simulation
according to the FIB Model Code.
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The tensile constitutive behavior used in the CDP model was developed using a
fracture-energy approach in accordance with the CEB-FIP Model Code 2010. The devel-
oped tensile constitutive relationship captures the complete tension-stiffening response,
including the initial linear-elastic stage, the tensile-strength peak, and the post-cracking
softening behavior, expressed in terms of tensile stress versus cracking strain. The adopted
concrete tension softening model used in the numerical simulation is shown in Figure 8.
The post-cracking tensile behavior of concrete was modeled using a tension-stiffening
approach. The tensile strength of concrete was taken as 7.4% of the compressive strength,
in accordance with ACI 318-19 [23]. Additionally, tensile damage (dt) and compressive
damage (dc) variables were incorporated to simulate progressive stiffness degradation
under cyclic loading conditions. The adopted tensile damage evolution relationship used
in the CDP model is shown in Figure 9. The Concrete Damage Plasticity model was fully
defined to ensure reproducibility of the nonlinear finite element simulation. All consti-
tutive relationships were developed in accordance with the CEB-FIP Model Code 2010
and calibrated using Chen (1995) [25]. The steel members were modeled as elastic–plastic
materials with bilinear kinematic hardening to simulate cyclic yielding and hysteretic
energy dissipation under reversed loading conditions. The constitutive model consists of
an initial linear-elastic region followed by post-yield strain hardening to simulate plastic
hinge formation and cyclic inelastic behavior.

Figure 8. Concrete tension softening curve implemented in the CDP finite element simulation.

Figure 9. Concrete tension damage applied in the CDP finite element simulation.
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3.3. Finite Element Model

In this study, three-dimensional finite element (FE) models were developed using
ABAQUS. The primary aim of the finite element simulation was to assess lateral displace-
ment, base shear, and hysteretic behavior. The analysis results are used to explore how the
support configuration impacts the space frame behavior.

The FE model depicts the actual space frame of the building, with reinforced concrete
used throughout. Figure 10 shows the mesh for the space frame. The model consists of
space frame cold-formed round hollow sections with an outer diameter of 75 mm and
a thickness of 5.2 mm. Columns are modeled as hollow sections (CHSs) with an outer
diameter of 300 mm and a wall thickness of 10 mm, simulating curb elements. To improve
analysis accuracy and better capture stress concentrations, the mesh density was increased
near the supports.

Figure 10. Mesh of the space frame.

A 20-node reduced-integration brick element, C3D20R, was used to model a rein-
forced concrete slab with a maximum mesh size of 0.25 cm. The reinforcement bars were
modeled using two-node linear elements embedded in the concrete slab (T3D3). The space
frame was modeled using three-node quadratic beam elements (B32). The curb elements
were represented with S8R shell elements. Table 1 summarizes the element types and
their respective mesh densities. Figure 11 illustrates the finite element mesh for the slab
and reinforcement.

Table 1. Element types and mesh details of the finite element model.

Structural Component Element Description Mesh Elements

Space frame B32: A 3-node quadratic beam in space 3976

Curb S8R: An 8-node doubly curved thick shell, reduced integration 8800

Concrete slab C3D20R: A 20-node quadratic brick, reduced integration 7040

Reinforced concrete T3D3: A 3-node quadratic 3D truss 5940

Figure 11. Mesh of the slab and reinforcement.
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The slab and curb elements were subjected to self-weight and a uniformly distributed
live load. Full loading was applied to all elements. The interaction between the slab, curb,
and space frame was simulated using tie constraints because they are fully bonded. The
interactions between the slab and curb, and between the curb and the space frame, are
modeled as surface-to-surface and point-to-surface tie constraints, respectively.

Table 2 displays the types of connections employed between components in the
ABAQUS finite element model. The connection between the concrete and reinforced-
concrete parts was defined as an embedded region to ensure full interaction between them.
A tie constraint with surface-to-surface behavior modeled the interaction between the
concrete and the curb. In contrast, a tie constraint with point-to-surface behavior was
applied between the curb and the space frame structure.

Table 2. Interaction and constraint conditions applied in the finite element model.

Structural
Components Interaction Type in ABAQUS Description

Concrete Slab–Reinforcement Embedded Region Full bond interaction between steel and concrete

Concrete Slab–Curb Surface-to-Surface Tie Fully bonded contact

Curb–Space Frame Point-to-Surface Tie Transfer of forces between the curb and the frame

3.4. Load

Three types of loads were applied in the model: self-weight was applied as a body
force using material density definitions. Live load was simulated as a uniformly distributed
surface load of 1 kN/m2, in accordance with EN 1991-1-1 [26] recommendations for public
spaces. The seismic load consisted of a 20 s earthquake excitation applied along the X-axis
at the supports. The excitation was represented using a recorded real earthquake ground
motion scaled to match the design response spectrum, as shown in Figure 12.

Figure 12. An earthquake for 20 s was applied to the supports of the space frame in the X-direction only.

In this study, a single representative ground-motion record was adopted to evaluate
and compare the seismic performance of the proposed structural models under identical
loading conditions. The selected record was chosen because it realistically represents earth-
quake characteristics in terms of intensity, duration, and time-varying behavior, enabling
accurate nonlinear time-history analysis of the structural response. The use of a single
seismic input also helped maintain consistency in comparative assessment and reduce
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computational cost associated with nonlinear finite element simulations. However, us-
ing multiple ground motion records could provide a more comprehensive evaluation of
record-to-record variability and seismic performance.

3.5. Boundary Conditions

The supports were idealized to replicate realistic anchorage behavior, with full transla-
tional restraint at the base nodes and varying degrees of rotational freedom according to
the chosen support condition.

The boundary conditions applied in the finite element model are summarized
in Table 3. Translational degrees of freedom (U1, U2, U3) and rotational degrees of freedom
(UR1, UR2, UR3) were assigned depending on the support configuration. The boundary
conditions were defined in terms of translational and rotational degrees of freedom (DOFs).
Translational DOFs (U1, U2, U3) represent displacements along the global axes, while rota-
tional DOFs (UR1, UR2, UR3) represent rotations about these axes. The applied boundary
conditions for each support configuration are summarized in Table 3.

Table 3. Boundary condition for each support condition.

Support Type U1 U2 U3 UR1 UR2 UR3

Simple Point Support Fixed Fixed Fixed Free Free Free

Inverted-Pyramid
Support Fixed Fixed Fixed Partial Partial Partial

Crosshead-Beam
Support Fixed Fixed Fixed Restrained Restrained Free

The geometric configuration of the support systems is defined as follows. Simple
Point Support: The space frame is directly connected to the top of the column, without
intermediate members. Inverted-Pyramid Support: Inclined members connect the top of
the column to multiple nodes in the lower layer of the space frame, forming an inverted
pyramid with a base width of 0.3 m. The base width of the pyramid is measured between
the connection points at the space frame level. Crosshead-Beam Support: Horizontal steel
beams with a rectangular cross-section of 300 mm × 200 mm are used to connect adjacent
columns. These beams transfer loads from the space frame nodes to the columns.

The selected support configurations represent practical structural systems with differ-
ent restraint characteristics and load-transfer mechanisms commonly used in long-span
spatial structures. The investigated cases were chosen to compare the influence of boundary
stiffness and geometric support arrangement on the seismic performance of the space frame
system under consistent loading and modeling conditions.

To facilitate comparison between the investigated support systems, the boundary
conditions were defined in terms of the translational (U1, U2, and U3) and rotational
(UR1, UR2, and UR3) degrees of freedom available in ABAQUS. In all three cases, the
translational degrees of freedom were fully restrained. The primary difference between the
support configurations lies in the rotational restraint. Case 1 was modeled as an idealized
pinned support with all rotational degrees of freedom released. Case 2 provides partial
rotational restraint through the inclined support members of the inverted-pyramid system.
In Case 3, the crosshead-beam restrains rotations about the X- and Y-axes (UR1 and UR2),
while rotation about the Z-axis (UR3) remains free. These different restraint conditions were
adopted to evaluate the influence of support rotational stiffness on the seismic behavior of
the space frame system.

https://doi.org/10.3390/buildings16152984
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4. Case Studies
Case 1 (Simple Point Support): The space frame support node is connected directly to

the top of the steel column, as shown in Figures 13 and 14. The connection was modeled
as an idealized pinned support, with translational degrees of freedom restrained and
rotational degrees of freedom released, consistent with the boundary conditions reported
in Table 3.

Figure 13. Modeling of simple point support.

Figure 14. Details of the simple point support configuration.

Case 2: Inverted-Pyramid Support: The structure is supported by columns arranged
in an inverted pyramid, enhancing structural stability and improving load distribution, as
shown in Figures 15 and 16.

Case 3: Simple crosshead-beam support: The space frame is supported by a simple
crosshead-beam spanning between the columns, ensuring effective load transfer, as shown
in Figures 17 and 18. Unlike the simple point support configuration (Case 1), the crosshead-
beam support system (Case 3) includes continuous perimeter steel beams positioned
between the columns and the space frame bottom chord. These beams act as intermediate
load-transfer members distributing the forces from the space frame to the supporting
columns. The crosshead members were modeled as rectangular hollow steel sections (RHS)
with overall dimensions of 300 mm × 200 × 10 mm. The perimeter crosshead beams were
connected to the bottom chord nodes of the space frame using tie constraints to ensure
compatible displacement and complete force transfer between the connected members.

https://doi.org/10.3390/buildings16152984
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Figure 15. Modeling of an inverted-pyramid support.

Figure 16. Finite element model showing the inverted-pyramid support configuration.

Figure 17. Modeling of simple crosshead-beam support.

From the numerical modeling perspective, the crosshead beam provides additional
rotational restraint at the connection between the space frame and the supporting columns.
Accordingly, the support was modeled with U1, U2, and U3 restrained, UR1 and UR2
restrained, and UR3 released, as summarized in Table 3. Compared with the Simple
Point Support (Case 1), this configuration provides greater resistance to bending rotations.
Compared with the Inverted-Pyramid Support (Case 2), the crosshead beam offers a
different load-transfer mechanism by increasing rotational stiffness through the connecting
beam rather than through inclined support members.
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Figure 18. Details of the crosshead-beam support configuration.

Figures 14, 16 and 18 present detailed views of the support configurations adopted
in the finite element model. In Case 1 (Simple Point Support, Figure 14), the space frame
support node is directly connected to the top of the steel tubular column, resulting in
the direct transfer of gravity and seismic loads from the space frame to the support-
ing column without any intermediate structural element. In Case 2 (Inverted-Pyramid
Support, Figure 16), a system of inclined tubular members forms an inverted pyramid
beneath the space frame. The structural loads are transferred from the space frame support
nodes through the inclined members to a common bottom node connected to the column
head, thereby modifying the load-transfer path and promoting force redistribution within
the support system. In Case 3 (Crosshead-Beam Support, Figure 18), a rectangular hollow
section (RHS) steel crosshead beam with external dimensions of 300 × 200 mm and a wall
thickness of 10 mm is introduced between the space frame support nodes and the steel
column. The crosshead beam acts as an intermediate load-transfer element, distributing
support reactions over a larger area and increasing the stiffness of the support region.
Consequently, the load-transfer mechanism and structural response differ from those of the
direct-support configuration adopted in Case 1.

Three structural models were developed corresponding to the different support con-
figurations, as shown in Figures 13–18. For each case, the responses of six key monitoring
points (three on the slab and three at the space frame nodes) were tracked under dynamic
excitation as shown in Figure 19. Output parameters included maximum displacements in
both X and Y directions, column drift, base shear, and hysteresis curves. These indicators
were chosen because they represent critical aspects of seismic performance, including
lateral stiffness, energy dissipation, and stability.

Figure 19. Key points on the structure.
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5. Numerical Verification of the Finite Element Model
Because experimental data or benchmark results for the specific composite space

frame configuration considered in this study were unavailable, direct validation of the fi-
nite element model was not possible. Therefore, the numerical model was verified through:
(i) implementation of the established Newmark-beta time-integration scheme; (ii) calibra-
tion of Rayleigh damping parameters in accordance with published recommendations;
and (iii) a mesh-convergence study. The findings, therefore, should be considered as
a comparative numerical assessment of how various support configurations affect the
structural response, rather than as experimentally validated predictions of the system’s
absolute behavior.

A transient dynamic analysis was conducted to evaluate the structure’s time-
dependent response in terms of displacement, base shear, and hysteretic behavior. The
Newmark-beta method with constant average acceleration (γ = 0.5 and β = 0.25) was
adopted for numerical time integration. This approach is unconditionally stable for linear
dynamic analysis and is widely used in structural dynamics applications (Chopra, 2020 [15];
Paultre, 2011 [27]). The displacement, velocity, and acceleration responses were calculated
according to Equations (1)–(3), respectively.

To represent structural energy dissipation, Rayleigh damping was incorporated into
the finite element model. The mass- and stiffness-proportional damping coefficients were
calibrated to achieve a 5% damping ratio in the fundamental vibration mode, following the
recommendations of Chopra (2020) [15].

The displacement in the current time step un+1 is
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(k+ m
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For the average acceleration approach, γ = 0.5 and β = 0.25.
k, m, and c represent the global stiffness, mass, and damping matrices, respectively;

pn+1 is the external load vector at time step n + 1; ∆t is the time increment; u,
.
u, and

..
u denote displacement, velocity, and acceleration, respectively, while β and γ are the
Newmark integration parameters.

Furthermore, a mesh convergence study was performed to verify the numerical
accuracy of the finite element model. Five mesh sizes were investigated: 1.0 cm, 0.75 cm,
0.50 cm, 0.25 cm, and 0.125 cm. The results obtained using mesh sizes of 0.25 cm and
0.125 cm were identical, with a maximum variation of approximately 0.01%, indicating
mesh convergence and numerical stability. Since the 0.125 cm mesh required greater
computational time without significant improvement in accuracy, the 0.25 cm mesh size
was adopted for the final simulations.
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6. Results
The structural response of the double-layer space frame with a concrete slab was

examined under seismic excitation using dynamic analysis methods. Displacements in
both the X and Y directions were measured at six critical points—three on the concrete slab
(C1–C3) and three on the steel space frame (N1–N3). These points were carefully chosen to
represent areas of maximum expected deformation during loading. Figure 19 shows their
location on the structure.

The analysis also involved assessing column displacements, base shear, and hysteresis
for all cases.

6.1. Displacement Analysis

Figures 20–25 illustrate the displacements in the Y and X directions for each
case. Figures 20 and 21 show the displacements in the Y and X directions from the analysis
of the space frame with a simple point support. The results indicate that the maximum
displacement in the X direction is 28 mm, occurring at key points C1 and N1. The maximum
deflection (displacement in the Y direction) was found to be 12.5 mm at key points C1
and N1. Table 4 presents the maximum displacement in the X and Y directions for all the
support cases.

Figure 20. Cont.
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Figure 20. Y-direction displacement for simple point support; (a) key points C1, N1, (b) key points
C2, N2, (c) key points C3, N3.

Figure 21. Cont.
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Figure 21. X-direction displacement for simple point support; (a) key points C1, N1, (b) key points
C2, N2, (c) key points C3, N3.

Figure 22. Cont.
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Figure 22. Y-direction displacement for an inverted-pyramid support; (a) key points C1, N1,
(b) key points C2, N2, (c) key points C3, N3.

Figure 23. Cont.
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Figure 23. X-direction displacement for an inverted-pyramid support; (a) key points C1, N1,
(b) key points C2, N2, (c) key points C3, N3.

Figure 24. Cont.
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Figure 24. Y-direction displacement for simple crosshead-beams support; (a) key points C1, N1,
(b) key points C2, N2, (c) key points C3, N3.

Figure 25. Cont.
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Figure 25. X-direction displacement for simple crosshead-beam support; (a) key points C1, N1,
(b) key points C2, N2, (c) key points C3, N3.

Table 4. Max. displacements in X and Y directions.

Type of Connection Max. X (mm) Max. Y (mm)

Simple Point Support 28 12.5

An Inverted-Pyramid Support 29 8.3

Simple Crosshead-Beams Support 35 8.4

The results indicate that the simple point support showed the smallest displacement
magnitudes in the X direction. However, this configuration showed the largest displace-
ment in the Y-direction, indicating lower vertical stiffness and greater structural flexibility
under seismic loading. In addition, larger vibration amplitudes and residual oscillations
were observed after the peak excitation period between 5 and 15 s.

The inverted-pyramid support reduced the Y-direction displacements to 8.3 mm,
representing a 33.6% reduction compared with the simple point support. This behavior
indicates improved vertical stiffness and more effective energy dissipation, as shown
in Figures 20–25. The maximum displacement in the X-direction for this case was 29 mm.
The displacement histories also showed more stable oscillation behavior and reduced
residual response after the strong-motion phase.

In contrast, the crosshead-beam support exhibited the highest displacements with a
maximum value of 35 mm, while the Y-direction displacement reached 8.4 mm, indicating
a less efficient load-transfer mechanism and increased structural flexibility during seismic
events. As shown in Figure 24, this support condition exhibited intermediate behavior
relative to the other investigated cases in terms of lateral displacement response, indicating
moderate lateral stability.

The displacement histories presented in Figures 20–25 indicate that the main structural
response was concentrated during the strong ground-motion duration between approxi-
mately 5 and 15 s, where the largest vibration amplitudes and displacement peaks occurred
for all investigated support cases.

Compared with the simple point support, the inverted-pyramid support reduced
the maximum Y-direction displacement from 12.5 mm to 8.3 mm, corresponding to a
reduction of approximately 33.6%. In contrast, the crosshead-beam support reduced the
Y-direction displacement by approximately 32.8%. However, the crosshead-beam support
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increased the maximum X-direction displacement by nearly 25% compared with the simple
point support.

6.2. Column Displacement

Figure 26 shows the deflection of columns in the X-direction for all investigated
support conditions. Figure 26a shows that the maximum lateral deflection of the column
under simple point supports reaches nearly 45 mm at mid-height. Figure 26b presents the
lateral deflection for an inverted support. The results show a larger displacement of 55 mm
at around 2.25 m, while, as shown in Figure 26c, the maximum displacement is 48 mm for
the crosshead-beam support at 1.25 m.

Figure 26. Displacement in X-direction along column length; (a) simple point support, (b) an
inverted-pyramid support, (c) simple crosshead-beams support.
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The results indicate that the simple point support showed the lowest column displace-
ment among the supported cases, demonstrating better anchorage, whereas the inverted-
pyramid support exhibited the largest lateral column deformation. The crosshead-beam
support demonstrated intermediate behavior between the other two support configurations.

6.3. Base Shear

The base shear force, as shown in Figure 27, indicates that the support configuration
significantly affects the distribution of seismic forces within the structure. The simple
point support exhibited larger fluctuations in base shear response during the strong-motion
interval. The inverted-pyramid support condition exhibited more stable base shear behavior
with reduced response variability, indicating better absorption and redistribution of seismic
forces. In contrast, the crosshead support exhibited higher and more fluctuating shear
responses at the base.

Figure 27. Base shear force under seismic load, support, simple crosshead-beam support.

Finally, the skeleton and hysteretic curves, as shown in Figure 28, indicated that
all investigated support systems exhibited acceptable energy-dissipation capacity un-
der cyclic seismic loading. The crosshead-beam support exhibited larger hysteresis loop
areas, higher load capacity, and improved ductility. In contrast, the inverted-pyramid
configuration exhibited lower residual deformation and improved displacement con-
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trol, whereas the crosshead-beam configuration demonstrated the greatest ductility and
energy-dissipation capacity.

Figure 28. The skeleton curves for three load cases.

6.4. Bearing Capacity and Deformation Performance

A load–displacement analysis was conducted until failure to evaluate the nonlin-
ear behavior and hysteretic response of the investigated support systems. The results
showed apparent variations in displacement patterns, load capacity, and force distribution
depending on the type of structural support employed, as shown in Figure 29.

Figure 29. The bearing capacity for three cases.

The hysteretic response curves of the space frame under cyclic seismic load for the three
cases of support are shown in Figure 30. For Case 1, simple point support, the zero-force
displacement in the first loop varies from +22.5 mm to −5.0 mm, while the corresponding
force ranges from +382 kN to −550 kN. Similar behavior was observed for the remaining
loading cycles and support configurations. The detailed force and displacement values for
all investigated cases are summarized in Table 5.

Each loop in the curves shown in Figure 30 has a steep initial elastic range, beyond
which the yield region begins, after which the curves tend to flatten and show large
displacement with a slight increase in force, indicating moderate strain hardening. The
initial unloading curves are also steep, indicating high stiffness of the frame. The wide
loops and the large area under these curves indicate that the three frame cases exhibit high
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energy-dissipation capacity, which is of exceptional importance in structures designed to
resist seismic forces.

Figure 30. Hysteretic curves for a simple space frame under seismic load; (a) simple point support,
(b) an inverted-pyramid support, (c) simple crosshead-beams support.
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Table 5. Zero-force displacement and forces for hysteretic response.

Case ID
Zero-Force Displacement (mm) Force (kN)

Positive Negative Range Maximum Minimum Range

Case 1

22.5 −5 27.5 382 −540 922

19 −12 31 363 −550 913

14 −19 33 344 −570 914

8 −26 34 344 −588 932

Case 2

19.7 −5.6 25.3 400 −459 859

16.6 −13.3 29.9 380 −467 847

12.3 −21.1 33.4 360 −484 844

7 −28.9 35.9 360 −500 860

Case 3

27 −6.7 33.7 700 −569 1269

23 −16 39 666 −580 1246

16.9 −25.3 42.2 630 −600 1230

9.6 −34.7 44.3 630 −620 1250

The high positive and negative displacements in each loop, accompanied by increas-
ingly high positive and negative forces, indicate that the frames have acceptable ductility,
as evidenced by their ability to withstand displacement without a sudden loss of strength.

A comparison of the frame responses for the three cases shows that case three has a
higher capacity for energy dissipation than the other two. This is obvious from the larger
area under the loops of this case compared to the areas under the curves of the other cases.
Case 3 also exhibits higher ductility than the other cases. This is due to the wider range of
displacement and higher values of forces compared to the other cases.

The shapes of the first modes of free vibration for the three cases are shown in Figure 31.
The first and second modes for the three cases are horizontal sway and are almost identical
for each case; they are shown by one shape. The second mode in Case 1 was a vertical
deflection of the roof, while the fourth one was a torsional motion. The second and third
modes of Cases 2 and 3 are torsional and vertical deflection of the roof, respectively. It is
worth noting that these later modes are in the reverse arrangement of those for Case 1.

Figure 31. Shapes of the first three modes of vibration for the three cases, (a) Case 1, (b) Case 2, and
(c) Case 3.
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The relation between mode number and the natural frequency of the first seven modes
for the three cases is shown in Figure 32.

Figure 32. The variation in natural frequency with mode number.

6.5. Pushover Analysis

To further evaluate the nonlinear seismic performance of the investigated space
frame systems, a displacement-controlled pushover analysis was performed in ABAQUS
for all three support configurations. Geometric nonlinearity was activated using the
NLGEOM option. Adaptive stabilization was employed with a dissipated energy fraction
of 0.0002 and a maximum stabilization-to-strain energy ratio of 0.05 to improve numerical
convergence during the nonlinear response analysis. The analysis was conducted with
an initial increment size of 0.001, a minimum increment of 1 × 10−5, and a maximum
increment of 0.01. Figure 33 presents the pushover capacity curves relating the base shear
to the roof displacement for the three investigated support systems. The curves clearly
demonstrate that the support configuration significantly influences the lateral stiffness,
strength, and post-yield deformation.

Figure 33. Relation between base shear and roof displacement.

Behavior of the double-layer space frame system. The crosshead support system ex-
hibited the highest base shear capacity and the largest roof displacement before significant
strength degradation occurred. The maximum base shear reached approximately 620 kN,
with a roof displacement approaching 28.5 mm, indicating enhanced lateral resistance and
superior energy-dissipation capability. The wider response curve observed in Case 3 reflects
improved structural ductility and a more stable nonlinear response under increasing lateral
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loading. Case 2 exhibited intermediate behavior relative to the other support systems.
Although the initial stiffness was acceptable, the structure experienced earlier degrada-
tion of post-peak strength than in Case 3. The maximum base shear was lower, and the
nonlinear response exhibited reduced deformation capacity, indicating a moderate level of
seismic performance.

Case 1 demonstrated the weakest seismic behavior among the investigated cases.
The structure exhibited lower base shear resistance and a narrower nonlinear response
range, indicating limited ductility and reduced energy dissipation capacity. Furthermore,
the post-peak degradation occurred earlier than in the other configurations, reflecting a
less efficient load transfer mechanism and increased structural flexibility during seismic
excitation. Table 6 summarizes the ductility ratios obtained from the pushover analysis.
The ductility ratio increased from 5.05 in Case 1 to 5.18 in Case 2, and then to 5.35 in
Case 3. Similarly, the ultimate roof displacement increased progressively from 21.329 mm
in Case 1 to 24.762 mm in Case 2 and, finally, to 28.542 mm in Case 3. These results con-
firm that the support configuration plays an important role in improving the nonlinear
deformation capacity and seismic resistance of the structural system. The comparison
between the pushover analysis and the nonlinear dynamic analysis through the drift ratio
evaluation showed good agreement between the two approaches, as illustrated in Figure 34.
The obtained drift ratios remained within acceptable seismic performance limits, while
the relative ranking of the three support systems remained consistent in both analyses.
This agreement enhances the reliability of the numerical model and confirms the effec-
tiveness of the proposed support configurations under seismic loading conditions. Over-
all, the pushover analysis showed that the inverted-pyramid support configuration pro-
vided the greatest displacement-control capability and stiffness enhancement, whereas the
crosshead-beam support exhibited the highest ductility and energy-dissipation capacity.
The results also demonstrate that support conditions significantly affect the structural
behavior of composite double-layer space frames subjected to earthquake excitation.

Table 6. Ductility for pushover analysis.

Case ∆u ∆y µ

1 21.329 4.217 5.05

2 24.762 4.785 5.18

3 28.542 5.345 5.35

Figure 34. Drift ratio for three cases and two types of analysis.
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7. Discussion
The numerical results indicate that the boundary support configuration significantly

influences the seismic response of double-layer space frame composite systems with re-
inforced concrete slabs. The observed variations in lateral displacement, base shear, and
hysteretic behavior among the three investigated support conditions can be directly at-
tributed to differences in load-transfer mechanisms, global stiffness distribution, and energy
dissipation capacity.

The simple point support exhibited the largest vertical displacement (12.5 mm
in the Y-direction; Table 4) and the largest residual oscillations in the displacement
histories (Figures 20 and 21), indicating lower support stiffness and less efficient force
redistribution under seismic loading. This behavior indicates insufficient rotational re-
straint and limited transverse stiffness at the column–space frame interface, leading to
increased structural flexibility and reduced energy dissipation efficiency under cyclic
seismic loading. Similar trends were reported in previous analytical investigations of mini-
mally restrained spatial frames, where inadequate boundary stiffness resulted in amplified
dynamic response and reduced damping effectiveness.

The inverted-pyramid support configuration demonstrated the most effective
displacement-control performance among the investigated support systems. It produced
the smallest vertical displacement (8.3 mm), corresponding to approximately a 33.6% re-
duction compared with the simple point support (Table 4). The inclined support members
created alternative load-transfer paths that increased the global stiffness of the structure and
improved force redistribution, resulting in lower vertical displacements and reduced drift
demand under seismic excitation. These characteristics contributed to improved structural
stability and more uniform force transfer throughout the support region.

The crosshead-beam support configuration exhibited a different response mechanism.
Although the crosshead-beam support produced the largest X-direction displacement
(35 mm), it also exhibited the widest hysteresis loops and the highest ductility ratio
(5.35; Table 6), indicating greater inelastic deformation capacity and energy dissipation
than the other support systems. These results suggest that the increased stiffness provided
by the crosshead beam promotes a more ductile structural response under cyclic loading.
This behavior can be attributed to the increased stiffness and force redistribution provided
by the crosshead beam, which promotes a more ductile structural response.

These results indicate that no single support configuration performed best across
all performance criteria. The inverted-pyramid support provided the most favorable dis-
placement control and structural stability, whereas the crosshead-beam support exhibited
the greatest energy-dissipation capacity, ductility, and load-carrying performance under
seismic loading.

Overall, the results confirm that optimizing support configuration can significantly
enhance seismic performance without increasing member size or material consump-
tion. This has important practical implications for the design of economical and resilient
long-span spatial structures, particularly in moderate-to-high seismic regions. The findings
suggest that boundary geometry may warrant further consideration in future research and
potential design recommendations for composite space frame systems.

A yield verification procedure was conducted for all primary steel members us-
ing the von Mises stress criterion. The maximum equivalent stresses obtained from
the finite element analysis were extracted and compared against the steel yield strength
(fy = 420 MPa). The results indicated that localized regions within the column exceeded
the yield stress during peak cyclic loading, confirming the development of inelastic be-
havior and the formation of plastic hinges. Therefore, the structural response cannot
be considered purely elastic under the applied loading levels. The observed nonlinear
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hysteretic response and energy dissipation were primarily associated with yielding of
the steel lateral force-resisting system, while additional stiffness degradation resulted
from cracking and crushing of the concrete slab modeled using the Concrete Damage
Plasticity (CDP) formulation.

8. Design Implications and Practical Recommendations
The findings of this study provide several important implications for the seismic

design of long-span double-layer space frame systems, composite with reinforced concrete
slabs. The demonstrated sensitivity of structural response to boundary support config-
uration indicates that support geometry should be considered an important parameter
in seismic design rather than a secondary detailing consideration. Traditional reliance
on simple point supports may lead to excessive lateral flexibility, increased residual de-
formation, and inefficient energy dissipation, all of which reduce seismic resilience and
post-earthquake serviceability.

The improved displacement control behavior observed for the inverted-pyramid sup-
port highlights the effectiveness of geometrically stabilized load-transfer mechanisms in
enhancing global stiffness and improving cyclic behavior without increasing material
consumption or member size. From a practical engineering perspective, this suggests
that optimizing the support configuration can achieve meaningful improvements in seis-
mic performance while maintaining structural economy. Such an approach aligns with
modern performance-based seismic design principles, where deformation control, energy
absorption, and rapid post-event recovery are prioritized alongside strength requirements.

The intermediate response observed in crosshead-beam supports further indicates
that partial stiffness enhancement alone is insufficient unless accompanied by efficient
axial load redistribution and three-dimensional geometric restraint. Therefore, future
structural design guidelines for spatial steel–concrete composite systems should explicitly
incorporate boundary-condition optimization within early conceptual design stages rather
than addressing it during final detailing.

For engineering applications in moderate-to-high seismic regions, the results suggest
that support systems incorporating triangulated load paths may offer advantages, such as
inverted-pyramid configurations or functionally equivalent geometries, by providing a sta-
ble hysteretic response. Implementing such systems can significantly reduce displacement
demand, improve ductility, and enhance overall seismic reliability without substantial
additional construction costs.

Finally, the study underscores the need for future research integrating experimental
validation, broader parametric variation, and performance-based design metrics to translate
numerical findings into codified engineering practice. Advancing this direction will support
the development of resilient, economical, and sustainable long-span spatial structures
suitable for next-generation infrastructure.

Table 7 summarizes the principal seismic performance indicators obtained for the
three investigated support configurations. The table provides a direct comparison of
displacement response, base shear capacity, ductility, stiffness characteristics, and overall
seismic performance.

The results of this study indicate that the support configuration affects the seismic
response of double-layer space frame systems. The inverted-pyramid support showed im-
proved displacement control and structural stability compared with the other investigated
cases. In contrast, the simple point support exhibited greater displacement and residual
deformation due to the lower stiffness at the support connection. The crosshead-beam
support improved load-transfer behavior but resulted in greater displacement in the
X-direction. Therefore, the selection of the support system should consider both stiff-
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ness and deformation behavior under seismic loading. The findings presented in this study
are limited to the finite element models investigated and the seismic excitation applied.
Additional studies using multiple earthquake records and experimental validation are
recommended before extending the results to general design practice. However, the present
study is limited to a single representative ground-motion record and numerical analy-
sis, without experimental validation. Future studies should include multiple earthquake
records and experimental verification to further evaluate the seismic behavior of space
frame systems.

Table 7. Summary of seismic performance indicators for the investigated support configurations.

Performance Indicator Case 1: Simple
Point Support

Case 2: Inverted-
Pyramid Support

Case 3: Crosshead-
Beam Support

Maximum X Displacement (mm) 28 29 35

Maximum Y Displacement (mm) 12.5 8.3 8.4

Ultimate Roof Displacement (mm) 21.329 24.762 28.542

Peak Base Shear Capacity (kN) 510 411 620

Ductility Ratio (µ) 5.05 5.18 5.35

Residual Deformation Highest Lowest Moderate

Relative Lateral Stiffness Lowest Highest Intermediate

Principal Seismic Characteristic Lowest
overall performance

Best displacement-control
and stiffness performance

Best ductility and energy-
dissipation performance

9. Conclusions
This study investigated the seismic behavior of double-layer composite space frames

with reinforced concrete slabs under three different support conditions using nonlinear
time-history analysis in ABAQUS. The numerical results indicate that the support configu-
ration significantly influences the seismic response of the investigated structural system.

The simple point support exhibited the largest vertical displacement and residual de-
formation due to its lower stiffness and limited restraint. In contrast, the inverted-pyramid
support showed improved structural stability and displacement control, reducing the
maximum Y-direction displacement from 12.5 mm to 8.3 mm, a 33.6% reduction relative to
the simple point support. The crosshead-beam support configuration exhibited the largest
hysteresis-loop areas and the highest ductility ratio among the investigated cases, indi-
cating greater energy-dissipation capacity and enhanced inelastic deformation capability
under cyclic seismic loading.

The simple crosshead-beam support exhibited intermediate behavior compared with
the other investigated cases. Although it improved load transfer and stiffness characteris-
tics, the maximum X-direction displacement increased by approximately 25% compared
with the simple point support. However, this support configuration exhibited larger
hysteresis-loop areas and greater ductility, indicating improved energy-dissipation capacity.

The inverted-pyramid support provided the greatest reduction in displacement de-
mand and stiffness enhancement, whereas the crosshead-beam support exhibited the
highest ductility and energy-dissipation capacity. These findings suggest that the pre-
ferred support configuration depends on the specific seismic performance objective and
design requirements.

The conclusions presented in this study are based on the investigated finite element
models and the loading conditions considered. Further experimental investigations and
analyses of additional structural configurations are recommended to extend the applicabil-
ity of these findings.
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