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 A B S T R A C T

This paper introduces controlled steel buildings endowed with novel locally resonant metastructures inspired by 
metamaterial concepts. A major limitation of finite locally resonant metastructures in low-frequency vibration 
control is the requirement for large additional masses. Conversely, properly designed periodic structures inside 
a main structure can function as locally resonant metastructures with limited extra mass and proper damping. 
By incorporating locally resonant metamaterials, this study advances the potential of seismic steel frames, 
to enhance seismic performance while reducing material usage, thus addressing both structural efficiency 
and sustainability. Therefore, our research covers both the elastic and the inelastic range, where frames are 
optimally designed to meet both immediate occupancy and life safety performance limit states. In addition, 
two case studies, one involving a 25-story moment resisting steel frame and the other focusing on a 20-story 
eccentrically braced steel frame structure, are analyzed to demonstrate the efficacy of the proposed approach. 
A multi-objective optimization methodology is employed to illustrate the trade-off between metastructure 
inherent damping ratio and material usage, i.e. embodied carbon emissions, highlighting the environmental 
benefits alongside structural performance improvements. The results demonstrated that optimal mass reduction 
for the proposed metastructures in both lateral-resisting systems was feasible, with reduction rates of at least 
11.3% and 13.7% without additional damping in the metastructures compared to the original configurations. 
Finally, the reduction in embodied carbon was analyzed based on the material usage in the framed structures.
. Introduction

.1. Background and motivations

The impact of the construction sector on energy consumption and 
he environment has been a major concern. In 2021, the construction 
ector accounted for 37% of worldwide carbon emissions and 36% of 
he global primary energy supply [1]. In particular, the building sector 
s responsible for 35% of the EU’s total waste generation, and material 
fficiency has played an important role in reducing greenhouse gas 
GHG) emissions [2]. Furthermore, in 2018, 835 million tons of steel 
nd its products were produced in China, representing 48.8% of the 
otal world, leading to 11% of the Chinese energy consumption [3].
Carbon emissions occur throughout the life cycle of a building – 

rom the extraction of materials to the end-of-life phase – while the 
ransition between these phases generates substantial transportation-
elated emissions, adding to the life cycle carbon footprint (LCCF) 
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of buildings [4,5]. Carbon emissions are generally classified into two 
categories: embodied carbon and operational carbon emissions [6]. Em-
bodied carbon generally refers to emissions generated during the initial 
stages of the building’s life cycle, such as material extraction, process-
ing, conceptual design, detailed design and construction. A significant 
step in reducing embodied carbon is the efficient use of appropriate 
materials in the structural system, particularly during the conceptual 
design phase; it has, indeed, the greatest impact on both costs and envi-
ronmental effects, accounting for 70% to 80% of the resources utilized 
in a project [7]. Therefore, considerable effort is ongoing to provide 
frameworks that choose adequate reliability levels not only in terms 
of monetary optimization and societal risk acceptance with respect to 
life safety but also to objectives related to environmental sustainability 
(risk-informed approaches). This should translate into a desired op-
timal balance between structure-inherent safety levels and resources 
allocated to that end. See, in this respect, the optimization carried out 
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by Hingorani and Kohler [8] on steel beams in buildings subjected to 
vertical loads, that achieved reductions in costs and materials at the 
design stage up to approximately 10%. Moreover, to identify the most 
suitable steel lateral resisting system with specific materials and config-
urations capable of reducing embodied carbon, Kanyilmaz et al. showed 
the possibility of selecting appropriate materials and structural system 
at the conceptual design stage based on the multi-objective genetic 
algorithm based on the non-dominated sorting genetic optimization 
algorithm (NSGA-II) [9–11]. However, alongside design optimization 
for embodied carbon reduction, concrete and steel quantities reduction 
can lead to a decrease in lateral stiffness and reliability, resulting in 
increased deformability. Therefore, for structures located in disaster-
prone areas, such as those that frequently experience earthquakes, a 
trade-off must be found between structure-inherent safety and carbon 
emission reduction [12].

At the same time, studies on modern performance-based seismic de-
sign emphasize the importance of achieving performance objectives. In 
particular, performance-based seismic design has gained an increased 
prominence in earthquake resistant building design, where perfor-
mance objectives are classified based on multi-hazard levels and lateral 
resisting systems [13]. Therefore, several studies cover optimal seis-
mic design and sustainability by combining seismic performance and 
environmental impact analysis [14–16]. In particular, several seis-
mic protection techniques have been investigated to improve seismic 
performance while preserving the original structural configurations, 
such as local joint strengthening methods [17,18], additional lateral 
load-resisting systems [19], and supplemental damping systems [20,
21]. More specifically, supplemental damping systems, like tuned mass 
dampers (TMDs), can be considered during the initial conceptual design 
stage and have proven efficient in practical engineering. However, they 
require a relatively large mass ratio, greater than 12%, to achieve a 
wide-frequency-range vibration control. Multiple tuned mass damper 
(MTMD) systems, where TMDs can be vertically distributed on the 
building based on modal analysis, have been proposed to mitigate 
multi-modal vibrations [22].

With effective elastic wave attenuation capabilities in specific fre-
quency ranges, the so called band gaps, metamaterials and metas-
tructures have garnered growing interest in vibration control. More 
specifically, metastructures, composed of a finite number of units due 
to their size, present a promising wave manipulation behavior through 
their overall geometry, dimensions, and boundary conditions. Locally 
resonant metastructures, which can achieve a low frequency band 
gap due to the local resonance of the internal units, provide an ef-
ficient solution for seismic protection. For instance, to manipulate 
seismic surface Rayleigh waves, Chen et al. [23] proposed an LRM-
based metaconcrete, where classic aggregates were replaced by locally 
resonant ones with a soft rubber coating. Hao et al. [24] proposed 
a novel LRM design with the soft-material intermediate layer inside 
a punched thin plate to mitigate low-frequency vibration. To protect 
large process equipment subjected to seismic loading, periodic foun-
dations have been suggested to function as base isolation systems. 
In particular, locally resonant metafoundations, were developed by 
Bursi and co-workers [25], for wave manipulation in the low-frequency 
range. The metafoundation, composed of heavy reinforced concrete 
resonator blocks attached to the foundation slab by means of wire 
ropes, requires additional mass to be implemented to protect the su-
perstructure. Moreover, their seismic mitigation performances were 
further experimentally investigated by Xiao et al. [26]. And to a greater 
extent, Guner et al. [27] introduced metafoundations for the seismic 
protection of a Small Modular Reactor (SMR) nuclear power plant 
subjected to both horizontal and vertical excitations.

Nonetheless, limited research has explored the application of metas-
tructures inside conventional buildings. One of the reasons is the possi-
ble addition of inertia in upper stories; another issue is the lack of space 
to allocate relative large resonators. Clearly, the width of the frequency 
band gap is limited by the mass ratio of the resonant unit to the modal 
2 
mass. Some methods exploiting nonlinearities have also considered 
amplifying the resonant unit capabilities. Xia et al. [28] introduced 
bistable resonators to enhance frequency bandwidth of the band-gap. 
Zhao et al. [29] proposed a nonlinear metastructure with bi-linear 
oscillators for broadband vibration suppression. Kalderon et al. [30] 
introduced a mass amplification mechanism using a hinged, rigid rod. 
Additionally, studies on multi-stable columns [31], inerter-enhanced 
metamaterials [32], and quasi-periodic configurations [33] have been 
conducted. Nonetheless, it remains challenging to widen the frequency 
range where elastic waves cannot propagate in a building due to severe 
constraints.

1.2. Scope and core contribution

In sum, to enhance the seismic performance of typical steel build-
ings with specific materials and configurations capable of reducing 
embodied carbon, the following objectives are pursued hereinafter: (i) 
to conceive and design steel buildings as controlled systems by means 
of optimized locally resonant metastructures (LRMs) that filter seismic 
waves via the dynamics (antiresonance) of local resonators; (ii) to 
optimize each entire building to decrease mass and control damping of 
metastructures, resulting in reduced embodied carbon emissions while 
also satisfying reliability requirements and performance-based seismic 
design (PBSD) objectives.

Therefore, guided by the wave methods used in metamaterials, 
specific LRM layouts are proposed in this paper. The building structures 
composed of moment resisting or braced steel frames are designed 
with coupled vertically distributed internal metastructures. The wave 
dispersion and transmissibility properties of the finite periodic structure 
are analyzed. In this study, one major contribution is the integration 
of LRMs within steel frame structures, demonstrating their ability to 
enhance seismic performance while reducing material usage and also 
embodied carbon emissions. Another key focus is the investigation 
of the seismic performance of metastructures-coupled steel frames, 
since to ensure robustness under realistic seismic conditions, particular 
attention is given to their behavior in the nonlinear regime. Addition-
ally, a multi-objective optimization framework is developed to balance 
damping properties and material efficiency, providing a sustainable 
and efficient design methodology that aligns structural performance 
with environmental goals. These contributions are further validated 
through nonlinear time–history analyses with respect to (w.r.t.) basic 
performance objectives, i.e., life safety (LS) and immediate occupancy 
(IO). Clearly, at the LS limit state, the examined frames experience in-
elasticity, which is properly taken into account during the optimization 
procedures.

The aforementioned procedure was applied to two different case 
studies: (i) a 25-story moment resisting steel frame; (ii) a 20-story 
eccentrically braced steel frame. Each building has been designed based 
on relevant standards according to their construction site. Then, a 
multi-objective optimization algorithm has been applied to achieve 
material savings with increasing damping ratios of the metastructures. 
The rest of the paper is organized as follows. The fundamental concept 
of LRMs, modeling and band gap formation properties are presented 
in Section 2. Section 3 outlines the design and optimization proce-
dures, according to the aforementioned methodology. Section 4 instead 
presents the optimization results for the two case studies endowed 
with LRMs. Life cycle assessment and reduction in embodied carbon 
emissions are assessed in Section 5. Finally, conclusions and future 
perspectives are drawn in Section 6.

2. Metastructures for steel frames

This section introduces the methodology of the frame structure 
coupled with locally resonant metastructure approach and explains its 
fundamental dynamic mechanism. The proposed metastructure-based 
design approach is illustrated on an ideal shear frame with three bays, 



J. Zhang et al. Engineering Structures 335 (2025) 120211 
Fig. 1. Simple shear-type frame: (a) the uncontrolled frame structure; (b) condensed model of the original frame; (c) metastructure-coupled frame; (d) condensed model of the 
coupled frame.  (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
as indicated in Fig.  1(a) and (b). Accordingly, the proposed controlled 
metastructure-coupled structure layout is presented in Fig.  1(c) and (d), 
where in the middle bay, beams were periodically detached from outer 
beams and new inner columns were introduced. In this configuration, 
the main structure, i.e. the outer two bays, marked in black, represent 
the primary lateral resisting system, while the detached inner middle-
bay stories, marked in red, define the LRMs. Basically, in the LRMs, 
the slabs and their supporting beams, which are not connected to the 
outer frames in the horizontal direction, can move independently from 
the outer frames. The LRMs are designed to cope with the desired 
band gap properties; and the clearances between the columns of the 
LRMs and the outer frames are set to avoiding collisions between 
structural elements, e.g. floors and walls, under lateral displacements. 
In the proposed coupled – controlled – structure, the internal LRMs 
filter the greater part of vibrations from the outer frames in the band 
gap frequency range, and, in addition, dissipate energy through the 
inherent damping of the metastructures. While the proposed LRMs 
rely on resonance behavior for vibration control, similar to TMD sys-
tems, they differ in their integration with the structure as periodic 
metastructures. This integration enables the formation of bandgaps that 
suppress vibrations across a range of frequencies, similar to the choral 
effect of multiple TMDs. Conversely, TMDs are typically designed to 
target a specific resonance frequency, and require additional mass and 
associated costs. If one considers the seismic waves traveling through 
the frame, the outer frames can be analogously replaced with a shear-
type system, as depicted in Fig.  1(b). Accordingly, as the seismic wave 
propagate from foundation to the upper stories, the inherent damping 
in the frame – not drawn for simplicity – dissipates wave energy. In the 
case of metastructures and using the similar analogy, periodic spring–
mass systems can be drawn as in Fig.  1(d). The LRMs approach clearly 
resembles the MTMD approach; nonetheless, the proposed system also 
benefits from the so-called metadamping effect provided by the (finite) 
periodicity of the LRMs [34]. To clarify this phenomenon, an analytical 
treatment on the frame to hand is carried out herein, excluding physical 
damping.

The masses of the outer frames and metastructures are denoted by 
𝑚1 and 𝑚2, respectively, with the corresponding lateral stiffness values 
𝑘1 and 𝑘2. For the 𝑗th degree of freedom in the outer frames subjected 
to the sinusoidal excitation 𝑥𝑔 , the governing system of equations of 
motion can be expressed as follows: 
{

𝑚1𝑢𝑗 + 𝑘1(2𝑢𝑗 − 𝑢𝑗−1 − 𝑢𝑗+1) + 𝑘2(2𝑢𝑗 − 𝑣𝑗 − 𝑣𝑗+1) = −𝑚1𝑥𝑔
𝑚2𝑣𝑗 + 𝑘2(2𝑣𝑗 − 𝑢𝑗 − 𝑢𝑗−1) = −𝑚2𝑥𝑔

(1)

with 𝜔2 =
√

𝑘2∕𝑚2. The internal metastructure displacement, 𝑣𝑗 can be 
solved by Eq. (1). 

𝑣𝑗 + 𝑣𝑗+1 =
𝜔2
2

2 2
(2𝑢𝑗 + 𝑢𝑗+1 + 𝑢𝑗−1) +

2𝜔2

2 2
𝑥𝑔 (2)
2𝜔2 − 𝜔 2𝜔2 − 𝜔

3 
where 𝜔 is the input excitation frequency and 𝑥𝑔 is the corresponding 
amplitude. By substituting (2) into (1) one obtains,

− 𝜔2(1 +
2𝑘2

𝑚1(2𝜔2
2 − 𝜔2)

)[𝐌]𝐔 + (1 +
𝜔2
2𝑘2

𝑘1(2𝜔2
2 − 𝜔2)

)[𝐊]𝐔

= (𝜔2 +
2𝜔2𝑘2

𝑚1(2𝜔2
2 − 𝜔2)

)[𝐌]𝑥𝑔 (3)

where [𝐌] and [𝐊] define the mass matrix and stiffness matrices of 
the outer frames, respectively. 𝐔 = [𝑢1, 𝑢2,… , 𝑢𝑛]𝑇  is the displacement 
vector of them, which can be expressed as the superposition of modes 
𝑈 =

∑

𝜙𝑗𝑌𝑗 , 𝛷 = {𝜙𝑗} and 𝑌𝑗 are the mode shapes and amplitudes. The 
orthogonality condition of the modes entails that: 
{

{𝜙𝑗}𝑇 [𝐌]{𝜙𝑖} = 0 if 𝑖 ≠ 𝑗
{𝜙𝑗}𝑇 [𝐌]{𝜙𝑖} = 1 if 𝑖 = 𝑗

(4)

{

{𝜙𝑗}𝑇 [𝐊]{𝜙𝑖} = 0 if 𝑖 ≠ 𝑗
{𝜙𝑗}𝑇 [𝐊]{𝜙𝑖} = 𝜔2

𝑗 if 𝑖 = 𝑗
(5)

Substituting (4) and (5) into (3), for the 𝑗th mode of the outer 
structure, where 𝑗 is arbitrary: 

[−𝜔2(1 +
2𝑘2

𝑚1(2𝜔2
2 − 𝜔2)

) + 𝜔2
𝑗 (1 +

𝜔2
2𝑘2

𝑘1(2𝜔2
2 − 𝜔2)

)]𝑌𝑗 = 𝐹𝑗 (6)

𝐹𝑗 = {𝜙𝑗}𝑇 (𝜔2 +
2𝜔2𝑘2

𝑚1(2𝜔2
2 − 𝜔2)

)𝑚1𝑥𝑔 (7)

where 𝜔𝑗 is the 𝑗th frequency. Therefore, Eq. (6) can be solved for 𝑌𝑗
in a closed-form expression: 

𝑌𝑗 =
𝐹𝑗

−𝜔2(1 + 2𝑘2
𝑚1(2𝜔2

2−𝜔
2)
) + 𝜔2

𝑗 (1 +
𝜔2
2𝑘2

𝑘1(2𝜔2
2−𝜔

2)
)

(8)

The input excitation frequencies match the modal frequencies of the 
whole frame structure when the amplitudes 𝑌𝑗 is infinite. Therefore, 
internal metastructure resonance result in two additional resonant 
peaks on both sides of their own uniform natural frequency, which can 
be determined by solving the positive roots of the denominator in (8). 
They read, 
⎧

⎪

⎨

⎪

⎩

𝜔+ =
√

(𝜎 + 2𝑘1𝑘2𝑚1 + 2𝑘1𝑘2𝑚2 + 𝑘1𝑚1𝑚2𝜔2
𝑗 )∕(2𝑘1𝑚1𝑚2)

𝜔− =
√

(−𝜎 + 2𝑘1𝑘2𝑚1 + 2𝑘1𝑘2𝑚2 + 𝑘1𝑚1𝑚2𝜔2
𝑗 )∕(2𝑘1𝑚1𝑚2)

(9)

where, (see Eq.  (10) in Box  I). 
The additional frequencies 𝜔+ and 𝜔− arise from the splitting of 

the original resonant frequency of the outer frame, induced by the 
resonance of the metastructures. When the modal frequency of the 
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𝜎 =

√

𝑘1

(

−4𝑘22𝑚
2
1𝑚2𝜔2

𝑗 + 4𝑘1𝑘22𝑚
2
1 + 8𝑘1𝑘22𝑚1𝑚2 + 4𝑘1𝑘22𝑚

2
2 − 4𝑘1𝑘2𝑚2

1𝑚2𝜔2
𝑗 + 4𝑘1𝑘2𝑚1𝑚2

2𝜔
2
𝑗 + 𝑘1𝑚2

1𝑚
2
2𝜔

4
𝑗

)

(10)

Box I. 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 

 

 
 

 
 
 
 

 

 

 
 
 
 
 

 

Fig. 2. Input excitation frequency as a function of coupled structural resonant frequen-
cies.

outer frame approaches its extreme values of 0 and infinity, a frequency
range emerges where no additional resonance peaks are present, form-
ing a band gap. The metastructure-induced resonant frequencies in the
coupled structure are shown in Fig.  2, under varying modal frequencies
of the coupled structure. The mass ratio 𝜇 = 𝑚2∕𝑚1 and stiffness
ratio 𝛾 = 𝑘2∕𝑘1 are considered to be 1 and 0.2, respectively. The
transmissibility, defined as the displacement amplitude ratio of the top
story to the first story, is examined for 15 periodic unit cells when the
structure is excited by a sinusoidal wave, as shown in Fig.  3. The results
indicate that the finite system can effectively suppress vibrations when
the excitation frequency falls within the band gap. For clarity, the band
gap limits computed in Eq. (9) are marked by two dashed red lines.

The proposed coupled structure endowed with the LRMs, can mit-
igate unfavorable vibrations within the band gap without the need
for additional masses as in the case of MTMDs or additional damping
systems. Therefore, the subsequent sections aim to achieve coupled
structural configurations endowed with reduced material use and the
same seismic performance objectives. This goal will of course reduce
construction costs and LCFF.

3. Structural design and optimization framework

In the proposed coupled frame structure, metastructures vibrate
out-of-phase w.r.t. the outer frame due to local antiresonance effects.
 

4 
Fig. 3. Input excitation frequency as a function of wave transmissibility.

Therefore, the inherent damping of metastructures can be optimized
to enhance the overall seismic performance of the coupled structure,
while limiting the interstory drifts through the use of additional damp-
ing devices [35]. Given the different level of damping between the
metastructures and the outer frame, the damping of the metastructures
has been considered as an equivalent non-proportional damping [36]
and is applied to the coupled structure through a finite element (FE)
analysis in the OpenSEES software [37].

3.1. Optimization procedure

Taking into account both the seismic performance and the LCCF
of the proposed coupled structure layout, a design procedure com-
bined with optimization has been developed to minimize material
usage. The process ensures the compliance with the performance ob-
jectives, i.e. interstory drift ratio requirement, 𝛿, in accordance with
the PBSD methodology. The workflow for the optimization and section
design procedure is shown in Fig.  4. To achieve the minimization of
structural weight of both the outer frame and the metastructure, in
parallel with the optimal metastructure damping ratio, the NSGA-II was
employed [11].

During the optimization, damping ratios up to 20% were consid-
ered. For steel structures, a minimum of 2% damping, attributed to
internal friction and energy dissipation at connections, was assumed.
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In moment resisting metastructures, higher damping ratios can be 
achieved using damping systems. For smaller damping requirements, 
friction-based beam–column joints can be employed [38], while addi-
tional viscous dampers are necessary for higher damping levels [39]. In 
braced metastructures, the design of the links can be modified to meet 
specific damping requirements [40], with viscous or hydraulic dampers 
added as needed to achieve higher ratios.

For the optimization process, the floor plans and material use of 
the original structure and coupled structure are fixed. Therefore, only 
the sections in each bay of the coupled structure and metastructure 
inherent damping ratio are considered as variable in the optimization. 
As sketched in Fig.  4, the variables are randomly generated as a parent 
population in the initial generation, where the sections are encoded 
from a predefined section library. The combination of the generated 
sections and the metastructure damping ratio forms a conceptual de-
sign of the proposed structure. Unlike the traditional GA optimization 
algorithm, a mapping from the generated sections to stress-passed 
sections is established through a section design procedure, where each 
element must meet the requirements with a minimum section area in 
an iterative design process, according to the corresponding standards.

Nonlinear time–history analyses were conducted with the OpenSEES 
software [37], to determine the maximum interstory drift ratio (IDR) 
𝛿𝑚𝑎𝑥 for both life safety (LS) and immediate occupancy (IO) safety 
objectives, according to the standard FEMA 356 [13]. In the opti-
mization process, the structural model was constructed using ‘‘Fiber’’ 
sections within the ‘‘nonlinearBeamColumn’’ elements. The H-type sec-
tions were modeled using the ‘‘WFSection2D’’ section, with four fibers 
in the web and each flange, respectively. The box sections were dis-
cretized with ten fibers per quadrilateral. In addition, the integra-
tion along each element employed the Gauss–Lobatto quadrature rule 
with five integration points. This approach allows for an accurate 
distributed-plasticity representation of yielding. The material proper-
ties were defined using the ‘‘Steel02’’ material model, with a strain-
hardening ratio (the ratio between the post-yield tangent and the 
initial elastic tangent) set to 0.01. The parameters for the steel hys-
teretic constitutive law were suggested and validated based on prior 
research [41–43], and the favorable behavior of the FE software in the 
nonlinear regime was demonstrated through an experimental real-time 
hybrid simulation of a steel frame structure [44]. Moreover, sensitivity 
results from the case studies analyzed in depth in Section 4, performed 
with refined meshes in the most unfavorable situation, i.e. with 𝜉𝑚𝑒𝑡𝑎 =
0.02, clearly indicate that structural responses are independent of mesh 
refinement, thus demonstrating the accuracy of the assumed FE models 
in the optimization process.

Each structural solution during the NSGA-II run was subjected to 
three natural ground motion records, which were selected based on the 
design spectrum with return periods of 475 and 72 years, for the LS 
and IO states, respectively. In the optimization process, the maximum 
structural IDRs, evaluated based on two safety limit states, had to 
remain below the threshold values specified by FEMA 356 standards. 
In addition, to guide the algorithm in selecting elite individuals for a 
lightweight optimal structural design, while ensuring comparable struc-
tural performance across different damping ratios, a supplementary 
condition was imposed for the LS limit state. Specifically, the ratio 
𝛿𝐿𝑆𝑚𝑎𝑥 was required to exceed 80% of the limit value 𝛿𝐿𝑆𝑙𝑖𝑚𝑖𝑡, ensuring 
that the overall performance remains unaffected. When the time-history 
results did not satisfy the aforementioned condition, a penalty multi-
plier was applied to the multi-objective fitness. The penalty multiplier 
penalizes designs that fail to meet performance thresholds, specifically 
interstory drift limits in the IO and LS limit states. In such cases, 
the total frame mass is multiplied by a factor of 106, thus ensuring 
that the optimization process prioritizes safety-compliant solutions and 
effectively accelerates convergence by discouraging infeasible designs 
early in the optimization process.

After evaluating the fitness functions with the penalty, a step 
involving the execution of genetic operators, including ‘‘selection’’, 
5 
‘‘crossover’’, and ‘‘mutation’’, has been applied to produce the best 
offspring population in that generation. The termination criterion for 
each generation checks whether all elite individuals in the current 
generation are identical to those in the previous generation or if the 
generation count reaches the preset maximum value. For a fair com-
parison, the original uncontrolled structures with conventional layout 
was also optimized following the same above-mentioned procedure. 
The multi-objective optimization procedure was implemented in the 
MATLAB software. An intermediate crossover method with a crossover 
fraction of 0.8 was employed, and the Pareto fraction was set to 0.35.

3.2. Site-specific seismic hazard and accelerograms selection

For purposes of generality, two configurations of coupled structures 
have been examined: a steel moment-resisting frame (MRF) and a steel 
eccentrically braced frame (EBF) structure, which have been assumed 
to be located in Melilli, Sicily, Italy and El Centro, California, USA, 
respectively. Therefore, the design response spectra corresponding to 
different performance objectives were determined according to the 
Italian standard NTC 2018 [45] and the USA standard ASCE 7-22 [46], 
respectively. In particular, the design spectra for IO and LS limit states 
have been selected with return periods of 72 years and 475 years, cor-
responding to 50% and 10% probabilities of exceedance over 50 years, 
respectively. As shown in Fig.  5, three spectrum-compatible accelero-
grams were selected to match the design spectrum around the funda-
mental period of the examined structures; it has been estimated by 
means of, 

𝑇𝑎 = 𝐶𝑡ℎ
𝑥
𝑛 (11)

according to ASCE 7-22, where the coefficients 𝐶𝑡 and 𝑥 can be de-
termined based on the lateral system type, while ℎ𝑛 defines the total 
structural height.

In particular, the approximate fundamental periods for the MRF and 
EBF structure read 3.11 s and 1.82 s, respectively from Eq. (11).

With regard to the MRF structure built in Melilli, Italy, it was 
assumed that the site’s soil type and topography were classified as C 
and T2, respectively. Based on the approximate fundamental periods, 
accelerograms were selected from the database established by the 
Pacific Earthquake Engineering Research Center (PEER) to match the 
design spectrum in the period range of 3 to 6 s, as shown in Fig.  5(a) 
and (b). Conversely, for the EBF structure located in El Centro, USA, 
it was assumed that the structure was designed with risk category II 
and seismic design category D. Then, three accelerograms have been 
chosen to match the multi-period design spectra [46] in the range 
0.5–3.0 s, as depicted in Fig.  5(c) and (d). With this choice, standards 
NTC 2018 [45] and FEMA 356 [13] require to operate with the most 
unfavorable responses provided by the analyses.

4. Case studies and weight reduction

To evaluate the weight reduction capabilities of the proposed LRMs 
based on the optimization procedure described in Section 3, two case 
studies with different steel systems for bearing lateral forces have been 
considered. For weight comparison, we recall that the original structure 
is defined as uncontrolled structure to be compared with the proposed 
coupled (controlled) structure. Hereinafter, the detailed configurations 
and optimization results for both the uncontrolled and controlled cou-
pled structures are presented, and the relationship between weight 
reduction effects and metastructure damping ratios is analyzed, offering 
a reference for estimating embodied carbon reduction in Section 5.
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Fig. 4. Performance-based seismic design workflow for optimal weight reduction.
Fig. 5. Spectra of selected accelerograms and design spectra: (a) spectra for the IO limit state relevant to the MRF structure; (b) spectra for the LS limit state for the MRF structure; 
(c) spectra for the IO limit state for the EBF structure; (d) spectra for the LS limit state for the EBF structure.
4.1. Case study 1: a 25-story steel moment resisting frame

4.1.1. Building configuration
Based on building structure analyzed in [47], a 25-story steel mo-

ment resisting frame office building, with a vertically periodic distri-
bution was selected as first example. It was assumed that the building 
was located in the Melilli, and the design was carried out in agreement 
with Eurocode 3 Part 1.1 [48] and Eurocode 8 Part 1. [49]. The floor 
plan and vertical plan of the uncontrolled structure is shown in Fig. 
6 
6, where the structure is composed of symmetric wide-flange beams 
and box section columns, with the maximum inertia oriented along the 
horizontal direction. The main structural parameters are collected in 
Table  1.

The 25-story MRF coupled structure shown in Fig.  7, keeps the same 
floor number of the original structure. Nonetheless, the outer frame 
columns remained continuously connected, while the part of the middle 
bays have been periodically modified. Five three-story locally resonant 
metastructures (LRMs), which are plotted in red in Fig.  7(a), are 
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Fig. 6. Uncontrolled MRF structure: (a) Floor plan; (b) Lateral view.
Table 1
Main parameters of the MRF structure.
 Outer bay length 18.4 m Steel grade (S460) 𝑓𝑦𝑘 = 460 MPa 
 Internal bay length 7.2 m Superimposed linear dead load 5 kN/m2  
 Number of stories 25  
 Story height 4.4 m Superimposed linear live load 2 kN/m2  

distributed periodically along the height with the columns connected 
both at the top and at the bottom beam of the outer frame. All beam-
to-column joints for both uncontrolled structure and coupled structure 
are assumed to be rigid joints. The uncontrolled structure as well as the 
outer frame in the coupled structure is designed with a 2.0% inherent 
damping ratio, while the inherent damping of internal metastructures 
can vary during the optimization process. The inner floor slabs of the 
metastructures, which are separated from the outer frame, can freely 
move as the periodic resonators sketched in Fig.  1. The details of the 
metastructures joints and outer frame are also shown in Fig.  7(b), 
where seismic expansion joints are set for the clearance between outer 
frame columns and metastructure side columns. According to Otsuki 
et al. [50], the length for floor and wall expansion joint can be set based 
on the inside slide between both sides for all three moving directions, 
while the design motion range was 175 mm. Therefore, in the case 
study, the relative displacement between metastructure columns and 
outer frame structure columns was also considered with an allowed 
clearance set to 175 mm.

4.1.2. Optimization results
In agreement with FEMA-356 [13], the limit values of the IDR 

corresponding to IO and LS performance objectives were considered as 
0.7% and 2.5%, respectively. Clearly, the controlled structure layout 
did not change the concrete slab mass w.r.t the original layout of the 
uncontrolled structure; thus for optimization, only steel masses were 
reduced. Both the metastructure’s equivalent damping ratio 𝜉𝑚𝑒𝑡𝑎 and 
the steel mass ratio 𝛼 of the coupled structure to the uncontrolled 
structure have been set as objectives in the optimization. The Pareto 
front results are presented in Fig.  8 and Table  2, where the trade-off 
between steel mass ratio 𝛼 and LRM damping ratio 𝜉𝑚𝑒𝑡𝑎 is evident. 
As detailed in Section 3.1, while comparable seismic performance was 
maintained during optimization, the trade-offs introduced can lead to 
variations in cost and environmental outcomes. Reducing steel weight 
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Table 2
Steel mass in the MRF structure with different 𝜉𝑚𝑒𝑡𝑎 values.
 𝜉meta Uncontrolled structure 

steel mass (t)
Coupled structure steel 
mass (t)

𝛼  

 0.02 5420.3 0.887 
 0.03 5180.3 0.848 
 0.05 5009.3 0.820 
 0.07 6111.6 4857.7 0.795 
 0.11 4771.1 0.781 
 0.13 4771.0 0.781 
 0.17 4738.1 0.775 
 0.20 4704.0 0.771 

decreases both material costs and embodied carbon, whereas incor-
porating damping systems can raise expenses. Achieving an optimal 
solution requires balancing total costs, environmental objectives, and 
seismic performance requirements.

The detailed optimized results for the metastructure and outer 
frame structure are provided in the Appendix. The monotonic pushover 
results, using the first mode shape as lateral force distribution, for the 
uncontrolled structure and coupled structures with varying metastruc-
ture inherent damping ratios are presented in Fig.  9. The uncontrolled 
structure, characterized by greater steel material usage, exhibits higher 
stiffness and deformation capacity under the first mode shape loading. 
Conversely, the metastructure-coupled structure exhibits a more flexi-
ble behavior due to its structural configuration and reduced steel usage. 
The steel mass ratios of different cases are also highlighted by the 
colored points, with the range displayed in the color bar on the right. 
It is shown that the coupled structure efficiently reduces steel material 
usage compared to the optimized uncontrolled structure. In the case 
where no additional damping system is applied to the metastructures, 
i.e. considering an inherent damping of the metastructures equal to 
0.02, a total of 11.3% of the steel mass can be saved. As the damping 
ratio 𝜉𝑚𝑒𝑡𝑎 of the metastructures increases, the optimization process 
entails lighter steel members. Nonetheless, Fig.  8 highlights that beyond 
10% for 𝜉𝑚𝑒𝑡𝑎, the 𝛼 saturates around 77%, as the structural members 
reach the minimum permissible cross-sections required by standards for 
lateral stiffness and design stress limitations.

To appreciate the dynamic response of Case study 1, the case with 
𝜉𝑚𝑒𝑡𝑎 = 0.05, also indicated in Table  A.1 of the Appendix with 𝜉𝑚𝑒𝑡𝑎 =
0.05 was considered, where approximately 18% steel mass was saved. 
The transient deformation of the structure at the point of maximum 
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Fig. 7. Coupled MRF structure: (a) Lateral view; (b) Internal metastructure layout.  (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)
Fig. 8. Pareto front for the 25-story MRF structure. (For interpretation of the references 
to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Pushover results for MRF structures.
8 
interstory drift, along with the yielding elements, is analyzed. The 
structural deformation of the uncontrolled structure is illustrated in Fig. 
10(a), with yielding elements highlighted with red markers. For the IO 
limit state, yielding occurs at the outer-bay beam on the first story. 
Conversely, more extensive yielding is observed in the outer-bay and 
internal beams at the LS limit state. The maximum IDR values for the 
uncontrolled structure are provided in Fig.  10(c), where dashed and 
solid lines represent the IO and LS limit states, respectively. The largest 
IDR for the LS limit state is observed for the second story, i.e. 2.35%, 
which approaches the limit value of 2.5%; in addition, the maximum 
IDR for the IO limit state is 0.38% within the limit threshold of 0.7%.

With regard to the coupled structure, the interstory drift ratios have 
been controlled for both the columns of the outer frame structure 
and those of the internal metastructures. Maximum interstory drift 
values have been considered for the connected common stories between 
the metastructures and the outer frame structure. As shown in Fig. 
11, for the hazard corresponding to the IO limit state, all elements 
remain in the elastic state, while yielding has occurred in both the 
metastructure and outer frame for the hazard relevant to the LS limit 
state. The maximum IDRs for the IO and LS limit states read 0.59% 
and 2.45%, respectively, both close to the limit values; this indicates 
an efficient performance of structural elements. The maximum relative 
displacement between the side columns of the metastructure and the 
outer frame inner columns is 53.7 mm, occurring at the 9th story.

The optimized results of the total mass including the steel frame and 
floor slab, as well as the dynamic characteristics of the metastructures 
and coupled system, are presented in the Table  A.3. It can be found that 
the mass ratio of metastructures to the coupled structure is around 33% 
for MRFs. The relative displacement between the metastructure floors 
and the outer frame floors is summarized in the Table  A.4. Among all 
scenarios, the largest relative displacement was observed as 73.7 mm, 
which remains within the motion allowance of the seismic expansion 
joints, in the range 0–175 mm.

4.2. Case study 2: a 20-story eccentrically braced steel frame

4.2.1. Building configuration
A steel eccentrically braced frame (EBF) building is selected for 

the second case study, following the configuration analyzed by Mal-
hotra [51]. As shown in Fig.  12, the structure is designed with 6 equal 
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Fig. 10. Uncontrolled MRF structure results: (a) Maximum deformation for the hazard at the IO limit state; (b) Maximum deformation for the hazard at the LS limit state; (c) 
Distribution of maximum IDR values along the height.
Fig. 11. Coupled MRF structure results: (a) Maximum deformation at the IO limit state; (b) Maximum deformation at the LS limit state; (c) Maximum IDR values for each story.
Table 3
Structural parameters of the EBF structure.
 Bay length 4.57 m Steel grade (ASTM A992) 𝑓𝑦𝑘 = 345 MPa 
 Number of stories 20 Superimposed linear dead load 4 kN/m2  
 Story height 3.66 m Superimposed linear live load 2 kN/m2  

length 4.57 m bays, where eccentric braces and links are symmetrically 
placed in the two central bays. The link-beam length 𝑒 is designed for 
shear yielding, ensuring that 𝑒 ≤ 1.6𝑀𝑝∕𝑉𝑝, where 𝑀𝑝 and 𝑉𝑝 define the 
plastic moment and plastic shear capacities of the link, respectively. In 
braced bays, simple connections are used for beam-to-column joints, 
and the sections of the link elements are kept the same as those of the 
connected beams in the same bay. The detailed design parameters of 
the structure are listed in Table  3.

In the EBF coupled structure configuration, five three-story metas-
tructures are periodically located, starting from the fourth story, as 
shown in red in Fig.  13. Similarly to the configuration of the MRF 
coupled structure, the periodic metastructures are connected to the 
main structure through braces and columns. The brace sections and 
beam-link lengths for both the metastructures and the outer frame are 
designed to be consistent in the vertical direction, ensuring a regular 
structural layout. The structure is designed according to the standards 
ANSI/AISC 341-16 [52], 360-16 [53], and ASCE/SEI 7-22 [46]. In 
the optimization process of the coupled EBF structure, the link-to-
bay length ratio and the brace sections, as well as the metastructure 
damping ratio, beam and column sections are the variables to be opti-
mized, and sections were selected from the American wide-flange (W) 
range. The links and their connected beams have been modeled in the 
‘‘nonlinearBeamColumn’’ element of OpenSEES with three integration 
points, while the other structural elements used five integration points.

4.2.2. Optimization results
The limit values for IDR values corresponding to the IO and LS 

limit states were taken as 0.5% and 1.5%, respectively, in agreement 
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Table 4
Steel mass in the EBF structure with different 𝜉𝑚𝑒𝑡𝑎 values.
 𝜉meta Uncontrolled structure 

steel mass
Coupled structure steel 
mass

𝛼  

 0.02 807.8 0.863 
 0.05 779.0 0.832 
 0.06 936.3 704.9 0.753 
 0.07 694.5 0.742 
 0.14 688.6 0.735 
 0.18 685.4 0.732 

with FEMA-356 [13]. The corresponding Pareto front results between 
steel mass reduction ratio 𝛼 and metastructures’ damping ratio 𝜉𝑚𝑒𝑡𝑎, 
are provided in Fig.  14 and Table  4. The monotonic pushover results for 
the EBF uncontrolled structure and the coupled structures are shown in 
Fig.  15. As the inherent damping ratio of the metastructures increases, 
the coupled structure primarily dissipates energy through the internal 
metastructures, resulting in a lower peak base shear force. Similarly to 
the MRF, the EBF coupled structure also shows a remarkable weight 
reduction, especially when 𝜉𝑚𝑒𝑡𝑎 of the metastructure increases. For 
the case 𝜉𝑚𝑒𝑡𝑎 = 0.02, the coupled structure can already save up to 
13.7% of the steel mass w.r.t. the uncontrolled structure. Additional 
results of both the EBF uncontrolled structure and the coupled struc-
ture where the internal metastructures have the basic 𝜉𝑚𝑒𝑡𝑎 = 0.02
are commented herein. Details of the designed sections and the mass 
ratio of the metastructures are given in Tables  A.2 and A.3 of the 
Appendix, indicating that the locally resonant metastructures account 
for approximately 35% of the total mass. In addition, the dynamic 
characteristics of the metastructures and coupled structures in different 
scenarios are presented in Table  A.5. As emphasized in Section 3, the 
proposed structure was not designed based on the tuned mass damper 
approach but rather through multi-objective optimization aligned with 
performance-based seismic design procedures, resulting in differences 
in their natural frequencies.
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Fig. 12. Uncontrolled EBF structure: (a) Floor plan; (b) Lateral view.
Fig. 13. Coupled EBF structure: (a) Lateral view; (b) Internal metastructure layout. 
(For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)

Fig.  16(a) and (b) present the deformation of the uncontrolled 
structure when the maximum drift occurs at the IO and LS limit states, 
respectively. No minor yielding can be found in the structure in the IO 
limit state, while yielding concentrates in the link and brace elements at 
the LS limit state; this damage pattern is foreseen in FEMA 356 standard 
for the bracing system. The structural interstory drifts in the two limit 
states are shown in Fig.  16(c), where maximum values approach 0.41% 
and 1.49%, i.e. safe values in agreement with the standards. The drift 
distribution for the EBF coupled structure, shown in Fig.  17(a) and (b), 
also exhibits a similar behavior at the IO limit state where no yielding 
has occurred. However, less yielding can be found in the links of the 
coupled structure at the LS design limit state. This is due to the marked 
mass reduction. According to the maximum IDR values depicted in 
Fig.  17(c), the interstory drifts for the coupled structure are below the 
10 
Fig. 14. Pareto front for the 20-story EBF structure. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version 
of this article.)

thresholds for both limit states, indicating a favorable performance of 
the controlled system with a lightweight design.

5. Carbon emission assessment

The calculation of the CO2 equivalent in the life cycle, i.e. CO2e 
is crucial in sustainable construction, and it focus on total emissions 
from building materials throughout their life cycle. The decrease in 
operational carbon as a result of energy efficiency shifted the focus 
to reducing embodied CO2e, which is indeed vital to reduce GHG 
emissions of the construction sector and achieve sustainability tar-
gets [6,54,55]. Calculations of CO2e need a systematic assessment of 
carbon emissions – equivalent – stored throughout the entire life cycle 
of building materials and construction processes requiring a compre-
hensive Life Cycle Assessment (LCA) [56,57]. In 1997, the International 
Organization for Standards (ISO) published the ISO 14040 to estab-
lish the standard guideline for performing an LCA, which was later 
amended in 2006 and 2020 and published in the ISO 14044 [57,58].
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Fig. 15. Pushover results for EBF structures.

Table 5
Embodied carbon factors.
 Module A1-3 

embodied carbon
Module D 
embodied carbon

Total embodied 
carbon

 

 kgCO2e/kg kgCO2e/kg kgCO2e/kg  
 ICE DB v3.0 1.550 −0.345 1.205  
 World Steel 2022 – – 1.910  
 British Steel 2.450 −1.600 0.850  
 ArcelorMittal HSS 2.270 −1.320 0.950  

Clearly, the first step is to collect data on the quantities of materials 
used, where each material and component has an associated embod-
ied carbon factor, which represents the amount of carbon dioxide 
equivalent (CO2e) emissions per unit of that material. These factors 
are derived from databases or specific environmental product decla-
rations (EPDs). Therefore, to obtain correct and accurate values is an 
essential part of performing an LCA and can be derived from several 
sources [59], including: EPDs [60]; industry data; government data; 
factors from commercial LCA databases (e.g., ICE database [61]); fac-
tors derived-aggregated from literature, and so on. Each data source 
varies in detail, specificity, and accuracy, depending on the region 
and application. Notably, the most accurate data can be obtained from 
EPDs, which their assessments are carried out by manufacturers.

Clearly, uncertainty regarding the accuracy of carbon factors is an 
important issue, with the use of EPDs for product-specific materials 
being the primary recommendation within the CEN standard for the 
sustainability of construction works [62]. However, there are valid 
arguments about the use of generic data as an accepted alternative due 
to unavailability. Issues and variations related to public procurement 
policies worldwide often mean that buildings are constructed with 
different materials that could vary than the EDP-available materials, 
thus reducing the precision of a product-specific LCA approach early 
in the procurement process. Finally, the use of generic data in a 
national context has been shown to have methodological validity and 
relevance [5,63].

Within the scope of this research, the focus is to optimize the weight 
of structural components, mainly the weight of the lateral resisting 
structural steel system, without altering the gravity-carrying structure, 
non-structural elements and maintaining acceptable reliability. As a 
result, the LCA has involved relevant structural components (beams 
and columns) with a comparative analysis of CO2e, to demonstrate the 
impact on life cycle carbon footprint (LCCF). For both case studies, the 
structural members and their weights for the optimized uncontrolled 
structure and the coupled structure configurations are summarized in 
Tables  A.1 and A.2 in the Appendix. As mentioned, precise carbon 
factors are required for a reliable LCA; however, since the materials 
and sections considered in the case studies are generic elements, they 
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are not associated with any specific manufacturer. Consequently, for 
a more accurate LCA, carbon factors from four different resources, 
namely: (i) Inventory of Carbon and Energy (ICE) Database v3.0 [61], 
(ii) World Steel Association’s 2023 Sustainability Indicators report [64], 
EPDs of Structural Hollow Section by ArcelorMittal [65] and EPDs of 
British Steel for Steel sections [66] were considered; relevant values are 
presented in Table  5.

Based on the mass reduction results provided in Figs.  8 and 14, 
the corresponding reduction in CO2e is calculated according to Ta-
ble  5, and presented in Tables  6–7 for the case studies, with the 
results also illustrated in Fig.  18. Notably, variations between emission 
databases lead to differences in the estimated CO2e reductions. The ICE 
Database provides estimates that are closer to the mean results, while 
the World Steel Database tends to overestimate the savings, indicating 
a higher CO2e per kilogram of steel. These discrepancies highlight the 
influence of database selection on the perceived effectiveness of the 
proposed structural designs. However, as depicted in Fig.  18, the overall 
trends and comparative benefits of the proposed approach remain 
consistent, with relative differences across scenarios being consistently 
maintained. Another important issue is the uncertainty arousing from 
the involvement of additional damping throughout the metastructures. 
Achieving a higher damping ratio not only leads to a more efficient 
use of materials but also significantly enhances CO2e savings, by re-
ducing the overall environmental footprint. However, further increases 
in damping can be realized through the integration or installation of 
additional damping elements, such as braces, dampers, viscoelastic 
components, and other specialized systems. These enhancements pro-
vide greater flexibility in the optimization of the structural performance 
while maintaining environmental sustainability. Clearly, these elements 
come with a CO2e that can vary depending on many factors. However, 
no accurate information on approximate associated carbon factor, or 
publicly available EPDs could be found. In addition, the variety of 
available solutions and approaches introduces major uncertainty. Thus, 
the CO2e reduction values without additional damping devices were 
mainly considered; and the additional CO2e savings clearly depend on 
the associated CO2e values associated to damping systems. Finally, it 
can be remarked that the proposed design approach, without any ad-
ditional damping device in the locally resonant metastructures, results 
in a reduction of 11.3% and 13.7% steel mass for the examined MRF 
and EBF buildings, respectively.

6. Conclusions and future perspectives

Design rules in structural codes, such as the Eurocodes and the 
ASCE, are highly generalized and simplified. In fact, the ease of use 
was one of the most important driver for their development. More-
over, apart from monetary optimization and societal risk acceptance 
with respect to life safety, they do not contain any account of ob-
jectives related to sustainability. Conversely, societal-risk approaches 
that include performance-based approaches and wave manipulation 
capabilities, facilitate a consistent way to identify reduced structural 
carbon footprint goals satisfying reliability. More specifically, coupled 
steel structures endowed with wave manipulation capabilities via fi-
nite locally resonant metamaterials, i.e. metastructures (LRMs), can be 
designed and optimized with the objectives of weight and subsequent 
carbon footprint reduction. In particular and to induce antiresonance, 
internal metastructures can be periodically distributed along the height 
of coupled (controlled) structures and vibrate in counterphase with the 
outer frame structures.

Along these lines, both the wave dispersion and attenuation prop-
erties of the proposed structural layout were analyzed in the frequency 
domain. Then, a design and multi-objective optimization procedure was 
developed for a coupled structure, targeting different seismic design 
limit states according to the performance-based seismic design method-
ology; in particular, hazards relevant to Immediate Occupancy (IO) and 
Life Safety (LS) were considered and controlled via interstory drifts. To 
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Fig. 16. Uncontrolled EBF structure results: (a) Maximum deformation for the hazard at the IO limit state; (b) Maximum deformation for the hazard at the LS limit state; (c) 
Distribution of maximum IDR values along the height.

Fig. 17. Coupled EBF structure results: (a) Maximum deformation under IO limit state; (b) Maximum deformation under LS limit state; (c) Maximum IDR values for each story.

Fig. 18. Estimated embodied CO2e reduction values for (a) the MRF building, (b) the EBF building and (c) percentage of CO2e reduction w.r.t. the original layout vs. the 
metastructure damping ratio.
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Table 6
Estimated CO2e reduction values for the Case Study 1: the 25-story MRF structure.
 Damp. Ratio Steel weight Total embodied carbon reduction
 Uncontrolled structure Coupled structure Reduction ICE DB WS 2022 BS AM HSS Mean Ratio 
 tons tCO2e %  
 0.02 6111.6 5420.3 −691.3 833.4 1320.4 587.6 656.8 849.6 11.3  
 0.03 6111.6 5180.3 −931.3 1122.7 1778.8 791.6 884.7 1144.4 15.2  
 0.05 6111.6 5009.3 −1102.3 1328.8 2105.4 937.0 1047.2 1354.6 18.0  
 0.07 6111.6 4857.7 −1253.9 1511.6 2395.0 1065.8 1191.2 1540.9 20.5  
 0.11 6111.6 4771.1 −1340.5 1616.0 2560.3 1139.4 1273.5 1647.3 21.9  
 0.13 6111.6 4771.0 −1340.6 1616.1 2560.6 1139.5 1273.6 1647.5 21.9  
 0.17 6111.6 4738.1 −1373.5 1655.7 2623.3 1167.4 1304.8 1687.8 22.5  
 0.20 6111.6 4704.0 −1407.6 1696.9 2688.5 1196.5 1337.2 1729.8 23.0  
Table 7
Estimated CO2e reduction values for the Case Study 2: the 20-story EBF structure.
 Damp. Ratio Steel weight Total embodied carbon reduction
 Uncontrolled structure Coupled structure Reduction ICE DB WS 2022 BS AM HSS Mean Ratio 
 tons tCO2e %  
 0.02 936.3 807.8 −128.5 154.9 245.4 109.2 122.1 157.9 13.7  
 0.05 936.3 779.0 −157.3 189.6 300.4 133.7 149.4 193.3 16.8  
 0.06 936.3 704.9 −231.4 278.9 441.9 196.7 219.8 284.3 24.7  
 0.07 936.3 694.5 −241.8 291.5 461.8 205.5 229.7 297.1 25.8  
 0.14 936.3 688.6 −247.7 298.5 473.0 210.5 235.3 304.3 26.5  
 0.18 936.3 685.4 −250.8 302.4 479.1 213.2 238.3 308.2 26.8  
evaluate the effectiveness of LRMs for optimum weight reduction, two 
case studies representing different steel frame layouts, i.e. a moment-
resisting frame (MRF) and an eccentrically braced frame (EBF) were 
considered. In addition, the internal LRMs have been enhanced with 
proportional damping, to explore the trade-off between structural steel 
mass savings and the addition of passive damping systems. Succes-
sively, the weight of the coupled structures was optimized as a function 
of the damping in the metastructures. The mass savings and the sub-
sequent embodied carbon reduction — approximatively ranged from 
11.3% to 23.0% and 13.7% to 26.8%, for the MRF and EBF structures, 
respectively, depending on the metastructure damping values.

Future research requires to incorporate more innovative steel frame 
layouts, w.r.t. the 2D frame analyzed above; in these situations, the 
metastructure design could benefit from the selected tuning of me-
chanical properties inherent in LRMs. Clearly, irregular floor plans, 
complex architectural designs, and multi-directional seismic inputs, 
require more elaborated optimization schemes to be implemented, 
demanding more computational power. In alignment with the modular 
construction, further focus can be put on modularity of the metas-
tructures together with standardization of designs, resulting in further 
reduction in material usage and CO2e. With more specific cases ana-
lyzed, a more comprehensive assessment of carbon emissions through-
out the entire life cycle will be possible, including those associated 
with transportation and maintenance. These advancements would fur-
ther enhance both the structural performance and sustainability of 
controlled systems.
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Appendix

Owing to the symmetry of both the steel moment-resisting frame 
structure and eccentrically braced frame structure, only the cross-
sections of half of the spans were selected during the optimization 
process. In particular, the steel element sections are labeled in Tables 
A.1 and A.2 based on their locations from left to right; for instance, 
Beam #n, where n represents the element’s position. The beam and col-
umn elements of each internal metastructure are labeled with ‘‘meta’’ 
as a suffix. For the eccentrically braced frame systems, the length 
ratio of the link-beam to the bay length and the structural brace has 
also been considered as a parameter to be optimized. The detailed 
results for sections and damping ratios 𝜉𝑚𝑒𝑡𝑎 of both structural systems 
are presented in Tables  A.1 and A.2, respectively. The eight and six 
optimized cases in the aforementioned tables correspond to the data 
presented in Fig.  8 and in Fig.  14, respectively.

The mass ratio is calculated as the total mass of all five metastruc-
tures divided by the total mass of the entire coupled structure, with 
results for MRF and EBF structures under varying metastructure inher-
ent damping ratios summarized in Table  A.3. The maximum relative 
displacements of the metastructure floors and outer frame floors for 
the coupled structures are provided in Table  A.4. Table  A.5 presents 
a comparison of the dynamic characteristics of the metastructure and 
the coupled structure, along with the connecting stiffness values for the 
metastructures. 
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Table A.1
Optimization results for the MRF structures.
 Structural type Total mass (tons) 𝜉𝑚𝑒𝑡𝑎 Beam#1 Beam#2 Beam#3 Beam#4 Column#1 Column#2 Column#3 Column#4 Column#5  
 Uncontrolled structure 6111.6 – HE600 × 174 HE550A HE800B HE240M TUBO500 × 500 × 25 TUBO500 × 500 × 30 TUBO400 × 400 × 22.2 TUBO500 × 500 × 40 TUBO340 × 340 × 25   Coupled structure #1 5420.3 0.02 HE600 × 151 HE700A HE300B HE700B TUBO500 × 500 × 25 TUBO500 × 500 × 30 TUBO380 × 380 × 22.2 TUBO340 × 340 × 40 TUBO340 × 340 × 20   Coupled structure #2 5180.3 0.03 HE700 × 166 HE450M HE700M HE320B TUBO500 × 500 × 25 TUBO500 × 500 × 30 TUBO340 × 340 × 20 TUBO360 × 360 × 28 TUBO340 × 340 × 20   Coupled structure #3 5009.3 0.05 HE700 × 166 HE700A HE450A HE400A TUBO500 × 500 × 25 TUBO500 × 500 × 30 TUBO360 × 360 × 25 TUBO360 × 360 × 25 TUBO300 × 300 × 28   Coupled structure #4 4857.7 0.07 HE600 × 151 HE650B HE450 × 123 HE360B TUBO500 × 500 × 25 TUBO500 × 500 × 30 TUBO400 × 400 × 22.2 TUBO320 × 320 × 22.2 TUBO340 × 340 × 28   Coupled structure #5 4771.1 0.11 HE600 × 151 HE600 × 151 HE600A HE450A TUBO500 × 500 × 25 TUBO500 × 500 × 30 TUBO380 × 380 × 20 TUBO400 × 400 × 22.2 TUBO340 × 340 × 20   Coupled structure #6 4771.0 0.13 HE700 × 166 HE600 × 151 HE400A HE450 × 123 TUBO500 × 500 × 25 TUBO500 × 500 × 30 TUBO380 × 380 × 22.2 TUBO380 × 380 × 25 TUBO360 × 360 × 22.2  Coupled structure #7 4738.1 0.17 HE600 × 151 HE700 × 166 HE600A HE450 × 123 TUBO500 × 500 × 25 TUBO500 × 500 × 30 TUBO360 × 360 × 25 TUBO340 × 340 × 25 TUBO360 × 360 × 20   Coupled structure #8 4704.0 0.20 HE600 × 151 HE650A HE600A HE300B TUBO500 × 500 × 25 TUBO500 × 500 × 30 TUBO320 × 320 × 25 TUBO340 × 340 × 25 TUBO360 × 360 × 20
 Structural type Total mass (tons) 𝜉𝑚𝑒𝑡𝑎 Beammeta #1 Beammeta #2 Beammeta #3 Columnmeta #1 Columnmeta #2 Columnmeta #3 Columnmeta #4  
 Uncontrolled structure 6111.6 – – – – – – –    Coupled structure #1 5420.3 0.02 HE450 × 123 HE700A HE280M TUBO400 × 400 × 30 TUBO500 × 500 × 25 TUBO360 × 360 × 20 TUBO340 × 340 × 17.5  Coupled structure #2 5180.3 0.03 HE450 × 123 HE700 × 166 HE700 × 166 TUBO140 × 140 × 14.2 TUBO340 × 340 × 17.5 TUBO500 × 500 × 25 TUBO300 × 300 × 20   Coupled structure #3 5009.3 0.05 HE400M HE400 × 107 HE300A TUBO240 × 240 × 12.5 TUBO500 × 500 × 25 TUBO380 × 380 × 20 TUBO340 × 340 × 20   Coupled structure #4 4857.7 0.07 HE320A HE700A HE200M TUBO280 × 280 × 16 TUBO500 × 500 × 25 TUBO340 × 340 × 17.5 TUBO360 × 360 × 20   Coupled structure #5 4771.1 0.11 HE180M HE650A HE450A TUBO140 × 140 × 10 TUBO340 × 340 × 25 TUBO450 × 450 × 25 TUBO320 × 320 × 17.5  Coupled structure #6 4771.0 0.13 HE600 × 137 HE360A HE450 × 123 TUBO260 × 260 × 16 TUBO450 × 450 × 25 TUBO340 × 340 × 20 TUBO320 × 320 × 22.2  Coupled structure #7 4738.1 0.17 HE360A HE600A HE300B TUBO200 × 200 × 12.5 TUBO380 × 380 × 28 TUBO380 × 380 × 22.2 TUBO320 × 320 × 20   Coupled structure #8 4704.0 0.20 HE360A HE500A HE600 × 137 TUBO180 × 180 × 14.2 TUBO380 × 380 × 20 TUBO400 × 400 × 22.2 TUBO340 × 340 × 20  
Table A.2
Optimization results for the EBF structures.
 Structural type Total mass (tons) 𝜉𝑚𝑒𝑡𝑎 Beam #1 Beam #2 Beam #3 Column #1 Column #2 Column #3 Column #4  
 Uncontrolled structure 936.3 – W21 × 44 W33 × 118 W12 × 44 W12 × 58 W24 × 146 W12 × 96 W14 × 48  
 Coupled structure #1 807.8 0.02 W24 × 55 W33 × 118 W14 × 61 W12 × 58 W40 × 211 W21 × 111 W12 × 58  
 Coupled structure #2 779.0 0.05 W12 × 19 W24 × 62 W21 × 57 W12 × 50 W30 × 173 W24 × 131 W14 × 74  
 Coupled structure #3 704.9 0.06 W12 × 22 W24 × 62 W24 × 62 W12 × 45 W33 × 354 W21 × 122 W10 × 39  
 Coupled structure #4 694.5 0.07 W14 × 26 W18 × 35 W30 × 90 W12 × 50 W33 × 201 W24 × 131 W10 × 45  
 Coupled structure #5 688.6 0.14 W6 × 16 W30 × 124 W18 × 40 W21 × 73 W30 × 191 W24 × 131 W10 × 39  
 Coupled structure #6 685.4 0.18 W12 × 22 W16 × 50 W18 × 60 W12 × 45 W40 × 277 W12 × 96 W27 × 129  
 Structural type Total mass (tons) 𝜉𝑚𝑒𝑡𝑎 Beammeta #1 Beammeta #2 Columnmeta #1 Columnmeta #2 Columnmeta #3 Brace Link length ratio 
 Uncontrolled structure 936.3 – – – – – – W10 × 49 0.1055  
 Coupled structure #1 807.8 0.02 W33 × 152 W18 × 40 W16 × 67 W21 × 101 W24 × 68 W10 × 39 0.1039  
 Coupled structure #2 779.0 0.05 W30 × 124 W27 × 84 W16 × 77 W21 × 111 W10 × 100 W18 × 60 0.1162  
 Coupled structure #3 704.9 0.06 W24 × 55 W24 × 68 W21 × 62 W21 × 101 W14 × 43 W12 × 50 0.2057  
 Coupled structure #4 694.5 0.07 W24 × 62 W21 × 50 W24 × 76 W24 × 117 W12 × 40 W16 × 50 0.1244  
 Coupled structure #5 688.6 0.14 W24 × 68 W24 × 62 W18 × 86 W21 × 111 W8 × 28 W8 × 31 0.1287  
 Coupled structure #6 685.4 0.18 W21 × 101 W18 × 35 W24 × 76 W21 × 101 W18 × 60 W10 × 45 0.1680  
Table A.3
Mass ratio of the metastructure over the coupled structure.
 Structural type 𝜉meta Metastructure 

total mass (t)
Coupled structure 
total mass (t)

Mass ratio (%) 

 

MRF structure

0.02 23561.60 70094.25 33.61  
 0.03 22792.95 69824.25 32.64  
 0.05 22951.71 69641.73 32.96  
 0.07 22881.83 69461.28 32.94  
 0.11 22762.44 69386.04 32.81  
 0.13 22742.24 69353.10 32.79  
 0.17 22705.79 69341.76 32.74  
 0.20 22633.16 69295.14 32.66  
 

EBF structure

0.02 2775.17 7969.36 34.82  
 0.05 2898.27 7935.76 36.52  
 0.06 2730.34 7849.31 34.78  
 0.07 2763.90 7837.22 35.27  
 0.14 2708.55 7830.34 34.59  
 0.18 2750.73 7826.21 35.15  
Table A.4
Relative displacement between metastructure floors and outer frame floors.
 Structural type 𝜉meta Relative displacement (mm) 
 

MRF structure

0.02 73.7  
 0.03 71.3  
 0.05 53.7  
 0.07 40.0  
 0.11 18.7  
 0.13 57.0  
 0.17 45.0  
 0.20 44.6  
 

EBF structure

0.02 17.2  
 0.05 28.1  
 0.06 14.3  
 0.07 17.2  
 0.14 11.8  
 0.18 12.8  
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Table A.5
Dynamic characteristics of the uncontrolled structures and coupled structures.
 Structural type 𝜉meta Metastructure connecting 

stiffness (103 kN/m)
Metastructure frequency (Hz) Structural first threes 

frequencies (Hz)
 

 MRF uncontrolled structure – – – 0.16, 0.49, 0.87  
 

MRF coupled structure

0.02 109.17 3.25 0.16, 0.48, 0.83  
 0.03 81.21 2.85 0.15, 0.47, 0.81  
 0.05 85.25 2.91 0.15, 0.46, 0.80  
 0.07 80.39 2.83 0.14, 0.43, 0.75  
 0.11 63.91 2.53 0.14, 0.43, 0.73  
 0.13 70.06 2.65 0.14, 0.44, 0.75  
 0.17 59.78 2.45 0.14, 0.43, 0.72  
 0.20 60.57 2.47 0.14, 0.43, 0.73  
 EBF uncontrolled structure – – – 0.82, 2.71, 4.46  
 

EBF coupled structure

0.02 468.92 17.31 0.81, 2.61, 4.90  
 0.05 676.64 20.35 0.75, 2.51, 4.74  
 0.06 456.72 17.22 0.71, 2.26, 4.20  
 0.07 554.63 18.86 0.71, 2.28, 4.30  
 0.14 385.50 15.89 0.69, 2.27, 4.23  
 0.18 458.90 17.20 0.69, 2.18, 4.08  
Data availability

Data will be made available on request.
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