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ABSTRACT

Lightweight steel geodesic domes are widely used in public structures and often support suspended equipment,
which can affect their seismic performance. Understanding how such additional masses influence dynamic response
is essential for safe design. In this paper, six steel geodesic dome models, shaped by two mesh topology methods,
were numerically analyzed and subjected to three seismic excitations using DIANA FEA. Also, this paper evalu-
ates displacements and accelerations for configurations without suspended mass, with mass at the dome center,
and with mass offset by 10 meters. Results indicate that the dome topology significantly affects seismic response,
and even small suspended masses (about 3.5-4.6% of the dome weight) can notably increase maximum displace-
ments and accelerations, especially when centrally located. These findings suggest that both the structural topology
and the placement of additional masses should be carefully considered in the seismic design of geodesic domes to

ensure structural integrity under earthquake loading.

Keywords: geodesic domes, numerical analysis, seismic analysis, suspended mass, topology, lightweight structures.

INTRODUCTION

Dome roofs are primarily structures with large
spans, which have many advantages. The popu-
larization of steel construction makes them light-
weight, which undoubtedly contributes to their
increasingly widespread use (Figure 1). They are
commonly used to cover public buildings, such as
stadiums, exhibition halls, shopping centers, air-
port terminals, and sports fields. Therefore, they
require meticulous research into their durability
to ensure the safety of many people who stay in
them (Schling et al., 2022). In recent years, many
papers have analyzed various aspects of this type
of roofing. Detailed analyses of dome stability,
cross-section optimization, topology, geometry,
and dynamic response were included. All these
make dome-shaped structures increasingly used
by architects and constructors.

Dome optimization has received particular
attention, especially as many papers have recog-
nized this aspect. The use of various optimization
algorithms aims to obtain lighter structures that

require less construction material by optimizing
the cross-sections of their individual elements.
Grzywinski et al. (2019) used the Jaya meta-heu-
ristic algorithm. Kaveh and Talatahari (2011) used
a charged system search algorithm to optimize
the geometry and topology of the domes under
consideration. Gholizadeh and Hamed (2014)
presented the firefly algorithm (FA) and particle
swarm optimization (PSO) for optimizing the
topology of nonlinear single-layer domes. Anoth-
er optimization approach was proposed by Pilar-
ska (2020, 2021), Bysiec (2023), and Bysiec et al.
(2024), pointing to the use of an appropriate meth-
od of shaping the topology of the geodesic dome
mesh, which is consequently reflected in the lower
weight of the covering and less construction mate-
rial. In these papers, weight reductions of up to
17% were achieved, which turned out to be more
beneficial than the use of improved algorithms.
Each structure, including a domed covering,
requires monitoring of its technical condition, a
process aimed at preventing its destruction. Any
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Figure 1. Example of lightweight structures: a) geodesic dome in a residential house in Milan (lItaly),
b) roof of a shopping mall in Warsaw (Poland)

structural damage, as well as changes in static or
dynamic loads, can affect the structure’s behavior
and, consequently, lead to its destruction. In the
case of large, complex structures, identifying dam-
age is difficult. A relatively small number of mea-
surements and identified local damages have a lim-
ited impact on the entire structure. The change in
static loads, resulting from the suspension of addi-
tional mass, may significantly affect the research
and analysis carried out to monitor the technical
condition of the structure in a global aspect, i.e.,
the safety and use of the entire structure.
Increasing loads by introducing additional
mass into the structure may be indicated by a
layer of snow or ice on the roof covering or by
additional devices or equipment suspended to
the structure. In the paper Fanning and Carden
(2004), a mass of additional devices mounted on
telecommunications masts was analyzed, with-
out the need to dismantle them. Using a genetic
algorithm, Ostachowicz et al. (2002) examined
the identification of the position of a mass con-
centrated on an isotropic plate. Moreover, the
possibility of using this technique to identify the
exact location of the concentrated mass and deter-
mine its value was indicated. A similar problem
was considered by Piatkowski and Waszczyszyn
(2011). The authors used Recurrent Cascade
Neural Network techniques in this case for a steel
plate. Nalitolela et al. (1993) added stiffness to
the original structure, thereby constructing a new
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structure with new frequency response functions
based on the original structural response informa-
tion. Liquid, as a factor affecting the structure’s
mass, was used to identify damage on a sub-
merged cantilever beam and a liquid storage tank
(Dems and Mroz, 2010). To obtain a change in the
dynamic characteristics, Rajendran and Sriniva-
san (2016) attached a mass to different places of
the composite plates.

Many construction failures or disasters are
associated with a layer of snow or ice on the struc-
ture. These factors often result in a significant
increase in loads, especially on roof structures.
The 2006 disaster at the Katowice Fair Building
in Poland shows that additional snow load is one
of several causes of its collapse. The fundamental
construction error was the low strength of indi-
vidual structural elements of buildings (Biegus
and Rykaluk, 2009). Similarly, residual snow was
one of the factors contributing to the collapse
of a spatial truss covering a reinforced concrete
structure in Turkey in 2003 (Caglayan and Yuk-
sel, 2008). In this paper, the authors point to the
underestimation of the snow load intensity and
errors made in the truss construction.

Domed roof coverings are also susceptible
to disasters due to the load imposed by snow. An
example of the effects of local structural overload
is the disaster of two spherical pavilion covers in
Chorzéw, Poland, in the winter of 1967/68. The
displacement of the accumulated snow from the
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windward to the leeward side of the dome’s cov-
ering, under the influence of strong winds, led to
its collapse (Augustyn and Sledziewski, 1976).
A layer of snow and ice, along with construction
errors, destroyed a 500 m? steel, concrete, and glass
dome covering the Transvaal Aquapark building
in Eastern Europe in 2004 (Lapin et al., 2019). In
turn, in 2006, similar reasons led to the disaster of
the Basmanna market dome, also in that region.
However, the analysis of lightweight struc-
tures subjected to seismic excitations has rarely
been undertaken in the literature. Papers on the
behavior of geodesic dome structures under seis-
mic loads were presented by Bysiec and Maleska
(2021, 2023), indicating the need to select an dif-
ferent method for shaping their topology. How-
ever, conducting a detailed dynamic analysis of
the domes enables a thorough understanding of
the structure’s behavior and monitoring the pro-
gression of a possible progressive disaster. Such
a study was conducted by Tian et al. (2021) on
a simplified long-span single-layer spatial grid
structure model. They showed that progressive
structural collapse can be mitigated when dynam-
ic interactions are considered. In turn, Zhang et al.
(2022) presented a procedure for calculating the
element importance factor to evaluate the stiff-
ness of critical elements of a mesh dome struc-
ture. They used a global stiffness matrix for the
Kiewitt, Schwedler, and other reticulated domes.
In the case of dynamic loads such as earth-
quakes, the concept of additional mass is com-
pletely different because, in most cases, it is a
structural element of a given building. There are
papers in the literature that use additional mass
as a vibration damper, allowing the object to sur-
vive a strong earthquake. This was particularly
important for tall, strategic buildings, such as
skyscrapers, power plants, and bridges (Shu et
al., 2017; Zhang et al., 2023; Acito et al., 2021).
Then, introducing additional mass was desirable
to ensure the structure’s and its users’ safety.
Therefore, as mentioned earlier, additional
mass may be desirable, and thanks to it, the struc-
ture will ensure safe transfer of external loads.
However, there are cases where the additional
mass on the supporting structure caused a disaster
and the deaths of people. In the case of lightweight
structures, it is necessary to analyze whether sus-
pending a small amount of additional mass, i.e.,
devices constituting the facility’s equipment,
cooling devices, sound systems, or telescreens,
will affect the behavior of the structure as a result

of a given dynamic load (e.g., earthquake). Based
on a literature review, it is difficult to define clear-
ly because these are relatively light masses. In
turn, it should be noted that very light structures
are usually made of steel or aluminium, and their
designed load capacity utilization for a given
load is almost 100%. It is appropriate to seek
an answer to this troubling question. Moreover,
whether the mass location is important, especially
under dynamic loads. According to the authors of
this paper, it is possible because it may disrupt
the ideal structure (e.g., geodesic dome) and its
design assumptions.

Therefore, this paper aims to investigate
the effect of additional mass suspended to the
structure (a type of utility equipment or device)
of low weight relative to the entire structure of
a steel geodesic dome subjected to earthquakes.
The DIANA FEA numerical program was used
to determine the impact. However, three seismic
excitations with different intensities and dura-
tions of the seismic record were used to obtain a
dynamic response. The paper analyzed displace-
ments and accelerations, i.e., the values required
to be determined in various standards (ASCE 7
2022, Eurocode 8 2005).

DESCRIPTION OF GEODESIC DOMES

General remarks

The geodesic domes used in this paper as
the basis for the analysis were shaped using
two methods. Different connections of the edge
division points of the initial regular octahedron
allowed the creation of different topologies of
meshes of the analyzed structures.

Extended procedures for forming geodesic
domes derived from a regular octahedron, using
two different methods, can be found in the papers
by Pilarska (2020, Bysiec (2023), and Bysiec
et al (2024). Moreover, the papers (Bysiec nad
Maleska 2021; Bysiec et al. 2023) show that the
method of shaping the topology of these covers
has a significant impact on the consumption of the
construction material (steel) and the behavior of
the structure under a given load.

In this paper, two developed geodesic domes
subjected to seismic excitations were shaped
using two methods proposed by Fulinski (1978).
The structures were designed based on regular
octahedra, subdividing their equilateral faces
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into smaller subfaces and using the resulting face
vertices to define the nodes of the structural grid.
Meanwhile, the edges of the subfaces define the
axes of the structural steel members. The two
methods analyzed led to the division of the initial
triangle of the octahedron into smaller triangles,
with frequency (V) indicating the number of sub-
divisions. This subdivision process automatically
generates a three-way grid on every face of the
basis octahedron. The major view of this grid’s
vertices on the octahedron’s circumscribed sphere
leads to a polyhedron approximating the sphere in
which only the grid’s nodes lie on the sphere’s
surface. Other, higher frequencies give smoother
spheres. These methods were described in detail
in Pilarska’s (2020) paper. Figure 2 shows the dif-
ference in the shaping of geodesic domes using
the first and second subdivision methods.

Figure 3 shows two models of geodesic domes
used to conduct this analysis, generated based on
two methods (Figure 4) of connecting their ele-
ments: (i) 2888-hedron strut dome (method 1 —
model 1* — Figure 5a) and (ii) 2904-hedron strut
dome (method 2 — model 12— Figure 5d).

The influence of additional mass suspended
in two different places on the structure was con-
sidered, thanks to which another four models
were obtained, i.e., additional mass located in the
middle of the dome span (model I1* — Figure 5b
and model 112 — Figure 5¢) and suspended at a dis-
tance of approximately 10 meters from the central
point (model I11* — Figure 5¢ and model 1112 - Fig-
ure 5f). The placement of the additional mass was
based on the authors’ previous research (Bysiec
et al., 2023) and the practical application of the
suspended additional mass in the dome.

The suspended mass weighed 2 tons and was
attached to the structure node. Ultimately, six
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models were tested and presented in Figure 3.
The additional mass used is a type of equip-
ment: devices mounted to the roofs of lightweight
structures. Placing it at the center of the dome
will maintain the structure’s perfect symmetry.
However, finding the additional mass at a certain
distance from the central point, for example, 10
meters from the top of the dome, will undoubt-
edly affect the entire structure layout, as shown
in models 111* (Figure 5c¢) and I11? (Figure 5f).
In addition, the additional mass was fixed to the
steel structure.

Material properties

In this research, the geodesic domes are cov-
ers made of steel struts (round pipes) of S235
standard steel. The steel elements were modelled
as linearly elastic, isotropic materials, according
to Eurocode 3 (2005) and Bysiec and Maleska
(2021), with the properties tabulated in Table 1.

In this type of structures, round pipes are
most often used, which, thanks to their advantag-
es of stiffness in all directions, allow for the safe
transfer of external loads. Therefore, in this paper
(as in the papers by Pilarska (2020) and Bysiec
and Maleska (2021)), the steel strut elements of
domes were divided into four groups (Table 2).
Depending on the method used to shape the dome
structure, the strut diameters varied, and there-
fore, the dome weights differed. For the dome
shaped according to method 1, its weight was
57.9 tons, and for method 2, it was 43.6 tons.

Seismic excitation

Three seismic records were used to estimate
the most accurate response of the steel dome
structures to seismic excitation: (i) Ancona from
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Figure 2. Methods of subdividing the initial triangle edge, based on Fulinski
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Figure 3. Structures used in conducted analysis: a) 2888-hedron strut dome (method 1 — model I* - I11%),
b) 2904-hedron strut dome (method 2 — model I2 - 1112
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Figure 4. View of the geodesic domes with additional mass for method: a) 1 (2888-hedron strut dome),
b) 2 (2904-hedron strut dome)

1972 (Figure 6a), (ii) Denizli from 1976 (Figure
6b), and El Centro from 1941 (Figure 6c¢).

These three seismic records differ in the dura-
tion and length of the earthquake’s intensity zone.
Obviously, the El Centro record was characterized
by a magnitude of 6.9 on the Richter scale, which
was the so-called Benchmark for seismic analy-
sis of building structures. The remaining records
(Ancona and Denizli) were slightly weaker but
had a similar maximum ground acceleration to the
El Centro record. The El Centro record owes its
destructive power to its relatively high intensity
compared to the other records examined (Anco-
na and Denizli). The three records examined are
required by Eurocode 8 (2005) to determine the
structure’s behavior under seismic excitations.
That is why this number of seismic records was
adopted in this numerical analysis. The aim of

the paper was also to show how important the
earthquake duration and the length of the intense
zone were. Some standards omit this important
aspect, CHBDC (2017), which, according to the
authors, is a wrong approach. In this numerical
study, seismic excitation was applied simultane-
ously to the base of the geodesic dome models in
three directions: X — horizontal, Y — horizontal,
and Z — vertical.

Validation of the numerical model

The numerical model was validated based on
the assumptions of structural mechanics, recom-
mendations for modeling in DIANA FEA, and the
authors’ previous experience with this research. An
experiment on areal scale is impossible because the
tested domes have a diameter of about 50 meters.
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Figure 5. Models of geodesic domes from DIANA FEA: a) I3, b) I1%, ¢) lI1%, d) 12, e) 112, 1) 1112

In turn, constructing a scale model is impossible
because these structures are made of thin-walled
pipes, which have a relatively large moment of
inertia given their low weight. Constructing the
dome on a scale would, therefore, undoubtedly
disrupt this feature of lightweight structures.

RESULTS OF NUMERICAL ANALYSIS

General remarks

Using the numerical program DIANA FEA,
the impact of seismic excitations on the analyzed
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six models of geodetic dome structures was deter-
mined. The program used is based on the finite
element method. A nonlinear analysis of the
behavior of dome structures under the influence
of Ancona, Denizli, and El Centro seismic excita-
tions was carried out. The behavior of the domes
over time was examined using the Time History
method, a commonly used method for determin-
ing the response of various structures to seismic
excitations (Maleska and Beben 2023a,b). The
Time History method is based on analyzing the
structure at the particular time steps specified in
the numerical model. This means that the whole
structure was analyzed for the seismic response at
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Table 1. Properties of steel struts

Steel properties according to Eurocode 3
Value
(2005)

Young’s modulus (E) 210 GPa
Kirchhoff's modulus (G) 80.76 GPa
Poisson’s ratio (v) 0.3
Thermal expansion coefficient (a) 1.2 x10°
Volumetric weight (y) 7850 kg/m?

Table 2. Steel groups of struts for geodesic dome

Group of struts

model I, [I%, 111* model 12, 11, 1117

RO 70.0x 8.0 RO 70.0x7.1
RO 63.5x 8.8 RO 63.5x8.0
RO 44.5x5.6 RO 57.0x5.6

individual time steps (0.02 s) throughout the seis-
mic excitations (Figure 6). It should be empha-
sized that this method is based on the modes of
natural vibrations. In the tested models, 20 modes
of natural vibration were determined, intended to
account for theoretical frequencies that cannot be
measured in the structure’s real operating con-
ditions. This research paper concentrates on the
typical values of seismic analysis, i.e., displace-
ment and acceleration (Tables 3 and 4). The tests
were carried out for three variants (Figures 4 and
5): (i) without a suspended mass, (ii) with a sus-
pended mass in the central point of the dome, (iii)
with a suspended mass located about 10 m from

the central point of the dome, for domes created
according to two different methods of the mesh
topology shaping, using three different seismic
excitations (Ancona, Denizli, EI Centro — Fig-
ure 6). Taking the above into account, 18 numeri-
cal models were finally analyzed. It should be
added that in models I* (Figure 5a) and 1% (Figure
5d) no additional mass was suspended, in mod-
els 11* (Figure 5b) and 112 (Figure 5e) the mass (2
tons) was suspended in the middle (Figure 4a) of
the dome span, and in models 111* (Figure 5c) and
1112 (Figure 5f) the mass (2 tons) was displaced
from the center by about 10 m (Figure 4b).

Displacements

Based on the numerical tests (Table 3), the
highest values were obtained for model I1* (Fig-
ure 7b), in which the dome was shaped according
to method 1. It can be seen that using individual
methods to shape the strut mesh in a geodesic
dome affects the resulting values. First of all, it
can be noticed that the results from models I, 11%,
and I11* were much higher for the more destruc-
tive records, i.e., Denizli and El Centro.

In these models, it can also be seen how
important recording intensity and duration are
(Denizli: about 16 seconds; El Centro: about 56
seconds). Interestingly, in models 11 and 111 for
the Denizli and El Centro records, higher dis-
placement values were obtained for method 1
than in models 112 (Figure 7e) and I11% (Figure
7f), which were shaped according to method 2.
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f ‘
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-2 -2f . -2
-4 I ! -4 L
N’é Nﬁ sl — Denizli- Y| | ‘:‘\g oL —— ElCentro-Y| |
1. 12} [ 1
8 S 0y P»1‘#{""@1\;‘&%&4k\-‘\kﬂ’lﬁ/\‘\wﬂkwl“—“« S o |
s 5 5
k) ﬁ i \\ 4 ‘i‘:;—z |
2 1 2 = L 1 L 2 -4 L
4oy j — Anoona X | , 1 Denizli - X| | ol i Centro -] |
| 1\“ I . | ’W ;
0 «J-'}/\ i ﬁq Ly WWN‘A/\’W“W%W‘ 0 ] \ "J ﬁ\‘}'ﬂﬁ;&;\{\mbﬁfﬂwﬁﬂiwwﬁ“g )
-2 h -2 - -2
o 2 r 6 ™o n 2 m o 12 2 3% Py
Time [s] Time [s] Time [s]

Figure 6. Seismic record on particular direction from numerical analysis: a) Ancona, b) Denizli, and c) El Centro
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Table 3. Results of maximal displacements from numerical analysis

Type of mass Method direction Ancona [mm] Denizli [mm] El Centro [mm]
X (TrDtX) 7.52 21.83 -88.39
1(2888-hedron) Y (TrDtY) 7.70 -15.13 60.45
Without additional mass Z (TrDt2) 8.25 -13.89 -42.68
(model 1) X (TrDtX) 9.07 -17.48 -65.78
2(2904-hedron) Y (TrDtY) -7.24 18.95 89.98
Z (TrDtz) -10.65 23.81 75.98
X (TrDtX) 8.17 22.52 -124.78
1(2888-hedron) Y (TrDtY) 7.58 13.04 108.43
With central mass Z (TrDtz) -6.76 -13.12 -61.28
(model 1) X (TrDtX) 9.07 -17.28 -69.36
2(2904-hedron) Y (TrDtY) 7.32 -18.49 86.40
Z (TrDtz) -12.62 23.41 61.17
X (TrDtX) 7.56 27.02 -119.49
1(2888-hedron) Y (TrDtY) 7.78 -13.32 105.92
With distance mass Z (TrDtz) 8.09 -13.37 -64.24
(model 111) X (TrDtX) 8.99 -16.69 -73.27
2(2904-hedron) Y (TrDtY) 7.17 -18.09 84.71
Z (TrDtz) -10.65 24.86 80.03

Table 4. Results of maximal accelerations from numerical analysis

Type of mass Method direction Ancona [m/s?] Denizli [m/s?] El Centro [m/s?]

X (TAtX) 4.06 3.65 19.12
1(2888-hedron) Y (TALY) 3.75 341 14.65
Without additional mass Z (TAtZ) 4.89 4.86 14.99
(model 1) X (TAX) 1.45 1.69 4.34
2(2904-hedron) Y (TALY) 1.32 1.66 401
Z (TAtZ) 2.08 2.23 5.28
X (TAtX) 3.72 4.12 25.72
1(2888-hedron) Y (TALY) 3.79 3.74 35.59
With central mass Z (TAZ) 4.84 5.562 29.88
(model 1) X (TAEX) 1.39 1.65 5.09
2(2904-hedron) Y (TAtY) 1.32 1.69 4.14
Z (TAZ2) 2.06 2.22 479
X (TAtX) 3.57 4.38 31.58
1(2888-hedron) Y (TAtY) 356 3.89 31.88
With distance mass Z (TAtZ) 4.88 5.36 32.11
(model 1) X (TAtX) 1.44 1.63 5.00
2(2904-hedron) Y (TALY) 1.34 1.62 435
Z (TAtZ) 2.05 2.29 4.46

In turn, for models I, 11, and Il for the Anco- This shows that the effect of recording

na record, a completely different tendency is
observed than for the Denizli and El Centro
records, i.e., higher displacement values for
method 2 of shaping the strut mesh.
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length was significant, as illustrated in Figure 8.
An increase in the value of displacements with
increasing recording duration was evident. There-
fore, it is not the maximum recorded acceleration
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that determines the impact on geodesic dome
structures, but the recording duration. However, it
was visible that adding additional mass was also
important. Interestingly, this had a greater impact
in the case of model Il than model I11.

Considering the places where the maximum
displacement values occurred, it can be conclud-
ed that method 1 (Figure 7a,b,c) was more pre-
dictable because the maximum values appeared
around half the height of the structures. In method
2, the situation was more complex because there
was no clear trend as in method 1. In method 2, the
maximum values appeared very randomly, e.g.,
Figure 7d shows that the maximum displacements
were recorded near the lower rings of the dome.

In turn, Figure 7e shows that the maximum
values occurred near the center of the dome
(where the additional mass was suspended). In
Figure 71, it can be seen that the place of maxi-
mum values was around the mid-span, as was the
case in method 1 (Figure 7a,b,c).

It is worth emphasizing that suspending addi-
tional mass to the structure can affect displace-
ments (Table 2, Figure 7, 9), especially given the
additional mass’s low relative weight to the entire
structure. The suspended mass was 2 tons, which
was 3.5% (method 1) and 4.6% (method 2) of the
total weight of the domes considered. The impact
on displacement values was especially evident in
El Centro, where increases of 41% were observed
between individual models. However, it can be
observed that with a robust El Centro record, the

Method 1

Method 2

effect of additional mass in method 2 was even
beneficial, as a reduction in model Il compared
to model I of about 6% was observed.

As the analysis showed, the location of the
additional mass in the dome structure was also
important, which may seem obvious. This phe-
nomenon was observed only in models that used
a very strong earthquake, such as the El Centro
earthquake. In model III (Figure 9i), displace-
ments were reduced compared to model Il (Fig-
ure 9f), where the mass was located centrally
at the top of the dome. Moreover, adding addi-
tional mass in the structure (models Il and II1)
resulted in greater disruption of the relatively
uniform seismic response of the domes (method
1 — Figure 9c, f, 1).

Accelerations

Based on the results presented in Table 4
and Figure 10, the highest accelerations were
recorded for the EI Centro record, i.e., the lon-
gest and highest-strength record. The highest
acceleration value was recorded in model 1I*
(Figure 10b) in the horizontal direction () for
the analyzed models. This value was consistent
with the maximum displacements appearing in
the same model (Figure 7b). In the other analyzed
cases, it was observed that the acceleration val-
ues increased with the earthquake’s strength and
duration. Therefore, the smallest ones occurred in
the Ancona record. Moreover, it should be noted

Figure 7. Maximum displacements from EI Centro record for models: a) I*, b) 11%, c) I11%, d) 12, e) 112, and f) 1112
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recorded around half the height of the numerical
model of the dome (Figure 10a,b,c), which results
from the maximum displacements. However, in
method 2 for shaping the dome strut mesh, the
locations of the maximum accelerations were
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more random. In the 1> (Figure 10d) model, the
maximum values were recorded in the lower parts
of the dome. However, for models 112 (Figure 10e)
and 1112 (Figure 10f), these were around the center
of the top of the dome and half the height of the
dome, respectively.

In the case of mounting additional mass in the
structure, the question arises (as with displace-
ments) whether it affects the maximum accel-
eration values, despite the small weight of the
additional mass (2 tons). It can be seen that this
impact was significant for method 1, where the
acceleration values in model II* increased by up
to 86% compared to model 1. In turn, in method
2, this impact was noticeable but less pronounced
than in method 1

Attention should also be paid to the influ-
ence of mass location in the dome structure. In
method 2, model 1112 (El Centro record — Figure
10f) achieved a reduction of even 6% compared
to model 112 (Figure 10e). If we look at the weaker
records, i.e., Ancona and Denizli, the difference
was subtle and reached only about 3%.

Moreover, attention should be paid to the fact
that, in the case of weaker records (Ancona - Fig-
ure 11a,d,g and Denizli - Figure 11b,e), the maxi-
mum acceleration values reach their peak and
then return to the starting point. In the case of the
Ancona record, it does not matter which model
was analyzed, since the record was short. Deni-
zli’s record caused a more significant problem for
the steel structure of the dome, particularly for the

a) b)

2

Sy

dome created using method 1 to form the sphere
of this structure. Moreover, based on Figure 12,
it can be concluded that the impact of seismic
excitations on method 1 was more pronounced
for accelerations than for displacements (Figure
8). The advantage of method 2 over method 1
was especially evident when we added additional
mass to the dome structure (model 11 — Figure 12b
and model 111 — Figure 12c).

DISCUSSION

As described in the introduction, the impact
of different mass locations in geodesic dome
structures under highly random loads, such as
seismic excitations, has not been analyzed so far.
The papers by Bysiec and Maleska (2021, 2023)
examined the impact of shocks on the domes but
did not consider the additional mass suspended to
the structure. Compared to the papers by Bysiec
and Maleska (2021, 2023), this research raises
another important aspect: in addition to recording
intensity, the additional equipment (sound sys-
tem, lighting, devices, etc.) of the steel structure
of the dome is also important. In the indicated
papers, the authors showed that the maximum
accelerations and displacements usually occurred
in horizontal directions in most cases studied.
However, as shown in this paper, the use of addi-
tional mass (the suspended mass was 2 tons,
which was 3.5% (method 1) and 4.6% (method

Method 1
,;gg? = a‘?ﬁ‘.

d)

Method 2

Figure 10. Maximum accelerations from El Centro record for model: a) I*, b) 112, ¢) 1112, d) 12, e) 112, and f) 1112
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2) of the total weight of the domes considered)
resulted in maximum values of displacements and
accelerations appearing also in the vertical direc-
tion in some cases.

In turn, the papers (Takeuchi et al. 2007;
Nakazawa et al. 2012; Li and Xu 2014) did not
thoroughly examine the dynamic characteristics
of geodesic domes. The Authors examined only
the displacement or acceleration, which, accord-
ing to the authors, does not properly present the
problem of the response of lightweight structures
to seismic excitations.

Nair et al. (2021) investigated the effects of
higher substructure modes on the roof response
and developed amplification factors for dome grid
shell roofs with multistorey substructures. Howev-
er, the influence of recording length was not ana-
lyzed, which, as shown in this paper and the papers
by Bysiec and Maleska (2021, 2023), significantly
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affects the behavior of the steel geodesic dome
structure. Therefore, the dynamic response of the
entire steel dome structure changes.

In the paper (Fan et al., 2022), the accelera-
tion response of single-layer spherical reticulated
shell nodes under earthquake action was com-
pared with that of non-structural components in
current seismic design codes, and the elastic accel-
eration response spectra of single-layer spherical
reticulated shell nodes under earthquakes were
studied. In addition, numerical analysis of light-
weight structures is difficult due to their large
size. Undoubtedly, the results of this paper helped
to approach the problem appropriately and solve
it in the best possible way, which, according to
the paper’s authors, was presented in the text.

Based on the discussion of the results, one of
the limitations of the conducted research is the
fact that it was conducted for domes with large
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spans (50 m). Therefore, analyzing these research
results for smaller domes may be problematic, as
geodesic domes leverage steel’s greatest advan-
tage: the ability to transfer large tensile forces
with minimal steel consumption. As a result, the
impact of additional masses with similar weights
(2 tons) as in this paper may give completely dif-
ferent results and villages.

CONCLUSIONS

Based on the analysis, it can be seen that dif-
ferent methods for shaping the steel geodesic
sphere affect its dynamic response under a given
seismic load. Additionally, it can be observed that
suspending a small mass from the structure also
affects the maximum values of displacement and
acceleration.

Moreover, it is worth noting that:

e Method 2 of shaping the dome’s mesh sup-
presses the impact of a seismic shock better
than method 1. This is because both domes
were constructed using different dome shaping
methods, as detailed in Pilarska (2020). The
impact of each method (method 1 or 2) also
translates into different steel consumption,

e The dome with a smaller weight (method 2)
suppresses the seismic excitation better (meth-
od 1=57.9t, method 2 =43.6 t). Thus, weight
is also a significant parameter, as in typical
civil engineering structures,

e The location of the additional mass in the mid-
dle of the structure’s mesh span (at the highest
point of the dome) leads to a significant increase
in the maximum values of displacements and
accelerations in the case of method 1, compared
to the dome without additional mass,

e The method of shaping the structure of
the domes and the place of suspension of
the additional mass have an impact on the
response under the given excitation, because
the response of the dome can be different for
additional masses under the same excitation.
In model 11?2 (additional mass was located cen-
trally) under the EI Centro excitation, higher
displacement values were obtained than in
model 111? (additional mass was located later-
ally), while in method 1 (model II* and I11%),
the opposite response was noted (the largest
displacements were in model 111%),

e The use of low-intensity and short-duration
seismic records does not show a significant
impact of suspending additional mass to the
steel structure of the geodesic dome. There-
fore, this effect of low-intensity and short-
duration seismic records can be neglected,

e The highest values of displacements and
accelerations were recorded in the horizontal
direction () for the strongest excitations. For
weaker excitations, maximum values were
also observed in the vertical direction (Z).
Moreover, the direction of the maximum val-
ues is influenced by the additional mass sus-
pended in the steel structure of the geodesic
dome. Thus, it can be concluded that horizon-
tal displacements were more dangerous for the
behavior of the steel geodesic dome structure.

After the analysis, it can be concluded that
further research on this topic is necessary, particu-
larly focusing on the dynamic response of struc-
tures with various localized masses. The studies
so far show that the impact is not uniform or lin-
ear, underscoring the importance of this type of
research. In the future, the topic of suspended
additional masses influencing the behavior of
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geodesic domes is planned to continue. The aspect
of analyzing these structures in response to har-
monic excitation at a known time and frequency to
determine dynamic characteristics is interesting.
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