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A B S T R A C T

This paper introduces a design methodology to enhance the seismic response of gridshells by 
simultaneously optimizing their shapes and the con+guration of viscoelastic dampers. While 
viscoelastic dampers effectively reduce seismic responses, their impact on gridshell geometry has 
received limited attention. The proposed framework integrates damper placement into the initial 
design stage to address this gap, unlike conventional approaches that treat geometry and damper 
design separately. Leveraging parametric geometric and structural modeling, combined with a 
genetic algorithm, the framework utilizes a multi-phase +tness function derived from static and 
dynamic analyses, accounting for damping effects and material and geometric nonlinearities. The 
+ndings reveal that, as the number of dampers increases, optimized gridshells tend to adopt more 
elliptical shapes while achieving substantial reductions in both maximum displacement 
(exceeding 50 % in some cases) and thrust forces (up to 40 %), with the effect being more pro-
nounced in mid-rise domes. Notably, even con+gurations with as few as 32 dampers can yield 
satisfactory seismic performance. Overall, locally symmetric damper layouts are recommended. 
The proposed methodology underscores the bene+t of integrating damper placement with shape 
optimization during the early design phase, enabling adaptable applications to other structural 
systems and supporting more informed performance-based design decisions.

1. Introduction

The integration of structural considerations into architectural geometry has emerged as one of the most critical research topics, as 
highlighted by Pottmann and Bentley [1]. Optimizing a structure’s shape through structural analysis allows architects and engineers to 
signi+cantly improve both the aesthetic and functional aspects of a design. This approach becomes particularly important when 
incorporating damping devices, which can alter a structure’s behavior so substantially that the optimal shape may deviate from the 
initial design. In this context, gridshell domes present an ideal case study due to their parametric design <exibility and fewer con-
straints, allowing for greater optimization potential.

Gridshell domes, characterized by their geometrically distinct and ef+cient reticulated structure, have gained prominence in 
modern architectural design for their remarkable blend, aesthetic elegance, and structural ef+ciency. These interlocking beams’ lat-
tices form a shell-like, curvilinear surface that is both lightweight and robust under gravity loads and can span large areas without 
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internal support [2]. However, due to slender steel members, they have low global stiffness and damping, consequently showing 
possible instability under dynamic forces, which is an issue in earthquake-prone regions [3,4]. To address this possible drawback, 
increasing the stiffness by adding layers to the gridshell has been studied by various researchers [5,6], while in other studies, the 
application of partial double-layer has been proposed [7,8]. On the other hand, the pursuit of enhancing seismic performance has led to 
the innovation of various vibration control mechanisms. The primary emergence of structural control devices and seismic isolation 
techniques goes back to the 1970s and 1980s, with the invention of new elastomeric bearings and sliding systems in the 70s and the 
appearance of active and passive structural control systems in the 80s [9].

Evidencing the effectiveness in energy absorption of vibration control systems [10] and their economic improvement, in the past 
decades the importance and value growth of the structures, as well as the facilities inside them, encouraged the development of novel 
utilization of control devices, such as isolators merged with mitigation devices [11]. Consequently, in order to utilize viscoelastic 
dampers as a cost-effective and reliable solution to mitigate energy, more investigations in optimizing the dampers’ properties and the 
placement and distribution of control devices in buildings are performed by Refs. [11,12]. Yang conducted a study in which selected 
bars of a double-layer reticulated shell dome were replaced by viscoelastic (VE) dampers, identifying an optimal damper topology 
[13]. It is observed that while adding dampers typically enhances structural stiffness, replacing structural members with dampers can, 
conversely, reduce stiffness. Consequently, the selection and speci+cation of dampers play a crucial role in maintaining structural 
integrity and controlling deformations. In his study, Yang employed VE dampers with linear behavior and +ne-tuned them in 
accordance with the design strategy of replacing structural members with dampers. Zhi investigated the failure modes of single-layer 
reticulated shells, introducing dynamic instability and strength failure when subjected to dynamic loads [4]. Strength failure with prior 
warning signs was proposed as an optimized design [14]. To counteract buckling and dynamic instability, it was suggested to increase 
the dome’s rise/span ratio and incorporate a partial double-layer design [15]. For high rise-to-span ratio domes, strengthening the 
elements in the second ring from the top was also suggested [16].

In structural engineering, the optimization of damper con+gurations in conventional buildings has been a focus of extensive 
research [17–23]. The ef+cacy of optimized viscoelastic (VE) dampers in shock absorption was demonstrated by some researchers 
[24]. Furthermore, it was found that fewer dampers with higher damping coef+cients are more effective than a greater number of 
dampers with lower coef+cients [25]. However, research on gridshell structures typically focuses on examining and selecting the most 
effective damper con+gurations from speci+c options. Zhou et al. [26] employed genetic and gradient-based algorithms to optimize 
semi-active damper placement in spatial reticulated structures and identi+ed the lower three rings as the most effective location. This 
was further corroborated by Yang and Ma, who reported that the optimal viscoelastic (VE) damper placement is achieved when 
dampers replace diagonal bar members in the lowermost three rings of the reticulated shell [27]. Moreover, Yang compared the 
structural responses of 14 double-layer Kiewitt-8 gridshells featuring various damper placement topologies to identify the optimal 
topology. An “energy absorption band” by replacing diagonal members with dampers exclusively in the lowest ring was proposed [28]. 
The proposed dampers’ topology incorporated 40 VE dampers in a Kiewitt-8 gridshell, yet it did not explore variations beyond this 
speci+c arrangement.

While previous works have addressed related optimization problems, such as minimizing the number of actuators to reduce cross- 
sectional areas in prestressable truss and cable systems [29], the simultaneous optimization of gridshell shape and damper con+gu-
ration has not yet been explored. Addressing this gap, the present study introduces a novel design strategy that enhances structural 
performance by moving beyond the traditional sequential approach—where geometry is de+ned +rst, and dampers are added later to 
improve seismic response. Instead, this methodology simultaneously optimizes the structure’s shape and damper con+guration, 
achieving a more integrated and ef+cient design process.

The study employs parametric modeling to analyze various parameters using advanced optimization techniques comprehensively. 
The geometric de+nition of the gridshell is developed in Grasshopper, while structural analysis is conducted using the +nite element 
software OpenSees [30]. The dampers’ characteristics are determined based on existing literature, with sensitivity analysis employed 
to identify optimal damping coef+cients and stiffness values. To thoroughly evaluate the structure’s seismic response and effectively 
capture the impact of the seismic dampers, a dynamic analysis is essential. Therefore nonlinear time-history analyses are conducted, 
encompassing material and geometric nonlinearity. The research advances further by employing an Evolutionary optimization al-
gorithm, speci+cally a Genetic Algorithm, to re+ne the VE damper con+gurations in the lowest ring of gridshell domes. Beyond merely 
applying the concept of the “energy absorption band”, which integrates dampers at the gridshell’s +rst ring, this investigation delves 
into the optimization of damper con+gurations alongside shape optimization. It aims to deepen the understanding of how VE damper 
deployment, in<uenced by variations in rise-to-span ratio and base tangent inclination, can strengthen seismic performance in grid-
shells. This exploration yields insights into the optimal arrangements of dampers and their impact on the optimal shape of gridshell 
domes, improving their seismic performance.

2. Proposed design framework

This study introduces a parametric design framework aimed at simultaneously optimizing the geometric shape and the VE damper 
con+guration of dome structures, particularly under the in<uences of vertical static and horizontal transient loads. The framework 
utilizes design variables to parametrically de+ne the dome shape through a cubic Bezier curve, enabling thorough parametric 
modeling. This structural model undergoes analysis within the OpenSees environment, where the integration of dome geometry and 
VE damper placement is parametrically de+ned, ensuring a seamless melding of dampers within the +nite element model. The 
framework takes into account material and geometric nonlinearity and employs both gravity and time-history analyses to assess the 
structural response to static and dynamic forces. Optimization, conducted through a genetic algorithm, aims for the concurrent 
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re+nement of the dome shape and damper arrangement. The primary objective centers on minimizing the displacement observed in 
the gridshell dome, with critical constraints including member strength, maximum allowable deformation, and buckling resistance, to 
ensure the structure’s integrity and performance. The study procedure is introduced in Fig. 1.

2.1. Parametric model

To parametrically de+ne the single-layer steel gridshells’ geometry, as shown in Fig. 2, this study employs Grasshopper, a visual 
programming language within Rhino 3D, due to its well-known capability in parametric modeling, enabling greater control over form 
generation (nodes coordination) and the <exible introduction of the gridshell members (nodes networks).

2.1.1. Parametric de&nition of the dome shape
Parametric modeling of the dome initiates with the use of a 2D cubic Bezier curve, de+ned in Eq. (1), to establish its basic shape. 

Bezier curve is a parametric curve, famous in computer-aided design software that is generated with ‘control points’ [31]. As shown in 
Fig. 3, the gridshell dome’s geometry is principally determined by two main parameters: the height of the middle control points (P1 and 
P2) and their distance. Nevertheless, these input parameters have a direct correlation with the curve apex height (H) and the curve’s 
slope of tangent (α), thereby using these latter parameters to describe the dome shapes. In contrast to common dome design which is 
typically characterized by the ‘rise’ of a circular arc, the Bezier curve’s strength is its <exibility; modifying particularly the slope of 
tangent at the curve’s ends, enables the creation of diverse arrays of shapes, including forms similar to catenary, spherical, and 
ellipsoidal. 

B(t) = P0(1 − t)3 + 3P1t(1 − t)2 + 3P2t2(1 − t) + P3t3 0 < t < 1 (1) 
The 3D shell is con+gured to conform to the predetermined Bezier curve. The dome is divided into eight radially symmetric 

sections, following the ‘Kiewitt-8’ terminology. Its layout consists of six concentric rings formed by latitudinal elements, which are 
generated by subdividing the Bézier curve into 12 equal segments. This segmentation into symmetrical sectors signi+cantly enhances 
the ef+ciency of parametric modeling, allowing for more precise control and uniformity in the structural design of the gridshell dome 
(Fig. 4).

The gridshell elements are classi+ed into three types: radial, latitudinal, and diagonal (Fig. 4a). The members of each ring are 
individually de+ned to allow for speci+c and distinct attribute assignments. To demonstrate the effectiveness of the proposed 
methodology, the Kiewitt-8 gridshell dome, with a span of 60 m, was selected for this study. Its member distribution allows for 
straightforward parametric modeling, making it an ideal candidate for investigation. Furthermore, the availability of previous research 
[28], applying dampers to this type of gridshell dome, supports the validation of the proposed models. In this case, the model consists 
of 456 lines connecting 169 nodes to form the Kiewitt-8 gridshell dome. This con+guration, while maintaining a +xed node network, 
allows for the adjustment of nodes’ coordinates based on the initial Bezier curve, demonstrating the model’s adaptability. In this way, 
all the grid-shell members are automatically de+ned.

2.1.2. Parametric de&nition of the damper con&guration
Besides the parameters used to de+ne the gridshell geometry, a further parameter was introduced listing all the possible ways of 

Fig. 1. Study procedure.
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suitably substituting a number of diagonal members of the gridshell with VE dampers. This last parameter, together with the two 
parameters of the Bezier curves describing the gridshell shape (univocally related to height and base tangent inclination), are the ones 
used in the optimization procedure described in Section 4. The diagonal members are suitably replaced by VE dampers only in the +rst 
ring of the six concentric rings constituting the Kiewitt-8 gridshell under consideration (see Fig. 4). The dampers’ topology is de+ned 
only within one-eighth of the dome, as the gridshell is composed of repeated one-eighth segments, ensuring consistent structural 

Fig. 2. Kiewitt-8 gridshell dome- 3D view.

Fig. 3. Initial 2D Bezier curve de+nition.

Fig. 4. (a) One-eighth of the Kiewitt-8 dome. (b) Top view of the dome. (c) Side view of the dome.
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responses to seismic forces from different directions in real-world scenarios. The resulting con+guration is then mirrored across the 
remaining symmetrical sections of the structure (Fig. 4).

Fig. 5 illustrates a one-eighth segment of the Kiewitt-8 gridshell dome’s +rst ring, detailing the numbering of the 10 diagonal 
members of this segment. Table 1 shows how to represent two damper con+gurations, one locally symmetrical and the other asym-
metrical. The presence or absence of dampers is represented by ’0’ (indicating damper absence) and by ’1’ (indicating the replacement 
of the diagonal member with a VE damper). Note that the total number of possible damper con+gurations (symmetric and asymmetric) 
is very high, namely 1024 possible con+gurations.

It is important to note that displaying all possible damper topologies, comprising 1024 symmetric and asymmetric con+gurations, 
is not feasible. However, by assuming only locally symmetrical topologies, as in Opt. 3 (explained in section 4), the number of possible 
con+gurations is reduced to 25 (or 32), making them more manageable to analyze and present. Fig. 6 shows all 32 locally symmetric 
damper topologies. To maintain symmetry within individual one-eighth segments, the number of applied dampers must be an even 
number, namely 2, 4, 6, 8, or 10, that, multiplied by 8 (the number of one-eight gridshell segments), correspond to, respectively, 16, 
32, 48, 64, or 80 total number of dampers in the entire locally symmetric gridshell.

The damper con+guration cannot be directly represented by a single numerical value; therefore, for clarity, each topology is 
assigned a unique numerical identi+er (ID). This means, for example, that the locally symmetric topology of Table 1 is identi+ed by ID 
10 (see Fig. 6), and is in turn handled by the GA algorithm as binary number 0, 1, 0, 1, 0, 0, 1, 0, 1, 0.

Upon generating node coordinates and connections in Grasshopper, the +nite element model is constructed in OpenSees (Open 
System for Earthquake Engineering Simulation) [30], utilizing these coordinates and links (explained in 2.2). The integration of 
OpenSeesPy [32] facilitates parametric modeling, enabling the exploration of various design scenarios. This capability is particularly 
advantageous as it allows OpenSees to be combined with optimization algorithms, thereby aiding in identifying optimal design so-
lutions for the structural models under consideration (See Fig. 1).

2.2. Structural model

The single-layer Kiewitt-8 gridshell dome, depicted in Fig. 4a is composed of eight radial members (meridians) arranged sym-
metrically, with six latitudinal rings evenly dividing the meridians along their length. The diagonal members within each one-eighth 
segment of the dome are distributed symmetrically, ensuring balanced structural behavior. The structural elements are constructed 
using steel circular hollow sections, all possessing identical mechanical characteristics, as detailed in Table 2. The material behavior is 
modeled using the ‘steel01’ material model in OpenSees, which accounts for uniaxial bilinear response and incorporates kinematic 
hardening effects. The gridshell employs two distinct member sizes: diagonal members utilize sections of Φ159 × 6.3 mm, while Φ152 
× 5.0 mm sections are speci+ed for both radial and latitudinal members, as detailed in Table 3.

In the FE model, all members are rigidly connected. Welded joints are used, and their veri+cation is always satis+ed according to 
the Eurocode 3 rules on CHS (Circular Hollow Section) joints [33–36]. When members are replaced by VE dampers, a hinged 
connection is used to eliminate bending moments in the VE dampers, ensuring their proper functionality and effectiveness. The 
structure is +xed by 48 nodes, each featuring three-way hinges. The elements are modeled as inelastic displacement-based frame 
elements using the ‘dispBeamColumn’ command in OpenSees, incorporating +ve integration points along their length and eight +bers 
across the cross-section to represent the tube bar members (Fig. 7). A design load of 2 kN/m2 is assumed for the roo+ng system, evenly 
distributed among the nodal points. Rayleigh damping ratio of 2 % is applied, which is periodically recalibrated with the updating 
stiffness matrix. Accordingly, the +rst two predominant natural frequencies of the system from eigen analysis are used for a0 and a1 in 
Eq. (2) [37]. 

c= a0 m + a1 k (2) 
Given that thousands of structural con+gurations are analyzed, a0 and a1 are automatically computed for each case. To provide a 

reference, the baseline dome with H = 12m and α = 43.5◦ (tan α = 0.95) has dominant periods of 0.11 s and 0.42 s, yielding a0 =
0.4717 and a1 = 0.00055 for 2 % damping.

In this investigation, various rise-to-span (R/S) ratios for the dome are examined. However, an R/S ratio of 1/5, corresponding to a 
rise of 12 m with a tangent of 43.5◦, is chosen as the reference model. This ratio is used for illustrative purposes in +gures and sections 
that focus on a singular dome shape con+guration.

Fig. 5. The +rst ring of one-eighth of Kiewitt-8 dome with diagonal elements notation.

A. Hosseini et al.                                                                                                                                                                                                       Journal of Building Engineering 112 (2025) 113677 

5 



Table 1 
Chromosome representation of a locally symmetric and asymmetric dampers’ topology.

Element No. 1 2 3 4 5 6 7 8 9 10 Scheme
Locally Symm. Topol. 0 1 0 1 0 0 1 0 1 0

Locally Asymm. Topol. 0 0 1 0 1 1 1 1 1 0

Fig. 6. Locally symmetric topologies of diagonal members of the +rst ring with VE dampers (red shows dampers).

Table 2 
Steel properties.

Mechanical Property Magnitude
Elastic modulus (E) 206 GPa
Yielding stress (fy) 235 MPa
Strain-hardening ratio 0.002

Table 3 
Members cross-section sizes.

Element type Diameter x thickness
Latitudinal members (mm) 159 x 6.3
Radial members (mm) 159 x 6.3
Diagonal members (mm) 152 x 5.0

Fig. 7. Members numerical model; (a) Fibers in the cross-section and (b) integration points along elements.
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2.3. Viscoelastic Damper

In alignment with the methodologies proposed by previous studies [27,28], this research also implements linear VE dampers as 
replacements for structural elements. The design of these dampers involves two key parameters: damping, de+ned by the ‘Viscous’ 

material [38], and stiffness, characterized by the ‘Elastic’ material in OpenSees. The dampers are modeled using the Kelvin-Voigt 
model, where the damper’s stiffness and damping components operate in parallel and are formulated as Eq. (3). It is important to 
note, as highlighted in the introduction, that while adding dampers into a system enhances its overall stiffness, substituting a steel 
member with a VE damper reduces the system’s total stiffness. Therefore, to mitigate the risk of excessive deformation, particularly 
under strong seismic excitation where drift control is critical, a linear viscoelastic damper model was adopted. This choice is consistent 
with the modeling of VE dampers in the literature, where linear Kelvin-Voigt elements are commonly used [13,28]. Additionally, 
studies have shown that linear <uid viscous dampers can outperform nonlinear ones in drift control under high seismic intensities 
[39–41], supporting our approach from both modeling and performance perspectives. 

F= kx(t) + cẋ(t) (3) 

In the literature, the use of dampers for the seismic protection of gridshells has garnered signi+cant attention from researchers. For 
example [27] achieved optimal topology using 96 dampers with VE stiffness (K=60 kN/m) and damping coef+cient (Cd=100 kN s/m) 
for double-layer Kiiewitt-8, while Xu et al. [28]used 40 VE dampers with Cd = 500 kNs/m and Kd = 600 kN/m for a single-layer 
Kiewitt-8 dome with rise-to-span of 1/5. In this study, the VE dampers are assigned parameters of Cd = 700 kNs/m and Kd = 700 
kN/m representing relatively small-sized dampers. This is a critical consideration for their practical application in roo+ng systems. The 
proposed VE damper properties are constant for all the models; thus, the parameters are selected considering their effect on different 
con+gurations of the dome and the dampers. VE dampers are modeled using ‘zero-length’ elements working uniaxially and added to an 
‘elasticBeamColumn’ element which represents the member that the damper is mounted on as shown in Fig. 8.

Similar to the parametric modeling of the structural members de+ned in the previous section, the dampers are allocated to one- 
eighth of the dome and this arrangement is mirrored in its symmetrical sections. This approach potentially increases the damper 
count by a factor of eight, potentially totaling 80 if each element in the lowest ring would be a damper.

3. Seismic action

To optimize the dome shape and bar-damper con+guration, a seismic performance analysis is performed to evaluate the structural 
responses under signi+cant seismic actions. The adopted methodology primarily incorporates assumptions and performance criteria 
from Eurocode 8 [42]. To identify ground motions compatible with a performance-based approach, the design earthquake parameters 
consistent with the EC8 design response spectrum are de+ned. These parameters are then scaled to +t the design spectrum using the 
Spectral Matching approach [43,44] as well as the time domain spectral matching method which is developed by Ref. [45] and 
adopted in SeismoMatch [46].

The set of seven selected earthquake records is described in Table 4 and shown in Fig. 9. This study considers the main horizontal 
component of the records. Although the vertical component can in<uence shell structures in speci+c cases, particularly in shallow 
con+gurations, the aim of this paper is to introduce a novel methodology for the optimal seismic design of grid-shell structures 
equipped with dampers. To streamline the presentation of the approach, the case study neglects the vertical seismic component, a 
simpli+cation also adopted in Ref. [47]. It should be noted, however, that the proposed methodology has been validated in studies 
incorporating vertical excitation [28]. These validations con+rm that the horizontal component remains predominant, supporting the 
general applicability of the approach. Thus, the seismic analysis of the structure is performed under one-directional excitation, as the 
axisymmetry of the gridshell makes the structural response largely insensitive to the direction of horizontal ground motion. The 
average mis+t in the accelerogram matching of the selected ground motions is 3.6 %, and the maximum ground acceleration of the 
accelerogram’s mean is 0.95g—illustrated in Fig. 10.

4. Structural analysis and optimization procedure

With the +nite element (FE) model established, the analysis begins with an eigenvalue assessment to determine the modal 

Fig. 8. Schematic representation of a structural member with an applied VE damper, illustrating the member’s equivalent stiffness (Ke) and the VE 
damper’s stiffness (Kd) and damping coef+cient (Cd).
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characteristics of the dome structure, including mode shapes and natural periods. The frequencies of the +rst two dominant modes are 
used to de+ne the Rayleigh damping parameters, as described in Eq. (1). A static analysis is then conducted to account for gravitational 
forces, including the self-weight of the structure and imposed design loads. Following this, a dynamic time-history analysis is per-
formed on the deformed model obtained from the static analysis results. This dynamic analysis incrementally applies seismic accel-
erations derived from the selected earthquake record data to evaluate the structure’s response. This study incorporates both geometric 
and material nonlinearities, as members may exceed the yielding criteria, particularly in uncontrolled systems (i.e. without seismic 
dampers). Additionally, geometric nonlinearity is crucial for controlling buckling phenomena.

To assess the seismic performance of the damper’s con+gurations, generated by an optimization routine, the study tracks the 

Table 4 
Earthquake records descriptions.

Event Year Magnitude 
Mw

Vs,30 (m/s) Record Station Predominant period (sec)

Corinth 1981 6.6 361 Corinth 0.34
Landers 1992 7.28 379 Joshua Tree 0.48
New Zealand-02 1987 6.6 551 Matahina Dam 0.36
Manjil 1990 7.37 724 Abbar 0.50
Hector 1999 7.13 726 Hector 0.50
Imperial Valley-02 1940 6.95 213 El Centro 0.56
Northridge 1994 6.69 402 Sunland 0.38

Fig. 9. Accelerograms 
Further site-speci+c assumptions categorize the ground type as Type B, an importance factor of III, and a reference peak ground acceleration (agR) 
of 0.25g.

Fig. 10. Mean spectrum of the records before and after spectral matching.
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displacement at the dome’s highest point and the maximum nodal displacement. The displacement at the highest point is indicative of 
the overall structural deformation, whereas the maximum nodal displacement provides critical insight into localized deformations, 
which, according to existing studies, may not occur at the highest point due to the diversity of modal shapes. Moreover, due to the 
oblique arrangement of the dome’s members, the predominant displacement under lateral seismic forces is not restricted to the 
horizontal plane. Instead, it may also present in the vertical direction, depending upon multiple factors, such as the dome’s rise-to-span 
ratio and the cross-sectional properties of the structural members. Therefore, this study takes into account the resultant displacement 
of the X, Y, and Z directions to thoroughly evaluate the dome’s response to seismic events. Notably, this maximal displacement is 
utilized as the key +tness value in the optimization algorithm, offering valuable insight into the structural optimization process.

Additionally, given that the dampers are installed within the lowest ring, their con+guration can have a substantial impact on the 
reaction forces at the dome’s base +xed nodes. Consequently, this study records and analyzes the horizontal reaction forces at these 
support nodes, recognizing their effect on the dome foundation.

In seismic performance optimization, metaheuristic algorithms are often favored due to the complexity of structural systems. The 
choice of algorithm depends on the speci+c problem. For instance, single-solution algorithms like Simulated Annealing (SA) are 
effective in avoiding local minima but may struggle with large, complex design spaces where parallel exploration is necessary [48]. 
Particle Swarm Optimization (PSO), typically used for continuous problems, can be adapted for discrete cases but requires additional 
mechanisms to handle binary decisions [48].

In contrast, Genetic Algorithms (GA) [49] naturally support both discrete and binary variables. In this study, GA’s chromosome 
structure ef+ciently encodes discrete shape variables and binary damper decisions, offering a streamlined solution for the 
mixed-variable problem. Its population-based approach allows for broad exploration of the solution space, effectively +nding globally 
optimal solutions while avoiding local minima. Additionally, GA’s robustness in handling non-smooth, highly nonlinear objective 
functions makes it particularly suitable for seismic performance optimization [48].

Given these advantages, GA was selected for its <exibility and effectiveness in addressing the unique challenges of optimizing both 
shape and damper con+gurations in gridshell domes.

Structural optimization herein performed consists of:
- Optimization objective: Examining the seismic performance of the structure, the minimization of maximum nodal displacement of 

all nodes at each time instant (U(t) in Eq. (4)) under different records is de+ned as the optimization objective. 

U(t)= max
j=1,2,..,169

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Uj,x(t)2 + Uj,y(t)2 + Uj,z(t)2
√

(4) 

Where j denotes the jth node. 

- Optimization variables: The optimization variables are de+ned in two sections: 1. De+nes the shape of the dome by two variables: 
Bezier curve internal

control points’ height (h, parameter 1) with a range of 13–27 m, and secondly the distance between the internal control points (d, 
parameter 2) that is in the range of 11.5–21.5 m there is also a limit threshold that does not allow the distance between the two control 
points and their height becomes larger than 10. The correlation between these two optimization variables and H and α are de+ned in 
section 2.1.1. The other optimization variable is related to the dampers’ con+guration (D, parameter 3), where it comes in a set of 
binary elements in a list with a length of 10 that is derived from 10 diagonal members (Eq. (5)) in the lowest ring of one-eighth of the 
Kiewitt-8 gridshell dome, explained in section 2.1.2. 

Di ∈{0,1} for i = 1, 2,…,10 (5) 

Where Di = 1 represents damper presence and Di = 0 for the absence of the damper. 

- Constraints: The mathematical constraints of the optimization procedure are expressed in terms of maximum de<ection, maximum 
displacement, allowable stress, and overall stability. The maximum de<ection is constrained to span/200, measured under static 
gravitational loading. The maximum displacement of the dome is constrained to span/300, measured during time-history analysis. 
These constraint limits are taken from Eurocode recommendations. The stress in the members is an implicit constraint that is 
considered by the nonlinear behavior of the materials. Instability may occur due to many reasons, and in this study, it is taken into 
account by using the P-Delta effect in the geometrical transformation of the members. Accordingly, the optimization algorithm 
evaluates each shape and damper con+guration generated by the genetic algorithm; if a solution exhibits instability or violates 
material stress limits during nonlinear analysis, it is automatically rejected and excluded from further consideration.

Now, with U(t) de+ned to represent the maximum displacement among all nodes at each time step, the mathematical optimization 
problem can be formulated as follows.  
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Taking advantage of OpenSeesPy for parametric analysis, this study utilized the DEAP (Distributed Evolutionary Algorithms in 
Python) [50] library to execute a comprehensive optimization through a GA (the <owchart is shown in Fig. 11) across three distinct 
scenarios. 

1. Dome Shape Optimization (opt. 1): The +rst optimization scenario is controlling the height and slope of the tangent of the dome, 
without the inclusion of any damping devices. In this scenario (opt.1), variable parameter 1 (height of the control points) and 
variable parameter 2 (distance between the control points) are optimization variables. The objective function is as mentioned.

2. Damper Con.guration Optimization with Fixed Height: (opt.2) For constant dome height, the focus shifted to optimizing 
damper placement. Variable parameter 3, which is a binary list of length 10, is adopted to allocate the dampers as a substitute for 
diagonal elements. This con+guration is symmetrically replicated across the other eight sections of the structure. The GA assessed 
combinations of dampers (indicated by ‘1’s in the binary list) to ascertain those most effective in minimizing the dome’s maximum 
displacement, representing the objective function.

3. Combined Optimization of Dome Shape and Damper Con.guration: In the +nal optimization phase, dome shape parameters 
(variables 1 and 2) were combined with damper con+gurations (variable 3).

Two scenarios were explored. 

Fig. 11. The general framework of the Genetic Algorithm (GA) used in this study.
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- In the +rst scenario (opt.3a), the variable count was reduced to 7, namely variables 1 and 2, plus 5 damper con+gurations for 
variable 3 to create locally symmetrical damper topologies. Note that in locally symmetrical VE damper topologies, the con+gu-
ration for elements 1 to 5 is mirrored for elements 6 to 10, thus reducing the number of variables from 10 to 5 and ensuring 
symmetry across the topology. The reduction from 10 to 5 in the number of topology variables allowed by symmetry, as well as 
from 1024 to 32 in the range of possible topologies, aimed to shorten analysis time and provide clearer result demonstration. These 
symmetrical topologies de+ned on one-eighth of the gridshell were then replicated throughout the dome to de+ne the whole 
damper system.

- In the second scenario (opt.3b), allowing for locally asymmetric topologies, the total number of variables increased to 12 (variables 
1 and 2, plus 10 damper con+gurations for variable 3). This +nal step encompassed all potential dome shapes and damper con-
+gurations. This comprehensive approach provided insights into how the implementation of seismic dampers affects both the 
optimal dome shape and the ideal con+guration of dampers.

The DEAP library provides a <exible platform for developing custom optimization algorithms. Since this study employs two distinct 
types of individuals—one binary and the other a list. The DEAP library’s ability to customize optimization algorithms allows for 
tailored GA functionalities speci+c to each type of individual, ensuring ef+cient and accurate optimization processes. The GA explored 
various con+gurations through iterative selection, crossover, and mutation processes, methodically converging toward optimal so-
lutions. The population size was set to 40 for scenarios involving two parameters (height and tangent) and increased to 100 for more 
complex damper topology optimizations. Selection of the best individual is performed using the attribute ‘selTournament’ of the DEAP 
Library of Python. The crossover rates are presented in Table 5, employing the ‘cxTwoPoint’ attribute for two-point crossover to cut the 
parent strings in two places before rearranging them with both keeping the original length. The mutation rates are shown in Table 5, 
with ‘mutFlipBit’ attribute for the binary inputs of the damper topologies (indpb = 0.35) and ‘mutGaussian’ attribute for discrete 
inputs as H and α (indpb = 0.35). The DEAP library’s capability to handle diverse data types (<oats for height and tangents, binary for 
damper con+gurations) was essential in this multifaceted optimization endeavor. Additionally, the adoption of a version of the non- 
revisiting GA approach further enhanced the ef+ciency of the GA algorithm by minimizing redundant computations.

5. Results

As previously discussed, this study explores three discrete optimization strategies to enhance the seismic performance of the 
Kiewitt-8 gridshell, focusing on. 

- effect of the variation of the height (H) and the base tangent inclination (α) on the seismic response of the Kiewitt dome;
- effect of substituting some of the braces on the lowest ring of the dome with VE dampers;
- effect of contemporary optimization of height, base tangent inclination, and damper con+guration.

Combining the results of these three analyses facilitates a comprehensive understanding of how the insertion of VE dampers in-
<uences the Kiewitt-8 dome’s optimal shape. The proposed methodology +rstly plans to assess the seismic behavior of the gridshell 
without control devices across various heights (H) and base tangent inclinations (α). Subsequently, the exclusive impact of imple-
menting VE dampers on a constant dome geometry is analyzed to demonstrate the dampers’ contribution to seismic performance. 
Finally, an integrated optimization of height, base tangent inclination, and damper con+guration is conducted. This approach facil-
itates a direct comparison between the optimal con+gurations of the dome with and without control measures, allowing for a nuanced 
understanding of the bene+ts conferred by VE dampers.

Sensitivity analysis revealed that while the stiffness of the dampers does not directly in<uence their effectiveness, it does affect the 
overall structural stiffness, which in turn impacts the +rst mode period. This adjustment can lead to a decrease in maximum dis-
placements by moving away from the seismic record’s predominant period—a phenomenon further examined in sections 5.2 and 5.3. 
Excessively stiff dampers, however, pose a risk of causing divergence in nonlinear time-history analyses.

5.1. Effect of the variation of height and base tangent inclination (opt. 1)

In optimization scenario 1 (opt. 1), the structural response of the Kiewitt-8 lattice dome under seven seismic excitations is studied 
without the inclusion of any damping devices. The analysis focuses on two geometrical parameters: the control points’ reciprocal 

Table 5 
GA parameters for different optimization scenarios.

Parameter opt.1 opt.2 opt.3a opt.3b
No. shape var. 2 0 2 2
No. damper allocation var. 0 10 5 10
No. of chromosomes 428 1024 13696 80896
Population size 40 40 80 150
Crossover rate 0.75 0.75 0.85 0.85
Mutation rate 0.5 0.5 0.5 0.5
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distance and their identical elevation, as described in Fig. 3 and Table 6. However, as mentioned before, in the Figures and Tables 
illustrating the results, these two parameters are transformed into two other variables, the height of the dome and the angle at its base, 
as they are more intuitive. To allow for a consistent comparison of computational effort, the duration of each optimization scenario is 
also reported; in this case, the optimization required approximately 375 min.

Fig. 12 illustrates how variations in dome height, resulting from shape optimization using two geometric parameters, affect the 
maximum displacement of the uncontrolled model across all seven earthquake records. Given the variability in the data and the fact 
that results are not uniformly available across the full height spectrum, sometimes with only a single, non-optimal con+guration per 
height, the plotted minimum values per 1.5 m height bin are used instead of pointwise minima. This binning approach avoids erratic 
<uctuations caused by sparse or uneven data and provides a clearer and more representative view of general trends.

As shown in Fig. 13, while top-node displacement exhibits a strong and relatively linear dependence on dome height—resulting in a 
variation of approximately 60 %—the maximum displacement displays a markedly smaller variation (≈15 %). This difference arises 
from the fact that maximum displacement is not necessarily governed by the +rst mode and may occur at any location on the structure, 
making it more sensitive to localized dynamic effects and contributions from higher modes.

To isolate the effect of base tangent inclination from dome height, the parameter “base angle deviation from arc” is introduced. This 
allows the in<uence of α to be evaluated independently of H. In a 2D representation, for any given dome height and span, there exists a 
unique circular arc that passes through the two base points and the dome apex. As illustrated in Fig. 14, this arc lies geometrically 
between typical catenary and ellipsoidal pro+les with the same rise-to-span ratio. The α parameter is de+ned as the angular difference 
between the base inclination of a given dome shape and that of this reference arc. This reference is used because it offers a 
geometrically consistent midpoint between the two extremes of structural form (<at vs. steep), enabling a systematic comparison of 
base angles across shapes.

By introducing the shape parameter of base angle deviation from the corresponding arc, Fig. 15 illustrates the relationship between 
displacement and this parameter for the uncontrolled Kiewitt-8 domes under Corinth earthquake. In this +gure, the raw data are shown 
alongside trendlines for both maximum displacement and top-node displacement, highlighting the response of individual con+gu-
rations to a speci+c seismic input. To provide a broader perspective, Fig. 16 presents the aggregated trend across all seven earthquake 
records, revealing a consistent relationship between base angle deviation and displacement. The trendline indicates that the minimum 
displacement is typically achieved at a base angle approximately 5◦ below that of the corresponding arc, suggesting that slightly 
funicular geometries are generally more effective in reducing seismic response.

While Fig. 15 offers insights tied to a single ground motion, Fig. 16 extends the +ndings to a wider range of seismic inputs. Together, 
the two +gures demonstrate that both excessively <attened (i.e., strongly negative deviations) and steepened (i.e., positive deviations) 
geometries tend to increase displacement, particularly in terms of maximum values. In contrast, the top-node displacement is shown to 
be less sensitive to such geometric variations.

The modal analysis of the gridshell model identi+es two dominant mass-participating periods (Fig. 17), showing that depending on 
different heights and base tangent inclination, one of these two periods becomes the leading period, and duly, the mode shape varies. 
Shallower domes generally exhibit the dominant mode with a lower period—in the range of 0.10–0.12 s—and the second most 
dominant mode with a higher period—in the range of 0.40–0.45 s, while more elevated domes tend to have the most dominant mode in 
the range of 0.40–0.45 s and the secondary dominant mode in the range of 0.10–0.12. s. Fig. 17 provides examples of these two shape 
modes identi+ed in the H = 12 m model: the lower-period mode concentrates deformation at the lower levels, while the higher-period 
mode induces displacement in the upper regions of the dome. Fig. 18 illustrates how these modal periods vary across different dome 
geometries. The maximum displacement obtained from the time-history analysis occurs in the vertical direction in the higher levels of 
the Kiewitt-8 gridshell (3rd and 4th rings from the ground), thus af+rming the modal analysis.

5.2. Optimum dampers’ con&guration for given gridshell shape (opt. 2)

Following the work of Xu et al. [28], which replaced the diagonal elements of the +rst ring in the spherical Kiewitt-8 gridshell dome 
with viscoelastic (VE) dampers, this section seeks to optimize the VE damper con+guration to explore potentially more effective to-
pologies while also assessing whether Xu et al. [28]’s proposed arrangement remains the most ef+cient. Furthermore, this section 
validates the models used in this study by comparing the results with those obtained by Xu et al. [28].

In optimization scenario 2 (opt. 2), the focus is solely on optimizing the damper topology, without considering variations in the 
dome’s shape parameters. A representative shape is selected for this purpose, and the damper topology optimization is applied to that 
+xed geometry. Speci+cally, a Kiewitt-8 gridshell dome with an H of 12 m and an α of 43.5◦ (tan α = 0.95) is used as the base 
con+guration. The optimization details are summarized in Table 7. The optimization process in this scenario required approximately 
1254 min.

Performing the optimization process, the +tness values were categorized based on the number of applied dampers. Fig. 19 illus-
trates the best outcome—minimum peak resultant displacement—achieved for each speci+c number of VE dampers. To simplify 

Table 6 
Optimization information of opt. 1.

Variable input parameters Range of variation Optimization objective
Height (Control points’ elevation) 9.75–20.25 m (13–27 m) Minimize peak resultant displacement
Base tangent inclination (Control points’ distance) 35–70◦ (11.5–21.5 m)
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interpretation, this +gure highlights the optimal results for each case, showing how different quantities of VE dampers in<uence the 
structural performance. The analysis reveals that the optimal number of dampers lies between 32 and 48, where the majority of seismic 
records exhibit the lowest displacement. Beyond 48 dampers, maximum displacement begins to increase again, suggesting that 
removing too many structural elements leads to increased deformation that cannot be effectively mitigated, even with additional VE 

Fig. 12. Maximum displacement of the uncontrolled model plotted against structure height, along with trendlines representing the minimum peak 
displacement per 1.5 m height bin.
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dampers.
Building on the aforementioned results, which demonstrated optimal performance with 32–48 dampers, this study presents and 

analyzes speci+c con+gurations that minimize structural displacement. The analysis of results presented in Fig. 19 reveals that the 

Fig. 13. Maximum top-node displacement of the uncontrolled model plotted against structure height, along with trendlines representing the 
minimum top-node displacement per 1.5 m height bin.
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optimal topology for minimizing peak displacement in the gridshell varies across different earthquake records. Multiple damper 
con+gurations, varying in both quantity and arrangement of VE devices, demonstrated favorable performance under different seismic 
conditions. This +nding suggests that the effectiveness of a particular damper topology is speci+c to the characteristics of individual 
earthquake events rather than universally optimal across all seismic scenarios.

To identify con+gurations that perform robustly across all seismic records, a two-stage decision-making process was implemented. 

Fig. 14. Geometric comparison of dome pro+les with equal rise and span. The circular arc serves as a reference curve positioned between ellipsoidal 
and catenary shapes, illustrating variations in base angle for the same rise-to-span ratio.

Fig. 15. Raw displacement data and trendline for the uncontrolled model under the Corinth earthquake, plotted against base angle deviation 
from arc.

Fig. 16. Overall trend between base angle deviation from arc and displacement for the uncontrolled Kiewitt-8 model, showing the optimal angle 
range across all records.
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First, the most effective topologies for each individual earthquake record were identi+ed. These con+gurations were then compara-
tively analyzed to determine their overall effectiveness across the complete set of seismic records. This systematic evaluation yielded a 
ranked list of top-performing con+gurations, differentiated by marginal variations in their displacement reduction capabilities.

For the comparative analysis, four optimal topologies were selected, each corresponding to a speci+c damper quantity (repre-
senting the most optimal topology for each damper number), as shown in Fig. 20. These topologies, labeled T1 through T4, comprise 
two locally symmetric and two locally asymmetric layouts: T1 (32 dampers, locally symmetric), T2 (40 dampers, locally asymmetric), 
T3 (48 dampers, locally symmetric), and T4 (56 dampers, locally asymmetric). While all con+gurations maintain global symmetry 
across the entire dome, the locally symmetric layouts (T1 and T3) exhibit additional symmetry within each one-eighth sector of the 
dome structure.

Fig. 21 effectively demonstrates the considerable bene+ts of incorporating dampers into the Kiewitt-8 gridshell structure, reducing 
the dome’s maximum displacement. The most signi+cant reductions in maximum displacement—ranging from 40 % to 50 %—are 

Fig. 17. (a) Shape mode associated with the lower period (T = 0.12 s) and (b) shape mode associated with the higher period (T = 0.41 s) shown for 
the spherical Kiewitt-8 dome with L = 60 m, H = 12 m, and α = 43.5◦. Undeformed shape is shown in green.

Fig. 18. Variation of the +rst two dominant mass-participating periods with (a) dome height and (b) base angle, highlighting modal transitions 
across geometries.

Table 7 
Optimization information of opt. 2.

Variable input parameters Range of variation Optimization objective
Dampers’ Con+guration (Topology) 0–1023 Minimize peak resultant displacement

Fig. 19. Maximum displacement for the best topology for each possible number of applied devices under various records.
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notably observed in con+gurations subjected to the Hector, Imperial, and Northridge records, which have the highest maximum 
displacement in the uncontrolled model. Conversely, for the uncontrolled model exhibiting lower seismic responses to earthquakes like 
Manjil, achieving displacement reduction through dampers proves challenging across all topologies. In general, all the topologies 
exhibited similar effectiveness as shown in Table 8, which is important considering the number of applied VE dampers.

In the context of these optimal models, both locally symmetric and asymmetric topologies demonstrate cohesive responses. Among 
the optimal candidates, the locally asymmetric topology T2 failed to converge under the New Zealand record, due to extensive 
deformation, which leads to instability of the two adjacent braces in the lower rings. All other topologies and ground motions suc-
cessfully completed the time-history analysis. Notably, all models, with T3 being a particular example, illustrate their capacity to 
consistently mitigate maximum displacement to a speci+c range, independent of the performance of the uncontrolled model. This 
uniform reduction capability highlights the dampers’ effectiveness more distinctly when the uncontrolled model exhibits signi+cantly 
higher deformation, underscoring the value of damper integration in enhancing structural performance during seismic events.

With regard to the displacement at the dome’s top, which re<ects the overall behavior of the dome, a maximum reduction of 35 % is 
observed for con+guration T2. This reduction is derived from the average results across all seven earthquake records (see Table 8). 
However, the dampers have a wider range of effectiveness within different topologies compared to the maximum displacement 
parameter, with topology T3 achieving an average reduction of 9 %. Notably, the implementation of VE dampers in locally asymmetric 
con+gurations demonstrates a more substantial impact than in those that are locally symmetric, as illustrated in Fig. 22.

5.3. Optimization of height, base tangent inclination, and dampers con&guration (opt. 3a and opt. 3b)

To conclusively evaluate the effect of VE damper implementation on the dome’s optimal shape, optimization Scenarios 3a and 3b 

Fig. 20. Dampers’ topologies (a) T1, 32 VED, (b) T2, 40 VED, (c) T3, 48 VED, (d) T4, 56 VED.

Fig. 21. Comparison of maximum displacement for uncontrolled models and 4 models with applied dampers.
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(opt. 3a, opt.3. b) consider the simultaneous variation of height, base tangent inclination, and damper con+gurations are utilized to 
minimize the Kiewitt-8 gridshell dome’s maximum displacement, as detailed in Tables 9 and 11. As outlined in Section 2.1.2, the initial 
optimization (opt. 3a) focuses on symmetric damper layouts (32 con+gurations, see Table 9). The procedure is then expanded to 
include all possible damper con+gurations—both locally symmetric and asymmetric topologies (totaling 1024 layouts, see Table 11). 
By structuring the optimization in this way, the +rst phase offers clear, readable outputs, while the latter part provides a compre-
hensive evaluation of the damper’s impact on the dome’s seismic performance and structural optimization. The optimization process 
for the symmetric con+gurations alone required approximately 3821 min.

By initially focusing on locally symmetric damper topologies, Fig. 23 illustrates the effect of height variation on the maximum 
displacement of the controlled gridshell. Although the optimal application of dampers signi+cantly reduces the maximum displace-
ment of the gridshell dome, Fig. 23 shows that, across all seven seismic records, the optimized maximum displacement of the controlled 
models varies only slightly with dome height. This contrasts with the clear trend observed in the uncontrolled models (see Fig. 12), 
where lower heights consistently correspond to reduced displacements. In the controlled cases, as illustrated by the orange trendlines 
in Fig. 23, the in<uence of height on overall maximum displacement appears marginal, likely due to the combined effect of damping 
and modal shifts across con+gurations. However, when focusing on the top-node displacement, Fig. 24 reveals a more pronounced 
sensitivity to height variation: reducing the dome height leads to a signi+cant decrease—an average of 43 %—in top-node 
displacement. This suggests that, while the global maximum displacement becomes less height-dependent with damper imple-
mentation, the top-node motion remains strongly in<uenced by geometric parameters. This is because the top-node displacement is 
governed primarily by the lowest mode, which has a global shape, whereas the application of dampers predominantly affects higher 
mode shapes that are more localized.

Fig. 25 offers an initial assessment of how the base angle in<uences displacement in gridshells equipped with VE dampers. The 
trendlines suggest a general shift toward more ellipsoidal shapes (i.e., positive base angle deviation) as optimal under seismic loading. 
To better distinguish the effect of damper quantity, Fig. 26 plots maximum displacement against base angle deviation, using a col-
ormap to indicate the number of applied VE dampers. This visualization reveals that the relationship between base angle and 
displacement is not +xed but evolves with increasing damper quantity.

Fig. 27, which extracts trendlines from the data in Fig. 26, further clari+es this behavior: in uncontrolled models or those with a low 

Table 8 
Average response reduction of optimal selection topologies compared to uncontrolled model.

T 1 T 2 T 3 T 4
Maximum displacement 30 % 31 % 25 % 31 %
Top node displacement 14 % 35 % 9 % 25 %

Fig. 22. Comparison of top node displacement for uncontrolled model and 4 models with applied dampers.

Table 9 
Optimization information of opt. 3a, locally symmetric topologies.

Variable input parameters Range of variation Optimization objective
Height (Control points’ elevation) 9.75–20.25 m (13–27 m)

Minimize peak resultant displacementBase tangent inclination (Control points’ distance) 35–70◦ (11.5–21.5 m)
Dampers’ Con+guration (locally symmetric topologies) 0–31

A. Hosseini et al.                                                                                                                                                                                                       Journal of Building Engineering 112 (2025) 113677 

18 



number of dampers, the optimal base angle tends to lie near or below the arc reference (0◦), aligning with more funicular geometries. 
In contrast, as the number of dampers exceeds 32, the optimal base angle shifts progressively toward higher values, favoring ellipsoidal 
forms. This indicates that the introduction of dampers not only reduces displacement but also alters the structural preference for dome 
geometry.

The use of VE dampers in the +rst ring of Kiewitt-8 gridshell domes signi+cantly reduces the maximum deformations, which are 
strongly in<uenced by the higher-period modes in the uncontrolled structure. The VE dampers effectively shift the dominant mode 
(namely the 1st mode) to longer periods, placing it outside the earthquake predominant period. While increasing the structural period 
lowers the acceleration according to the acceleration response spectrum, it also results in increased deformations as indicated by the 
displacement response spectrum. However, the inherent damping properties of the VE dampers successfully control and mitigate these 
additional displacements.

Conversely, VE dampers tend to have minimal impact on the dominant period of shallow domes (those with a low height-to-span 
ratio), as the lower-period mode remains the dominant mode, and this mode shape is not substantially affected by the dampers 
implementation. Additionally, due to the higher geometrical stiffness of shallow domes, replacing diagonal elements with dampers 
signi+cantly reduces their overall stiffness. In some cases, this reduction can lead to increased deformations, as predicted by the 
displacement response spectrum, ultimately outweighing the damping bene+ts of the VE dampers.

In optimizing the maximum displacement of the Kiewitt-8 gridshell dome, which is in<uenced by both global and local structural 
responses, no singular combination of height, base tangent inclination, or damper topology consistently emerges as optimal. Rather, a 
spectrum of viable solutions emerges, underscoring the need for a comprehensive evaluation. Notably, Fig. 28 synthesizes the results 
across all considered earthquake records, where each bar represents the range of maximum displacements observed for each of the 32 
locally symmetric topologies (indicated on the abscissa). Among all locally symmetric topologies of Fig. 6 evaluated across the seven 
earthquake accelerograms listed in Fig. 9, con+gurations 7, 11, 15, and 23 stand out for their combination of low maximum dis-
placements and reduced response variability across seismic events, indicating consistent performance across different seismic events. 
Table 10 presents the detailed genome con+guration patterns and schematic representations of these high-performing topologies.

Given the large solution space for damper topology, additional factors could also be considered, such as the disparity of maximum 
displacement, and the maximum horizontal support reaction force associated with each damper con+guration. Notably, Figs. 29 and 
30 serve as illustrative examples from a series of time history analyses conducted subjected to seven earthquake records, speci+cally 
detailing the outcomes for the Northridge and Landers records. For instance, Figs. 29a and 30a are detailed scatter plots from which, 
together with the other +ve records results, produced Fig. 28. These +gures indicate con+gurations 7, 11, 15, and 23 (shown in 
Table 10) as particularly effective, characterized by consistent low displacements, and are highlighted in the plot with different colors.

Furthermore, as illustrated in Figs. 29c and 30c, these con+gurations are also advantageous in generating the lowest maximum 
horizontal support reaction forces, adding another layer of bene+t to their selection. Figs. 29b and 30b show how the base tangent 
inclination tends to have an angle over the corresponding arc which is also shown in Fig. 25 for all the records. Similarly, the selection 
of appropriate damper topologies and an increase in base tangent inclination contribute to a reduction in the maximum horizontal 
support reaction force, as evidenced by Figs. 29d and 30d.

Table 10 
Optimal locally symmetric topologies, ‘0’: normal member, ‘1’: VE damper member.

Topology ID Diagonal member as noted in Fig. 5 Total applied dampers Scheme
1 2 3 4 5 6 7 8 9 10

7 0 0 1 1 1 1 1 1 0 0 48

11 0 1 0 1 1 1 1 0 1 0 48

15 0 1 1 1 1 1 1 1 1 0 64

23 1 0 1 1 1 1 1 1 0 1 64

Table 11 
Effect of damper application on the dominant period and maximum displacement of dome structures in four representative topologies. Heights and 
angle deviations from arc are included for reference.

Topology ID Height 
(m)

Angle Dev. 
(◦)

Dominant Period (Unctrl.) 
(s)

Dominant Period (Ctrl.) 
(s)

Max Disp. (Unctrl.) 
(mm)

Max Disp. (Ctrl.) 
(mm)

7 14 0 0.11 1.23 73.2 43.2
11 14 1.5 0.11 0.89 73.3 42.7
15 15.5 2 0.4 1.68 63.2 42.8
23 14 1.5 0.11 1.34 73.3 39.1
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The design algorithm for the gridshell dome can be summarized based on the observed mode shapes and their in<uence under 
different geometric con+gurations. As shown in Fig. 18, the studied uncontrolled gridshell dome exhibits two primary mode shapes: a 
lower period ranging between 0.10 and 0.14 s and a higher period between 0.40 and 0.50 s. For very shallow domes, with an R/S ratio 

Fig. 23. Maximum displacement of the controlled model as a function of dome height. Trendlines represent the minimum observed displacement 
within each 1.5 m height bin, illustrating general performance trends across varying structural heights.
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Fig. 24. Maximum top-node displacement of the controlled model as a function of dome height. Trendlines represent the minimum observed 
displacement within each 1.5 m height bin, illustrating general performance trends across varying structural heights.
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of less than 1/5, the dominant period is within the lower period range. In these cases, the base tangent inclination has minimal in-
<uence on maximum displacement. Since the lower period is so dominant, removing diagonal members does not signi+cantly alter the 
dominant period. Consequently, the addition of VE dampers is mostly ineffective, as the dome’s deformation is already low, leaving 
little opportunity for the dampers to dissipate seismic energy. Replacing diagonal members with VE dampers is therefore not a suitable 
strategy for shallow domes.

Fig. 25. Maximum and top-node displacement vs. base angle deviation for controlled models under different earthquake records.

Fig. 26. Maximum displacement vs. base angle deviation for all controlled models. Color indicates the number of applied VE dampers.

Fig. 27. Trendlines of maximum displacement vs. base angle deviation, grouped by damper quantity.
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For mid-height domes, with an R/S ratio between 1/5 and 1/4, the base tangent inclination becomes more signi+cant, and either 
the lower or higher period can dominate, depending on the dome’s speci+c geometry. If the higher period is dominant, the maximum 
displacement in the uncontrolled model may be substantial. In this case, replacing diagonal members with VE dampers effectively 
shifts the dominant period to higher values, reducing its sensitivity to seismic events and allowing the dampers to dissipate energy 
more effectively. If the lower period is dominant, the dome’s behavior depends on the number of dampers applied. With fewer dampers 
(e.g., 8 or 16), the gridshell behaves similarly to the uncontrolled model, maintaining a dominant period between 0.11 and 0.15 s. 
However, applying a larger number of dampers (above 24) may shift the dominant period to the higher one (Fig. 31). This dominant 

Fig. 28. Range of variation of Maximum displacement per dampers’ topology.

Fig. 29. Analysis results for the Northridge record using locally symmetric VE dampers, with indicated damper topologies (7: red, 11: green, 15: 
yellow, 23: purple); (a) Maximum displacement vs. topology ID; (b) Maximum displacement vs. base angle deviation from the corresponding arc; (c) 
Maximum horizontal reaction force vs. topology ID; (d) Maximum horizontal reaction force vs. base angle deviation from the corresponding arc.
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mode transition from a global shape mode to a local shape mode may help in reducing the maximum displacement of the dome as well. 
Table 11 presents the change in dominant period and maximum displacement for the four most optimal topologies of speci+c dome 
shapes, where a noticeable increase in period and a reduction in displacement are observed due to damper application.

For taller gridshell domes, with an R/S ratio between 1/4 and 1/3, the higher period is more likely to dominate. This results in 
greater structural deformation. Similar to mid-height domes where the higher period dominates, the application of VE dampers is 
effective in reducing maximum displacement by shifting the dominant period to less seismic-sensitive ranges. However, it is important 
to note that the overall trend indicates that maximum displacement increases with dome height and fundamental period. As a result, 
applying dampers to domes that already exhibit high dominant periods may lead to ampli+ed deformations, while the additional 
damping effect remains limited.

As a sample case, the 12 m height gridshell dome illustrates the effect of VE dampers. In the uncontrolled model (see Fig. 18), the 
lower and higher mode shape periods are 0.12 s (dominant mode) and 0.41 s, respectively. In the controlled model with the same 
height and span (see Fig. 32), but equipped with VE dampers in topology ID 7, the higher mode shape period shifts to 1.25 s (dominant 
mode), well beyond the predominant excitation period of all seismic records, while the lower mode shape period remains relatively 

Fig. 30. Analysis results for the Landers record using locally symmetric VE dampers, with highlighted damper topologies (7: red, 11: green, 15: 
yellow, 23: purple); (a) Maximum displacement vs topology ID; (b) Maximum displacement vs base angle deviation from the corresponding arc; (c) 
Maximum horizontal reaction force vs topology ID; (d) Maximum horizontal reaction force vs base angle deviation from the corresponding arc.

Fig. 31. Comparison of maximum displacement vs. the dominant mass-participation mode’s period of controlled models with locally symmetric 
damper topologies under Northridge and Landers earthquake records.
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low at 0.14 s.
In summary, replacing structural members in the +rst ring of the Kiewitt-8 gridshell with VE dampers produces two main effects: 

First, the overall period of the structure is modi+ed due to a reduction in global stiffness. Second, while allowing for greater structural 
movements, the dampers absorb energy through their inherent damping properties, leading to a further reduction in displacement.

By +nally considering all possibilities of damper topologies (locally both symmetric and asymmetric), in optimization scenario 3b 
(opt. 3b), optimization of damper con+guration in the +rst ring, alongside adjustments to height and base tangent inclination, can 
result in a vast number of iterations to achieve the best outcome, owing to the huge number of possible layouts (Table 12). To minimize 
the computation time, the variation intervals for height and base tangent inclination are broadened. Table 12 shows the variables and 
their range of variations. The full optimization process, including locally asymmetric damper topologies, required approximately 7635 
min to complete. Under the Hector seismic records, this optimization strategy results in a reduced optimal maximum resultant 
displacement of 32 mm, an improvement over the 37 mm displacement observed with locally symmetric VE damper allocations—both 
outcomes being within acceptable limits. However, while locally asymmetric damper con+gurations demonstrate enhanced perfor-
mance, two critical issues emerge: the time required for analyzing locally asymmetric topologies markedly increases compared to 
symmetric ones, and the maximum horizontal support reaction forces are generally higher in optimal locally asymmetric con+gura-
tions than in their symmetric counterparts.

The optimization analysis (Fig. 33) of this section veri+es +ndings from earlier analyses regarding displacement variations when 
adjusting the height and base tangent inclination. This is further illustrated in Fig. 34 for the Hector earthquake record, with similar 
trends are observed across all earthquake scenarios analyzed. Fig. 35 illustrates the optimal height and base tangent inclination range 
for models on which the VE dampers are applied.

Table 13 presents the nine most effective damper con+gurations identi+ed across the seven earthquake records analyzed. These 
top-performing solutions feature between 32 and 48 VE dampers. While con+gurations with 32 dampers offer a more cost-effective 
option, those employing 40 or 48 dampers tend to deliver more consistent and reliable performance across different dome geome-
tries. Fig. 36 plots the maximum displacement values for all tested topologies across all records under optimization scenario 3b. The 
highlighted points correspond to the nine con+gurations listed in Table 13, which consistently achieve among the lowest displacement 
values within the explored design space. This con+rms their superior performance relative to the broader set of con+gurations 
examined in this scenario.

6. Conclusions

Providing further insights for design decision-making, this study introduces a design methodology that integrates structural 
analysis into the early design stage, optimizing both the shape of the gridshell structure and the con+guration of viscoelastic (VE) 
dampers. While studies have shown that VE dampers are effective in reducing seismic responses, their in<uence on optimal gridshell 
geometry remains insuf+ciently explored. This work addresses that gap by demonstrating how the inclusion of dampers affects both 
seismic performance and the gridshell’s structural form. By employing parametric design and genetic algorithm optimization, the 
proposed approach addresses the nonlinear problem of simultaneous shape and damper placement optimization. Utilizing multi-phase 
optimization, the nonlinear time-history analysis plays a central role in the +tness function, capturing dynamic responses, damping 
effects, and material and geometric nonlinearities.

Applying this methodology to Kiewitt-8 gridshell domes demonstrates that the optimal shape of uncontrolled and controlled 
gridshell domes differs and depends on the number of applied dampers. Thus, the optimal shape becomes increasingly elliptical as 
more dampers are implemented. VE dampers improve structural performance by reducing maximum displacement and thrust forces at 
the dome’s base. Maximum displacement is reduced by over 50 %, with optimized con+gurations achieving values of 30–40 mm 
compared to 60–80 mm in the uncontrolled model. Similarly, the thrust forces decrease by up to 40 %.

Replacing diagonal elements with VE dampers shifts the dominant mode period, moving it outside the predominant period range of 
earthquake ground motions, and reducing the seismic response. Gridshell domes with a mid rise-to-span ratio bene+t the most from 
this method, while shallow domes show limited improvement due to the dominance of the lower-period mode. The inherent damping 
of the VE dampers effectively mitigates additional displacements caused by period elongation, particularly in mid-to high-rise grid-
shells. However, the in<uence of an excessively long dominant period should be carefully considered, as it may lead to undesirable 

Fig. 32. Mode shapes of the controlled model (Topology ID 7 with 48 VE dampers) (members in green have dampers) (a) Shape mode with lower 
period (T = 0.14 s) (b) Shape mode with higher period (T = 1.23 s).

A. Hosseini et al.                                                                                                                                                                                                       Journal of Building Engineering 112 (2025) 113677 

25 



deformations. Therefore, the application of VE dampers through this methodology is not advised for domes exceeding 18 m in height.
The optimal number of dampers ranges between 32 and 64, with symmetric con+gurations achieving consistent reductions in both 

maximum displacement and base reaction forces across various seismic records. Locally asymmetric layouts may yield slightly better 
displacement reductions in speci+c scenarios, but often increase horizontal support reactions due to uneven force distribution. 
Additionally, incorporating all possible topologies in the optimization process signi+cantly increases computational time.

VE dampers also reduce member stresses and deformations, potentially allowing for smaller section sizes and lighter structures, 

Table 12 
Optimization information of opt. 3b, all possible topologies.

Variable input parameters Range of variation Optimization objective
Height (Control points’ elevation) 9.75–20.25 m (13–27)

Minimize peak resultant displacementBase tangent inclination (Control points’ distance) 35–70◦ (11.5–21.5)
Dampers’ Con+guration (all topologies) 0–1023

Fig. 33. Optimization process outcome under Hector record.

Fig. 34. Hector record analysis results utilizing VE dampers (all topologies); (a) Maximum displacement vs topology ID; (b) Maximum displacement 
vs base angle deviation from the corresponding arc; (c) Maximum horizontal reaction force vs topology ID; (d) Maximum horizontal reaction force 
vs base angle deviation from the corresponding arc.
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Fig. 35. Optimal height and base angle range for controlled model.

Table 13 
Optimal topologies, ‘0’: normal member, ‘1’: VE damper member.

Topology ID Diagonal member as noted in Fig. 17 Total applied dampers Scheme
1 2 3 4 5 6 7 8 9 10

190 0 0 1 0 1 1 1 1 1 0 48

222 0 0 1 1 0 1 1 1 1 0 48

94 0 0 0 1 0 1 1 1 1 0 40

606 1 0 0 1 0 1 1 1 1 0 48

30 0 0 0 0 0 1 1 1 1 0 32

236 0 0 1 1 1 0 1 1 0 0 40

62 0 0 0 0 1 1 1 1 1 0 40

350 0 1 0 1 0 1 1 1 1 0 48

Fig. 36. Maximum displacement versus damper topology IDs for all analyzed records. Highlighted points represent selected damper topologies 
of interest.
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though further investigation is required to quantify material savings. This reduction in material usage could help offset the cost of the 
VE dampers. However, since satisfactory structural performance is achieved with fewer dampers (e.g., 32), it is recommended to use 
the minimum number necessary to avoid unnecessary expenses.

In conclusion, this framework not only improves the seismic performance of gridshell domes but also demonstrates the importance 
of considering both geometry and damping systems in the early design stage. It offers a robust and adaptable tool for the design of 
gridshell domes and other structures, contributing to safer and more ef+cient building practices.

The results suggest the following design considerations. 

• Optimal Shape: When VE dampers replace diagonal elements, the optimal shape of a gridshell dome often shifts from a parabola- 
like form to a more ellipsoidal form, which helps minimize both displacements and thrust forces.

• Number of Dampers: The optimal number of dampers typically ranges between 32 and 64, though considering cost effects, fewer 
dampers are preferred.

• Period Change: Replacing structural elements with VE dampers increases the dominant mode period, reducing seismic response, 
particularly in domes with higher rise-to-span ratios.

• Dome Height: VE damper performance is most effective in domes with rise-to-span ratios between approximately 1/5 and just 
above 1/4. Displacement reduction is less effective in shallow domes (R/S close to 1/6) due to lower mode dominance. For domes 
with R/S ratios close to 1/3 (e.g., over 18 m), period elongation may lead to excessive deformations, making this approach less 
suitable.

• Symmetry vs. Asymmetry: While locally asymmetric damper layouts can achieve slightly better displacement reductions, optimal 
symmetric layouts provide better control over thrust forces, which may be crucial depending on the design objectives.

Future research could expand the application of this design methodology to a wider range of structures that allow shape opti-
mization while adding a vibration control device. Additionally, the minimization of different objectives, such as cost, could be another 
approach to developing the study. Moreover, while in this study, a two-phase optimization was used considering static and dynamic 
analysis, a further dedicated multiphase approach could help remove the poor individuals before the time-history analysis which is 
time-consuming.
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