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Abstract

Space-frame structures are extensively used in modern
architecture and engineering due to their high load-bearing
efficiency, lightweight nature, and suitability for large-span
applications. This study assesses their seismic response
through nonlinear static and time-history analyses using
finite element modeling in ABAQUS. Various
configurations with different spans, heights, and column
arrangements were analyzed under seismic loads. The
response modification factor (R) was evaluated concerning
ductility-based reduction, overstrength, and allowable stress
factors, ranging from 2.6 to 3.8. Results indicate that
structural ductility plays a crucial role in determining the
Response modification factor, with notable variations across
different configurations. Increasing the number of columns
improves this factor, whereas low-story models exhibit
reduced ductile behavior. Time-history analysis reveals that
base shear values remain within a similar range but are
sensitive to frequency content. Additionally, increasing the
story height leads to a significant rise in maximum roof
displacement, highlighting the influence of height on seismic
performance and structural stability in dynamic conditions.

Keywords: Space-frame structures, response modification
factor, ABAQUS, time-history analysis, finite element
modeling

1 Introduction

Space-frame structures have been widely utilized across
the globe for wvarious architectural and engineering
applications, including sports stadiums, gymnasiums,
recreation centers, aircraft hangars, railway stations, and
other large-span structures. Many of these structures exceed
spans of 200 meters, demonstrating the efficiency and
adaptability of space-frame systems. The purpose of this
study is to provide an in-depth examination of space-frame
structural forms, with a specific focus on lattices, barrel
vaults, and domes. Additionally, the study explores

Ozet

Uzay kafes yapilari, yliksek tagima verimliligi, hafif yapisi
ve genis acgiklikli uygulamalara uygunlugu nedeniyle
modern mimari ve mihendislikte yaygin olarak
kullanilmaktadir. Bu g¢aligmanin amaci, bir sonlu elemanlar
yazilimi olan ABAQUS programi kullanilarak, dogrusal
olmayan statik ve zaman-tanim alaninda analizler ile
modellenen uzay kafes yapilarin sismik tepkisini
degerlendirmektedir. Farkli agiklikli, yiikseklikte ve kolon
diizenlemelerine sahip yapilar sismik yiikler altinda analiz
edilmistir. Yapisal sistem davranis katsayist (R), siineklik
temelli azalma, asirt dayamim ve izin verilen gerilme
faktorleri acisindan degerlendirilmis olup, 2.6 ile 3.8
arasinda  degistigi  belirlenmistir.  Sonuclar, yapisal
stinekligin zaman tanim alaninda degisen tepkileri ile
davranis faktoriinii belirlemede kritik bir rol oynadigini ve
farkli yapisal degisiklikler altinda 6nemli farkliliklar
gosterdigini ortaya koymaktadir. Kolon sayisinin artirilmasi
bu faktorii iyilestirirken, diisiik katli modellerin siineklik
davranisinda azalma  gozlemlenmistir. Zaman-tanim
alaninda analizler, taban kesme kuvvetlerinin benzer
araliklarda kaldigini fakat frekans icerigine duyarli oldugunu
gostermektedir.  Ayrica, kat yiliksekliginin  artmasi,
maksimum cat1 kat1 yer degistirmesinde 6nemli bir artisa
neden olarak yiiksekligin sismik performans ve dinamik
kosullardaki yapisal stabilite iizerindeki etkisini Onemli
Olciide degistirdigi vurgulanmustir.

Anahtar kelimeler: Uzay kafes yapilari, tepki degisim
faktorii, ABAQUS, zaman-tarih analizi, sonlu elemanlar
modellemes

conceptual design tools that facilitate the shaping and
structural analysis of space-frame systems.

A space-frame structure is a three-dimensional structural
system that differs from planar structures, such as trusses,
which primarily operate within a single plane. In contrast,
space-frame structures are designed to distribute external
loads and internal forces across multiple planes through a
combination of interconnected components. This unique
characteristic enhances their load-bearing capacity and
allows for the construction of lightweight, large-span
structures with minimal material usage [1].
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The classification of space-frame structures encompasses
a diverse family of structural forms, including grids, barrel
vaults, domes, towers, cable-supported systems, membrane
structures, folding systems, and tensioned fabric designs.
These structures exhibit significant variation in geometry,
spanning from rectilinear to complex curved forms. The
materials employed in space-frame construction include
steel, aluminum, wood, and fiber-reinforced composites,
each selected based on structural demands and
environmental considerations [2].

Throughout history, space-frame structures have evolved
significantly, drawing inspiration from ancient architectural
marvels. Examples such as the Treasury of Atreus in
Mycenae, the Pantheon in Rome, the Hagia Sophia in
Istanbul, and the Ctesiphon in Iran illustrate early
applications of large-span structures (see Figure 1). These
constructions, primarily reliant on heavy masonry and stone
materials, laid the foundation for modern space-frame
engineering. The advent of iron and, later, steel
revolutionized construction methodologies, enabling the
creation of advanced space-frame configurations that
optimize strength, durability, and aesthetic appeal [3].

(b)
Figure 1. Early examples of large-span structures: ()
Ctesiphon (272 AD), (b) Hagia Sophia (537 AD) [4, 5]

Contemporary space-frame structures can be categorized
into three principal types: space frames, rigid shell
structures, and soft-shell structures. Space frames, including
trusses and grid systems, are commonly utilized for roofs and
large-span enclosures. Rigid shell structures, often
constructed using reinforced concrete, exhibit exceptional
load-bearing efficiency and resistance to external forces.

Soft-shell  structures, encompassing cable-supported
systems, membranes, and inflatable designs, leverage
tension-based mechanics to achieve structural stability.
Notable examples of modern space-frame applications
include the Biosphere of Montreal, Sabiha Gokgen
International Airport, and Istanbul Atatiitk Olympic
Stadium, as portrayed in Figure 2.

Figure 2. Iconic space-frame structures: a) Sabiha
Gokeen International Airport, b) Biosphere of Montreal,
¢). Istanbul Atatiirk Olympic Stadium [6-8]

The fundamental advantages of space-frame structures
lie in their ability to distribute loads evenly, reducing
localized stress concentrations and enhancing overall
stability. Their lightweight nature minimizes material
consumption while providing architects with greater design
flexibility. Space trusses, a widely employed space-frame
configuration, utilize triangular arrangements of members to
efficiently resist axial forces. This structural efficiency
allows for the construction of column-free spans, making
them ideal for stadiums, exhibition halls, and industrial
facilities. However, the intricate connections and node
detailing of space trusses necessitate meticulous design
precision to prevent local buckling and failure [9].

Studies have introduced clustering and optimization
techniques to reduce the number of different nodes in space-
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frame structures, significantly lowering manufacturing costs
while maintaining structural integrity [10]. Moreover,
innovative deployable mechanisms utilizing double-scissors
link trusses have been explored for applications such as
space antennas, showcasing substantial potential for
dynamic structural adaptability [11]. Additionally, recent
research has developed advanced damage detection
techniques that account for semi-rigid connections in space-
frame joints, enhancing the accuracy of identifying structural
vulnerabilities [12].

Recent innovations in space-frame engineering focus on
hybrid systems that integrate reinforced concrete with upper
chord layers to enhance structural rigidity while reducing
material costs. Advanced connection mechanisms, such as
force-limiting devices, improve post-buckling behavior and
load-bearing capacity. Modular systems like MERO,
NODUS, and UNIVAT simplify assembly, accelerating
construction timelines and reducing labor requirements.
Moreover, the seismic resilience of space-frame structures,
attributed to their high redundancy and lightweight
properties, makes them particularly suited for regions prone
to dynamic loads, such as earthquakes and wind forces [13,
14].

The selection of materials significantly influences the
performance of space-frame structures. Steel remains the
predominant material due to its high strength-to-weight ratio
and ease of fabrication. However, alternative materials such
as aluminum, wood, and fiber-reinforced composites are
increasingly utilized for specialized applications. Lattice
transmission towers, for instance, leverage the structural
efficiency of space-frame principles to achieve high stability
with minimal material use [15].

The geometric versatility of space-frame structures
further contributes to their widespread adoption in modern
architecture. Common configurations include flat one- or
two-layer grid systems, barrel vaults, lattice towers, and
domes. Double-layer space structures incorporate diagonal
trusses between upper and lower layers to enhance load
distribution and structural efficiency. Domes, in particular,
exhibit exceptional redundancy, making them resilient
against localized damage. Different types of domes,
including ribbed, Schwedler, lamella, and geodesic domes,
provide distinct structural and aesthetic advantages based on
specific application needs [16].

The means and tools of seismic analysis are being refined
continuously, with several methods introduced to enhance
accuracy and reliability. Among these advancements, new
cooperative  coevolutionary-based  algorithms  have
demonstrated superior optimization techniques for the shape
and sizing of space truss structures, significantly improving
structural efficiency while reducing material costs [17].
Additionally, recent developments in equivalent beam
models have refined dynamic simulations for large periodic
beam-like space truss structures, reducing computational
errors and enhancing the reliability of vibration control
assessments [18].

Among these advancements, improving seismic
resilience remains a critical area of research, as space-frame
structures are widely used in earthquake-prone regions.

Therefore, a comprehensive time-history analysis of their
nonlinear behavior and dynamic characteristics is a
prerequisite for their effective design and application [19,
20]. This study evaluates the seismic performance of space-
frame structures using nonlinear static and time-history
analyses in ABAQUS. Six numerical models were analyzed,
differing in the number of columns, span lengths, and overall
height. The response modification factor (R-factor) varies
between 2.6 and 3.8, influenced by structural ductility,
column count, and configuration. Increasing columns
enhances ductility, while low-story models exhibit reduced
ductility. Additionally, taller structures experience greater
roof displacement, emphasizing height’s impact on dynamic
stability. The analyses were conducted using two seismic
records, Chi-Chi and Loma Prieta, to assess structural
response under different earthquake conditions.

2 Response modification factor (R)

A key parameter that represents the inelastic performance
of structures under seismic loading is the response
modification factor (R). It accounts for the hidden reserve
strength in the nonlinear phase and is used to estimate the
required design force by dividing the elastic seismic force by
R. Most seismic design codes incorporate response
modification factors in defining equivalent lateral forces,
effectively reducing the elastic response spectrum to
consider the structure's energy dissipation capacity. Thus,
the design force is determined as [21-23]:

v,

Where V is the design base shear, Ve is the elastic base
shear, and R is the response modification factor. This factor
depends on multiple parameters, including ductility,
fundamental period, damping ratio, soil characteristics,
earthquake  properties,  force-deformation  behavior,
overstrength factor, higher mode effects, and design safety
factors.

To determine the response modification factor,
researchers have developed various methods, primarily
categorized into European and American approaches. While
American approaches, including the Freeman capacity
spectrum method and the Yuang ductility coefficient
method, prioritize practicality and simplicity, European
methods, such as the ductility theory and energy-based
approach, rely on more intricate theoretical and analytical
foundations. Among these, the Yuang method is widely
preferred due to its simplicity in deriving structural behavior
characteristics by approximating the capacity curve as a
bilinear model [24, 25].

Structural ductility capacity is determined by the ratio
between ultimate displacement and yield displacement [26].
A higher ductility ratio (p) signifies greater energy
absorption capacity, leading to an increased response
modification factor. For multi-degree-of-freedom systems,
the response modification factor consists of three key
components: the ductility-based reduction factor (R,), the
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overstrength factor (Q2), and the allowable stress factor ().
The relationship is given by [21-23]:

= R,QY @)

Where R, accounts for inelastic deformation capacity, Q
represents overstrength due to redundancy and material
capacity, and Y is used to reduce the design base shear when
applying allowable stress design (ASD). Overstrength arises
from various factors, such as internal force redistribution, the
sequential yielding of structural components, plastic hinge
formation, and inherent conservatism in section design. It is
expressed as:

Q= 3)

SSS

Where Vy is the yield base shear and V; is the design base
shear. Similarly, the allowable stress factor (Y) is given by
[23]:

Y= 4)

§< | ln<

Where Vy, is the allowable stress-based shear force.

The capacity curve of a building can be derived from a
pushover analysis, where lateral forces are incrementally
applied to capture progressive stiffness degradation due to
plastic hinge formation [27]. The resulting force-
displacement response is typically idealized into a bilinear
model such that the area under the nonlinear curve matches
that of the bilinear representation. The initial segment
intersects 60% of the total deformation length, ensuring an
equivalent energy dissipation capacity.

LA Actual Response

[

|
1 1 .
A, A A, A y

Figure 3. A structure’s capacity curve, along with its
bilinear approximation [23]

Ductility-based force reduction is further studied through
empirical relationships developed by myriads of researchers.
These models provide mathematical formulations linking the
response modification factor to system ductility, period, and
soil conditions. For example, Miranda & Bertero’s equation
is expressed as [23]:

R,=—— )

where @ varies based on site classification (rock, alluvial, or
soft soil). These formulations allow for a more precise
estimation of response modification factors, enhancing the
seismic performance assessment of structures.

3 Investigated models

In this study, the target lattice shell was first designed in
SAP according to Table 1 and then analyzed in ABAQUS
using nonlinear seismic analysis. ABAQUS was employed
for the finite element analysis of space-frame structural
forms, including lattices, barrel vaults, and domes. The
software supports various element types, such as beam and
shell elements, which are crucial for accurately modeling
these structures. Its advanced meshing techniques enable
precise structural analysis, ensuring a realistic evaluation of
structural performance [28-30].

Abaqus software has been widely used in the evaluation
of R-factor across various structural systems. In the study of
steel slit panel frames, Abaqus was utilized to perform static
pushover and nonlinear incremental dynamic analyses,
determining an R-factor of 8.11 for moment-resisting frames
with steel slit panels [31]. Similarly, in the seismic design of
steel-fiber-reinforced concrete segmental tunnels, an
experimental and numerical approach was used to estimate
R-factors, highlighting the influence of hybrid steel-fiber-
reinforced concrete mixes on structural performance [32].
Furthermore, a multilevel approach for dual moment-
resisting frames with vertical links demonstrated that the
addition of eccentric braces significantly increased the R-
factors, with values ranging between 7 and 10 depending on
the seismic hazard level and performance target [33].

The shell models had diameters of 25 m and 50 m, with
8, 12, or 24 columns and a grid spacing of 1.2 x 1.2 m. The
shell was rigidly connected to the columns and supported at
its edges by a perimeter beam, which transferred forces to
the columns. Steel pipes were used for the shell, columns,
and edge beams, with ST37 steel as the material. The
structure was modeled for Tabriz, a high-seismic-risk zone,
with an importance factor of 1.2 and soil type 3. Figures 4
and 5 illustrate the constructed finite element models in
ABAQUS.

Table 1. Specifications of the constructed models

Case Lattice Height (m)  Span (m) Number of
Shell Columns
1 25-25-2.5 25 25 8
2 25-25-5 5 25 8
3 25-25-7.5 7.5 25 12
4 50-50-5 5 50 24
5 50-50-7.5 10 50 24
6 50-50-15 15 50 24

To optimize computational efficiency and prevent
convergence issues, an ideal elastoplastic model was used.
Two steel types were considered: cold-formed lightweight
steel for the frame members and conventional steel for
bracing elements, with a yield stress of 370 MPa and a
fracture strain of 0.018.
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(a)
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Figure. 4. Modeling of the analyzed space frame structure in SAP2000 (a) Case 1 (b) Case 2

Figure 5. Modeling of the analyzed space frame structure for Case 1 in ABAQUS

The structure was modeled using truss elements available
in ABAQUS. These two-force members transfer loads only
at their nodes and have axial resistance without bending
capacity. Two-dimensional truss elements are used for
symmetric models such as trusses and bolts, while three-
dimensional truss elements are suitable for spatial structures
like space frames and prestressed cables in reinforced
concrete or pipelines.

Two interaction modeling approaches were considered.
The first method, using shared nodes, is applied in macro-
scale modeling where members are directly connected via
multi-point constraints. This approach is computationally
efficient. The second method, contact modeling, involves
separate nodes for columns, beams, and angles, with
interaction defined in ABAQUS. However, due to the
significant computational cost, this approach was deemed
impractical. The primary reasons for the increased
computational demand in contact modeling include a
substantial rise in the number of simultaneous equations in
nonlinear analysis and the necessity for smaller time steps to
maintain numerical stability [34]. For boundary conditions,
all translational and rotational degrees of freedom were fixed
at the base of the columns.

4 Nonlinear elastic analysis (Pushover)

The structural models analyzed in this study, in addition
to gravitational load, are subjected to both nonlinear static

analysis and time-history accelerations. During nonlinear
static analysis, loads are incrementally introduced to
evaluate the stress-strain response at different stages. For
accurate analysis, structural elements modeled as beam
elements use the two-node T3D2 element for meshing. Due
to the independent assembly of components, each part is
meshed separately, with finer meshes in critical areas to
enhance precision. The connections are designated as rigid.
A standard solver is employed to analyze nonlinear
equilibrium equations using the Newton-Raphson method.

250
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Figure 6. Comparison of the nonlinear static pushover
responses of the evaluated models
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Figure 7. Comparison of the response modification factor and its components in the analyzed models

Due to the presence of geometric and material
nonlinearity, multiple interactions, and the necessity for
precise and stable outcomes, this study employs an implicit
solver for the analysis. In this method, the software
automatically determines the appropriate time increments to
ensure a reliable and efficient simulation process.

Figure 6 illustrates a comparison of the nonlinear static
pushover curves for the six evaluated models. Case 4
exhibits the highest stiffness among all, featuring 24 columns
and a story height of 5 meters. In contrast, Case 2, which
comprises 8 columns and the same story height,
demonstrates the lowest stiffness. Case 3, with 12 columns
and a story height of 7.5 meters, shows the most ductile
behavior, sustaining a displacement of nearly 10 cm.
Although Case 4 has the highest stiffness, its relatively short
height contributed to brittle failure, leading to collapse at a
displacement of approximately 6.5 cm.

Figure 7 illustrates a comparison of the response
modification, overstrength, and ductility-based force
reduction factors. The response modification factor of the
system ranges from 2.6 to 3.8, with Case 6 exhibiting the
highest value and Case 1 the lowest. Among the contributing
factors, the ductility-based reduction factor has the most
significant influence on the response modification factor,
varying between 2.0 and 2.6, with Case 6 demonstrating the
greatest impact. In contrast, the overstrength factor, ranging
from 1.3 to 1.8, has the least contribution to the response
modification factor. Consequently, Case 4, characterized by
24 columns and the lowest story height, exhibits higher
response modification factors.

5 Time history analysis

In this study, the models were subjected to the
acceleration components of the 7.6 magnitude Chi-Chi and
6.9 magnitude Loma Prieta earthquakes. These records were
obtained from the PEER Strong Motion Database and were
chosen from sites 8 to 20 km from the fault, classified as

ordinary ground motions according to FEMA 440. Based on
the USGS classification, they correspond to site type B,
which aligns with soil type Il in Standard 2800. The selected
ground motions exhibit a significant duration, defined as
either a minimum of 10 seconds or three times the structure’s
predominant period, whichever is longer, as assessed using
SeismoSignal software.

o
o

—Chi-Chi

Acceleration (g)

0 10 20 30 40 50 60 70 80 20
Time (s)

(@)

—Loma Prieta

Acceleration (g)

0 ‘5 1‘0 15 20 25 30 35 4‘0
Time (s)
(b)
Figure 8. Unscaled acceleration-time history: (a) Chi-Chi
earthquake, (b) Loma Prieta earthquake

The acceleration records were scaled using SeismoSignal
to ensure their spectral values met the required criteria. The
response spectra of the scaled ground motions were
calculated with 5% damping and combined using the SRSS
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method to create a unified response spectrum for each record
pair. These spectra were then averaged and compared with
the Standard 2800 design spectrum, ensuring the average
spectral values remained at least 1.4 times the corresponding
design spectrum values. The scaling factors for the Chi-Chi
and Loma Prieta earthquake records were determined as 0.6g
and 0.65g, respectively. These scaled records were then used
in nonlinear time-history dynamic analysis. The unscaled
record is portrayed in Figure 8.

The time-history analysis of Cases 4 and 6, which have
the highest response modification factors of 3.76 and 3.825,
respectively, was conducted for comparison. As shown in
Figure 9 a and b, the displacement of both cases is higher
under the Loma Prieta record. Figures 10 and 11 indicate
that, despite having nearly the same response modification
factor, Case 6 exhibits the lowest maximum displacement
2.42 and 1.23—compared to Case 4, which experiences
maximum roof displacements of 5.95 and 5.3 under the two
seismic records.

o

Seismic Records
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i
o
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E Seismic Records
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% 1 ll “.I | l“liulihllﬁl\l‘;h \“ﬂ ]
ﬁ,_; hlﬂ ﬂ""\' " ﬂ'l'u {l('lu‘l W Y‘II
o
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Figure 9. Displacement-time history for (a) Case 4 and
(b) Case 6
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Figure 10. Displacement time history comparison for
Case 4 and Case 6 under Chi-Chi ground motion
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Figure 11. Displacement time history comparison for
Case 4 and Case 6 under Loma Prieta ground motion

Figure 12 presents the base shear time history for the two
cases under the two records. Case 6, which experiences the
least maximum displacement, undergoes greater base shear,
reaching 9.1 kKN and 13.3 kN. In contrast, Case 4 exhibits
displacements of 8.1 cm and 6.76 cm.
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Figure 12. Base shear time history for Cases 4 and 6: (a)
Chi-Chi earthquake, (b) Loma Prieta earthquake

6 Conclusions

This study explored the structural behavior and seismic
performance of space-frame structures, particularly focusing
on lattices, barrel vaults, and domes. Through finite element
nonlinear static pushover and time-history analyses, the
response modification factor (R) was assessed to understand
the influence of ductility, overstrength, and force reduction
on seismic resilience. Findings indicate that ductility is the
key factor in defining the response modification factor, with
Case 6 achieving the highest value due to its enhanced
deformation capacity. In contrast, Case 4, characterized by
its high stiffness, showed a more brittle response with lower
deformation capacity. Time-history analysis further
demonstrated that while both cases exhibited similar
response modification factors, Case 6 experienced lower
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maximum displacements and higher base shear forces,
suggesting improved energy dissipation capabilities. The
results emphasize the significance of optimizing space-frame
configurations to improve seismic performance. Future
studies should prioritize the integration of advanced
materials, hybrid structural systems, and innovative
connection technologies to further improve the efficiency
and resilience of space-frame structures. These insights
contribute to the development of sustainable and high-
performance architectural solutions, ensuring the continued
evolution of space-frame engineering in modern
construction.
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