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Editorial

Monitoring and Control of Structural Vibrations

Felix Weber

Maurer Switzerland GmbH, Grossplatzstrasse 24, 8118 Pfaffhausen, Switzerland; f.weber@maurer.eu

Monitoring and control of structural vibrations are crucial to ensure structural safety
and vibration comfort of civil engineering structures, such as buildings, bridges, tunnels,
antennas, stadia etc. [1,2]. Structures may vibrate due to earthquakes [3], wind [4], traffic [5],
and pedestrians [6]. The associated loading models are needed to accurately describe the
impacts of the different excitation mechanisms on the dynamics of civil structures. The
resulting structural vibrations are often measured using accelerometers, as these sensors
do not require a reference point, unlike, for example, displacement transducers. However,
modern monitoring systems are enriched by displacement transducers, velocity sensors
(geophones), strain gauges, etc., to directly measure the states of interest [7]. The classical
approach is to wire the sensors with the data recorder and to activate the acquisition of
the raw or slightly lowpass filtered data based on trigger levels. Another approach is
to use the sensors as so-called nodes, where some of the post-processing is conducted,
and the states of interest, rather than the raw data, are wirelessly sent from node to node
and eventually to the data recorder to avoid wiring [8]. These sensor networks may be
preferable when wiring is difficult and the states of interest are clear. The wiring of sensors
should occur when the full information of the sensor signals is of interest. In a subsequent
step, the analysis of the measurement data in terms of amplitudes and frequencies or
model updating techniques to identify structural parameters may be used for the model-
based design of structural dampers, isolators, and vibration compensators, as well as
for structural health monitoring [9,10]. This complements the further development of
hydraulic and steel hysteretic dampers, curved surface sliders and lead rubber bearings,
and tuned mass dampers [11,12]. These vibration dampers, isolators, and compensators
can be passive, semi-active, or active, of which, the semi-active solutions combine the
advantages of enhancing the resulting vibration reduction and requiring less power [13].
In the fields of measurement data analysis and structural health monitoring, the goal is to
derive a digital twin of the structure to predict or estimate fatigue and damage [14].

This Special Issue presents current research in these fields. Structural vibration moni-
toring is addressed by Gadiraju et al., who describe a holistic modular structural health
monitoring system for bridges. Amarantidou et al. investigate the strengthening of existing
masonry structures against seismic excitation, considering soil–structure interaction, which
is a realistic situation for many existing buildings. The research of Kodakkal et al. focuses
on the question of how the modelling approach of tall buildings under wind excitation
influences the prediction of the resulting storey accelerations, which is crucial for deciding
whether a tuned mass damper is needed. In the contribution of Hogsberg, the tuning and
efficacy of a tuned mass damper with an inerter is discussed, to better understand the
impact of the inerter on the dynamics of the damper. Wang et al. analyse the loading of
long-span bridges due to congested traffic using a probabilistic modelling approach, to
take into consideration the random nature of this type of excitation. The semi-active tuned
mass damper based on a real-time controlled semi-active damper, presented by Maslanka,
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is a further development of the semi-active tuned mass dampers of the Volgograd Bridge
and represents the optimum solution of this semi-active control approach.

This Special Issue is enriched by two review articles. Dharmajan and Al Hamaydeh
review the behaviour of steel–concrete composite structures under seismic loading con-
ditions, and Katsimpini et al. provide a general overview of the state of art of structural
control systems and identify gaps for future research.

After approximately two years, the Special Issue on “Vibration Monitoring and Control
of the Built Environment” is now closed. It contributes to the documentation of recent
advances in the fields of vibration monitoring and control and may motivate further
research and development.
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Abstract

Bridge health monitoring is critical for infrastructure safety, especially with the growing
deployment of IoT sensors. This work addresses the challenge of securely storing large
volumes of sensor data and extracting actionable insights for timely damage detection. We
propose BIONIB, a novel framework that combines an unsupervised machine learning
approach called the Novelty Index (NI) with a scalable blockchain platform (EOSIO) for
secure, real-time monitoring of bridges. BIONIB leverages EOSIO’s smart contracts for
efficient, programmable, and secure data management across distributed sensor nodes.
Experiments on real-world bridge sensor data under varying loads, climatic conditions,
and health states demonstrate BIONIB’s practical effectiveness. Key findings include CPU
utilization below 40% across scenarios, a twofold increase in storage efficiency, and accept-
able latency degradation, which is not critical in this domain. Our comparative analysis
suggests that BIONIB fills a unique niche by coupling NI-based detection with a decen-
tralized architecture, offering real-time alerts and transparent, verifiable records across
sensor nodes.

Keywords: blockchain; IoT; bridge health; structural health monitoring

1. Introduction

Bridge health monitoring is an essential component of infrastructure maintenance,
particularly as aging transportation networks require constant evaluation to ensure safety
and performance. With the advancement of Internet of Things (IoT) technologies, it
has become possible to collect continuous, real-time sensor data from bridges, enabling
data-driven structural health monitoring (SHM) [1–3]. However, this abundance of data
introduces critical challenges in terms of secure storage, efficient processing, and timely
detection of structural anomalies. Traditional centralized data handling approaches face
limitations in ensuring data integrity, scalability, and real-time decision-making [4].

Recent developments in blockchain technology offer promising solutions to these is-
sues. Due to their decentralized, tamper-resistant architecture, blockchains provide a secure
framework for recording and sharing high-frequency sensor data. When combined with
smart contracts, blockchains can enable programmable, automated responses to structural
health events [5–7]. Despite their advantages, blockchains have seen limited integration
with lightweight, unsupervised SHM techniques that are suitable for deployment on edge
devices. Existing works typically rely on heavyweight models, such as deep learning archi-
tectures, which are not optimized for real-time performance in constrained environments.

Appl. Sci. 2025, 15, 10542 https://doi.org/10.3390/app151910542
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To address this gap, we propose BIONIB: Blockchain-based IoT using Novelty Index
in Bridge Health Monitoring. BIONIB integrates a lightweight, unsupervised anomaly
detection technique—the Novelty Index (NI)—with the high-throughput EOSIO blockchain
platform. This integration enables secure storage, decentralized processing, and real-time
alerting based on structural health conditions. Unlike prior SHM systems, BIONIB avoids
storing raw time-series data and instead computes a compact NI representation from
sensor streams, significantly improving storage and retrieval efficiency. EOSIO’s parallel
processing capabilities are leveraged to scale the system across a large number of sensors
and bridge sites.

The main contributions of this work can be summarized as follows:

• We propose a scalable blockchain-based framework utilizing the EOSIO platform to
efficiently manage and analyze IoT sensor data in bridge health monitoring. This
system ensures secure and transparent storage, integrity, and traceability of structural
data across distributed networks.

• We integrate a smart contract system that ingests NI values in real time and auto-
matically triggers alerts when a threshold is crossed. This design enables prompt
identification of unhealthy bridge states without relying on centralized infrastructure.

• By storing only NI values rather than full time-series sensor data, BIONIB achieves
an over 99.9% data reduction, improving blockchain storage efficiency and lowering
transaction overhead.

• We evaluate the scalability and efficiency of BIONIB under varying numbers of IoT
sensors and blockchain nodes. Results show that throughput scales linearly while
CPU utilization remains stable below 40%, validating the system’s robustness and
suitability for large-scale SHM deployments.

The remainder of this article is organized as follows. Section 2 reviews related
work in SHM, IoT, and blockchain integration. Section 3 presents the network archi-
tecture of the proposed system. Section 4 discusses the data collection process and NI
calculation. Section 5 details the BIONIB algorithm and smart contract implementation.
Section 6 reports performance evaluation results. Section 7 outlines a discussion of chal-
lenges and advantages of the proposed approach. Finally, Section 8 concludes the paper
and outlines directions for future work.

A preprint of this work is available on arXiv (https://arxiv.org/abs/2402.14902)
(accessed on 25 September 2025.).

2. Related Work

Blockchains have recently become popular in the IoT, healthcare, smart-grid, supply-
chain, and many other fields for their immutability, secure storage, and decentralization [8].
Many studies have been conducted concentrating on the applications of blockchains for
specific IoT sensors and tasks [9]. In this section, we present a review of the literature
related to our research.

2.1. IoT Based Blockchain

In [5], a survey is presented showing various applications of blockchains in IoT.
The survey [5] also focuses on the challenges posed by the current centralized IoT models,
and recent advances made both in industry and research to solve these challenges for
effectively using blockchains to provide a decentralized, secure medium for the IoT. The use
of blockchains in Industry 4.0 is presented in [10]. The merits and demerits of traditional
security solutions in blockchains are discussed in comparison to their countermeasures and
a comparison is provided [10]. Various consensus protocols like sharding [11,12] are used
in IoT-based blockchains. Recent works focus on using various deep learning and scaling
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algorithms for blockchains for IoT applications [13–15]. These protocols demonstrate the
usability of the blockchain consensus algorithms in the domain of IoT.

2.2. SHM

The evaluation of bridge health is explored through the analysis of bridge survey data
as detailed in [16,17]. In [6], the recent progress of the SHM technology is reviewed for
long-span bridges. In addition to the data analysis and condition assessment including
techniques on modal identification, methods on signal processing, and damage identi-
fication, a case study of a SHM system of a long-span arch bridge is discussed. The
authors of [1] conducted a detailed literature review of recent applications of smartphones,
UAVs, cameras, and robotic sensors for structural condition monitoring and maintenance.
The work in [18] employs a nondestructive evaluation test with statistical confidence
and uses time-series analysis instead of frequency-domain monitoring. The work in [19]
discusses partial-model-based damage identification.

The damage detection tool developed in [20,21] utilizes unsupervised machine learn-
ing, specifically the Novelty Index (NI), to detect damage in bridges using data from
full-scale mock-up tests. The method was validated using field data and shows promise as
a robust tool for damage detection. The NI calculation method employed in this study is
based on the approaches detailed in [20,21], which compare the NI with alternative damage
detection techniques and highlight its advantages as a compact, sensitive damage indicator.
Readers are encouraged to consult these sources for a comprehensive understanding of NI
methodology and its performance characteristics. Further discussion of the NI technique is
provided in later sections.

2.3. Blockchain in SHM

The work in [22] combines IoT and blockchain-based smart contracts for SHM of
underground structures to create an efficient, scalable, and secure network that enhances
operational safety. The authors of [23] propose a conceptual framework to integrate
vibration-based methods and blockchain for more reliable and efficient structural dam-
age detection. The system in [4] is a blockchain network for SHM, with smart contracts
for health monitoring on the Ethereum private chain for verifying authority, detecting
structural damage, generating alerts, securing data, and allowing for traceability queries.
In [7], sensors record monitoring information such as pressure points, temperature, and pre-
tension force. This data is transmitted to a blockchain platform that classifies transac-
tion criticality and securely stores the information. The authors of [24] use consortium
blockchain for distributed storage, security, and traceability.

2.3.1. Why EOSIO for IoT SHM?

In [25], the authors collect and process up-to-date on-chain data from EOSIO. EO-
SIO achieves a significant improvement in performance when compared to Bitcoin and
Ethereum [25] since it generates more blocks and hence provides more transactions per
second. In [26], the authors analyzed the network traffic of three major high-scalability
blockchains (EOSIO, Tezos, and XRP Ledger) for seven months and found that a small
portion of transactions are used for value transfer purposes. About 96% of the transactions
on EOSIO were triggered by the airdrop of a valueless token [26].

The authors of [27] propose EOSAFE, which is a static analysis framework that detects
vulnerabilities in EOSIO smart contracts at the bytecode level and analyze EOSIO smart
contracts against attacks. In [28], a systematic analysis is conducted on the decentralization
of DPoS with data from blocks in EOSIO, the first DPoS-based blockchain system, and char-
acterize the decentralization into two phases, block producer election, and block production.
The method in [29] can record the events that occur in multiple industrial robotic arms by
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deploying a smart contract in the EOSIO blockchain. The authors of [30] analyzed attacks
on EOSIO and found vulnerabilities in its components and outlined effective mitigations
and best practices for researchers.

Our selection of EOSIO was based on the presence of a well-supported research
community and a rigorous security analysis. Additionally, EOSIO offers exceptional
scalability, making it suitable for IOT based SHM.

2.3.2. Comparison with Central Storage

IoT data is traditionally stored on a central server. Blockchains are particularly useful
due to their better decentralization, security, and tamper resistance properties [31]. Storage
efficiency refers to the effective storage and management of data over time. EOSIO [30]
is one of the emerging blockchains that offers scalability and flexible operability for our
implementation. In EOSIO, the storage efficiency is impacted by factors such as the number
of nodes, smart contracts, and additional metadata. Conversely, centralized storage is
not dependent on the number of nodes. The EOSIO blockchain’s storage efficiency scales
linearly with the number of nodes, making it more advantageous [30]. The time it takes
to retrieve data in a blockchain network, known as data retrieval time, is influenced by
the number of nodes, and the time data takes to propagate between nodes. The scalability
of a blockchain network depends on its ability to handle a growing number of nodes and
transactions while maintaining high performance. In contrast, the scalability of centralized
storage is limited by the capacity of the central server. The EOSIO blockchain is highly
scalable and can efficiently handle a larger network size, particularly when it comes
to transaction processing [32]. Blockchain technology is highly secure and resistant to
malicious activities due to its decentralized and immutable nature. It offers superior
protection against security breaches and tampering compared to centralized systems.

2.4. Comparative Analysis of Structural Health Monitoring Approaches

To further contextualize the contribution of BIONIB, we provide a comparative anal-
ysis with existing structural health monitoring (SHM) approaches. While many recent
studies have explored anomaly detection in sensor data using machine learning or signal
processing techniques, few integrate these with blockchain technologies to ensure data
traceability, integrity, and decentralized automation.

Table 1 summarizes key differences across various methods. Specifically, we compare
BIONIB to the following:

• A deep autoencoder-based method using one-class SVM [33].
• A clustering-based technique using density-peak methods [34].
• Traditional SHM systems (e.g., threshold-based or rule-based) without blockchain [6].

The BIONIB framework offers several distinct advantages. First, it achieves real-time
alerting using a lightweight unsupervised method (Novelty Index) [21], while maintaining
low computational cost. Second, it integrates EOSIO smart contracts to ensure immutability
and traceability of health indicators. In contrast, methods like deep autoencoders or
clustering typically require significant post-processing and lack mechanisms for secure,
decentralized data storage.

BIONIB also demonstrates high scalability and consistent CPU usage even under
increased node or sensor load, benefiting from EOSIO’s parallel processing capabilities.
While other studies have introduced blockchains into SHM, such as Ethereum-based
systems [4], they often suffer from low throughput and limited integration with lightweight
models. BIONIB addresses this by using EOSIO, which is optimized for high-frequency
IoT data streams.

7
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Table 1. A brief comparison of BIONIB with Other SHM Approaches.

Feature BIONIB (This Work)
Deep Autoencoder +
One-Class SVM [33]

Density-Peaks
Clustering [34]

Traditional SHM
(No Blockchain) [6]

Damage
Detection Approach Novelty Index (NI) Autoencoder +

One-Class SVM
Unsupervised

Clustering
Rule-based
or threshold

Damage Localization Sensor-level
(threshold) Yes Yes Limited

Blockchain
Integration

EOSIO (C++
smart contracts) Not used Not used Not used

Real-Time Alerting Yes Often post-processed Post-processed Rare

Data Integrity
and Security

High
(blockchain-based) Low Low Low

Scalability
and Traceability High Medium Medium Low

The integration of blockchain technology with SHM represents a significant advance-
ment in ensuring the integrity, security, and reliability of bridge monitoring data. As demon-
strated in Table 1, BIONIB leverages the EOSIO blockchain platform to provide superior
data integrity and security compared to traditional approaches. Unlike conventional SHM
methods that rely on centralized storage systems vulnerable to tampering and unauthorized
access, BIONIB’s blockchain-based approach ensures that sensor data remains immutable
and transparent [4]. Furthermore, the use of the Novelty Index (NI) in BIONIB offers
advantages over other machine learning approaches like deep autoencoders with one-
class SVM and density-peaks clustering. While these alternative methods can effectively
detect structural anomalies, they often require significant computational resources and
post-processing time, limiting their real-time alerting capabilities [21]. BIONIB addresses
these limitations by combining the NI algorithm with EOSIO’s parallel processing capabil-
ities, enabling efficient real-time monitoring even with an increasing number of sensors
and blockchain nodes. The experimental results from the implementation demonstrate
that BIONIB maintains consistent CPU usage regardless of network size, highlighting its
scalability advantages for large-scale bridge monitoring deployments [14].

3. Network Architecture

In this section, we will explain the EOSIO consensus used for our implementation.
Later, we will discuss the EOSIO protocol with smart contracts. Figure 1 shows the network
architecture of bridge monitoring with sensors and a blockchain. Consider N number of
block producer nodes and k accounts created. The blockchain layer has the EOSIO accounts
and the block producer nodes, which confirm the input transactions into the blocks on
the blockchain. For better understanding, EOSIO producer nodes are shown in the edge
computing layer but they are also a part of the blockchain layer. Let s be the number of
strain sensors collecting the data on every bridge. Each bridge sensor transmits its data to
the edge computing layer which consists of the block producer nodes who calculate the NI
from the received sensor data. These novelty indices are given to the EOSIO accounts who
initiate a smart contract. The deployed smart contracts then output the actions, which are
the transactions (containing novelty indices), which after EOSIO consensus are added to
the blockchain.
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Figure 1. Network architecture illustrating the integration of blockchain technology with IoT sensors
for real-time bridge health monitoring. The system ensures secure data collection, processing,
and immutable storage across distributed nodes.

EOSIO Consensus

EOSIO [28,35] is a blockchain protocol designed to empower the development and
deployment of decentralized applications (DApps) with a focus on scalability, flexibility,
and user-friendliness. EOSIO is a blockchain platform that uses a Delegated Proof-of-Stake
(DPoS) consensus mechanism. The consensus mechanism has two distinct components:
producer voting and scheduling, which is executed by the DPoS layer 2, and block pro-
duction and validation, which is carried out by the native consensus layer 1. Additionally,
EOSIO uses asynchronous Byzantine Fault Tolerance (aBFT) in Layer 1 to ensure safety
and consistency in the validation process. In Delegated Proof-of-Stake (DPoS), a small
group of elected nodes, called block producers, are responsible for verifying transactions
and adding blocks to the blockchain. Compared to the traditional Proof-of-Work (PoW)
consensus mechanism, this design improves scalability and transaction throughput. EOSIO
uses parallel processing, allowing multiple transactions to be processed at the same time,
resulting in increased transaction speed and efficiency. It is ideal for applications that
require high performance and low latency. Additionally, EOSIO introduces a resource
model that includes bandwidth, computation, and storage.

Layer 1 uses Asynchronous Byzantine Fault Tolerance (aBFT), an advanced consensus
algorithm, to validate blocks produced by elected producers and record them on the
blockchain permanently. The layer ensures that each block is signed by the corresponding
producer by utilizing the proposed schedule of producers from Layer 2. To ensure byzantine
fault tolerance, this layer follows a two-stage block confirmation process, where each block
must be confirmed twice by a two-thirds supermajority of producers from the currently
scheduled set. The layer proposes a Last Irreversible Block (LIB) in the first stage, and the
proposed LIB is confirmed as final in the second stage, making the block irreversible.
Additionally, any changes made to the producer schedule are notified at the beginning
of every schedule round. The EOSIO consensus mechanism attains algorithmic finality,
a departure from the probabilistic finality characteristic of Proof-of-Work models. Active
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producers on the EOSIO blockchain use signatures to validate each block. The schedule
determines authorized signers for each block at specific time slots. Smart contracts can alter
the schedule, but changes are implemented only after the block has undergone two stages
of confirmation. EOSIO smart contracts allow us to define specific rules and conditions for
transactions. In the proposed approach for bridge health monitoring, EOSIO blockchain
integration involves deploying smart contracts to handle the secure storage of real-time
IoT data and execute predefined logic for data analysis. This incorporation enhances the
overall security, transparency, and efficiency of the bridge health monitoring system.

4. Data Collection and Analysis

4.1. Collection of Data

Field tests were conducted at the Midwest Roadside Safety Facility (MwRSF) to evalu-
ate barrier performance during vehicle impacts on a bridge deck mock-up. The authors
of [20] measured the bridge’s response to vehicle loads at different speeds and under vari-
ous levels of damage before and after the crash test. Figures 2 and 3 show a cantilevered
bridge deck with a concrete barrier at the end. It comprises a grade beam, deck, barrier,
and overlay. The mock-up mimics a real bridge. The grade beam replicates a girder, and the
design matches realistic forces. The overhang and barrier meet AASHTO’s and NCHRP’s
design specifications. The bridge deck had 40 BDI strain transducers placed across its width
at eight locations. Each section was equipped with two longitudinal and three transverse
strain sensors, out of which, 24 sensors were used for the study. Figure 3 illustrates the
locations of the sensors on one half of the bridge. The other half of the bridge follows the
same sensor placement. The proposed damage detection method for a bridge was tested
using a pickup truck and a dump truck. The bridge was tested in different conditions,
with the pickup truck traveling at different speeds, while the dump truck moved slowly,
both empty and loaded. The initial tests were carried out on the bridge in its original state,
followed by tests with different levels of damage. Strain data were collected for each test,
and the damage scenarios were designed to mimic real-world situations.

Figure 2. Sensors installed on the underside of the bridge deck for structural health monitoring.
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Figure 3. Illustrationof half of the bridge showing deployed sensors, including measurements, rail,
and reinforced concrete beam. The other half follows the same sensor pattern.

4.2. Novelty Index Calculation

In this work we use NI calculations based on [20,21]. To detect damage, features are
extracted from response data. Linear modal properties like resonant frequencies and mode
shape curvatures are used to fit a linear, dynamic model to both healthy and damaged
structure data. However, these features have limitations, such as being unable to detect
nonlinear changes in system response and being influenced by environmental conditions.
Recent research has focused on developing damage-sensitive features such as novelty anal-
yses using Singular Value Decomposition (SVD), and Independent Component Analysis
(ICA). These features transform measured, nonlinear response data into low-dimensional
features, serving as damage indicators and input parameters for novelty indices. SVD
and ICA offer computational simplicity compared to traditional vibration modes. It is
important to note that strain transducers were used for live load response measurement
and Operational Modal Analysis (OMA) was not utilized. SVD can be applied to both
linear and nonlinear systems and is robust to measurement noise, while ICA is a potential
alternative known for data reduction and handling measurement noise effectively. Proper
Orthogonal Decomposition (POD) generates orthonormal vectors ordered by importance.
It has an intuitive link with PCA, which transforms correlated variables into principal
components. In PCA used for POD, the first POM captures the most variability in the
data. SVD and Karhunen–Lo‘eve Decomposition (KLD) are other POD techniques. Nu-
merically, PCA and SVD provide similar results. SVD was chosen to develop POMs in
this study, but PCA could also be used. Then we use datasets from bridge mock-ups,
where U = [u1, u2, · · · , uns] represents snapshot matrices of vehicle passage data. The SVD
of these matrices allows for the extraction of damage features, represented as U = LΣR,
where L, Σ, and R are orthonormal matrices. The first Proper Orthogonal Mode (POM), φ1,
contains information relevant to the presence of structural damage and is used as one of
the damage features.

This work in [20] proposes a detection framework to differentiate between healthy
and damaged states in bridge response data from vehicle passages. Figure 4 shows how NI
summarizes the state of the bridge based on bridge sensor data samples. The experiment is
conducted initially on a healthy bridge and then on an unhealthy bridge. The scatter plot
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shows the clustering of NIs calculated from the strain transducers. In Figure 4, H represents
the healthy bridge state without any damages. The damage levels D1, D2, and D3 are the
bridge condition after introducing damage to the structure. The damage levels are in the
increasing order of their severity. The concrete bridge deck is saw-cut to introduce the
three damage levels as described in [21]. The damage level D3 is a complete saw cut deck
damage and hence the NI is closer to 1. However, even at D3 the bridge has not completely
failed and we could conduct the experiments with load on the bridge. NI is calculated first,
and the feature extraction is performed using SVD. Then healthy feature vectors, denoted
by h are stored. Next, we calculate the healthy feature vector mean for POM

χ̄ =
Σh

i=1χi

h
. (1)

After this, we calculate N i for each data set with a Euclidean norm

N i = ||χi − χ̄||. (2)

The detailed procedure of the usage of NI in BIONIB is explained in the subsequent sections.

Figure 4. Novelty Index (NI) values plotted for collected data points across four conditions: Healthy
(H) and three damage levels (D1, D2, D3).

5. Proposed Approach: BIONIB

5.1. EOSIO Integration with IoT Data

BIONIB utilizes EOSIO, a secure, transparent, and decentralized platform to store and
access NI data from IoT sensors. This ensures data integrity and immutability while facilitat-
ing efficient data management and analysis. Bridge IoT sensors collect measurement data,
such as strain from bridges. This data is transmitted to a blockchain system for processing
and analysis. The collected data undergoes processing to extract relevant features and
calculate an NI. Feature extraction technique, SVD is used to extract information from the
sensor data. The NI is calculated based on the extracted features to assess the deviation or
abnormality of the bridge’s condition from a baseline. A smart contract is developed using
the EOSIO Contract Development Toolkit (EOSIO.CDT) [36]. The smart contract includes
actions and data structures necessary for adding and retrieving NI data to and from the
blockchain. The compiled smart contract is deployed to the EOSIO blockchain using a
deployment transaction. This transaction specifies the account deploying the contract.
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Once deployed, users can interact with the smart contract by invoking its actions. An
action within the smart contract is created to add the NI data to the blockchain. This action
includes parameters such as the bridge identifier and the calculated NI. The smart contracts
are invoked and the action adds the NI data to the blockchain by sending a transaction.
The transaction is processed by EOSIO nodes in the network, validated, and included
in a block by block producers through the consensus mechanism. Once included in a
block and confirmed by subsequent blocks, the transaction becomes immutable and part
of the blockchain’s permanent record. Users, applications, or external systems can query
the blockchain to retrieve NI data stored by the smart contract. EOSIO APIs enable easy
access and transparency to stored data. Nodeos handles the blockchain data persistence
layer, peer-to-peer networking, and contract code scheduling. The command ‘cleos’ is a
command line tool that interfaces with the REST APIs exposed by nodeos.

Using a smart contract has several advantages such as structured data management, au-
tomation, decentralized trust, and efficiency. However, it also comes with some drawbacks
like development complexity, execution costs, and maintenance requirements. Conversely,
without a smart contract, users may have to rely on centralized systems and experience
higher costs and processing times [30].

5.2. Smart Contract EOSIO Using NI

The first step in creating an EOSIO smart contract is writing the contract code in C++,
which defines the actions, data structures, and logic that govern the behavior of the smart
contract [25]. Once the smart contract code has been developed, it needs to be deployed
to the EOSIO blockchain. Deployment involves uploading the compiled contract code to
the blockchain network. This step requires an account with the necessary permissions to
deploy contracts. Once deployed, the smart contract can be invoked by users or other smart
contracts on the blockchain. Invoking a smart contract typically involves calling one of its
actions, which triggers the execution of the corresponding code within the contract. When
an action is invoked, the EOSIO blockchain executes the corresponding code in the smart
contract. This code can read from and write to the blockchain’s state, perform computations,
and interact with other contracts and external data sources. During execution, the EOSIO
blockchain validates the transaction and ensures that it meets the requirements specified by
the smart contract code. Once the transaction is validated and executed, it is included in a
block by the block producer nodes on the EOSIO blockchain. The block is then added to the
blockchain, and the transaction becomes part of the immutable ledger. During execution,
smart contracts can emit events to provide information about their state or the outcome of
certain operations. These events can be logged and monitored by external systems or other
smart contracts for tracking and auditing purposes. Figure 5 depicts the workflow of the
EOSIO smart contract. The EOSIO smart contract is called and deployed using the cleos
commands v2.0.13. At the end of the execution of each smart contract, the novelty indices
are added to the table, which is confirmed on the blockchain using nodeos v2.0.13. Nodeos
is responsible for block producers, blockchain state, transaction validation, and consensus.
Algorithm 1 shows the process of collection of IoT data, calculation of NI, and confirming
it onto the EOSIO blockchain using a smart contract.
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Algorithm 1 BIONIB

1: Input: IoT bridge data
2: Measure IoT sensor response data
3: Feature extraction using SVD
4: Store all healthy feature vectors h
5: Calculate healthy feature vector mean for Proper Orthogonal Modes (POM)

χ̄ =
Σh

i=1χi

h

6: Calculate N i for each data set with Euclidean norm

N i = ||χi − χ̄||
7: Calculate all N is at EOSIO block producer nodes (‘nodeos’)
8: Block producer nodes initiate a smart contract with blockchain accounts (‘cleos create

account’)
9: while i �= 0

10: Contract Name: SensorID_timestamp (‘cleos set contract’)
11: Actions:
12: addnovelty
13: Input: account_name, N i

14: Require: Authentication of user
15: Add N i to the output table (‘cleos push action’)
16: Check if the NI is close to 1:

if |N i − 1| < ε then

17: Display message: “Unhealthy bridge detected!”
18: else
19: Continue
20: end if
21: Consensus among EOSIO nodes
22: Add N i on the blockchain as input transactions

Figure 5. Step-by-step workflow of EOSIO smart contract integration in BIONIB. This illustration
shows how bridge sensor data is processed on the EOSIO blockchain. It highlights key EOSIO
components: account creation, contract deployment, action triggering, and block confirmation.
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To improve clarity for practitioners, we emphasize EOSIO’s modular structure: nodeos
manages consensus and block production, cleos facilitates contract interaction, and EO-
SIO.CDT enables smart contract development in C++. Each NI is handled via specific
addnovelty actions linked to identifiable accounts and timestamps.

The algorithm, BIONIB starts by collecting sensor response data and extracting rel-
evant features. Initially, IoT sensors placed on bridges continuously record structural
responses, such as strain. This raw data is then processed using SVD, a dimensionality
reduction technique that extracts key damage-sensitive features known as Proper Orthogo-
nal Modes (POMs). From these features, a baseline is established by computing the mean
feature vector of healthy-state data, denoted as χ̄. To detect abnormal conditions, a Novelty
Index (NI) is calculated for each new dataset by measuring the Euclidean distance between
the current feature vector and the baseline. This computation effectively quantifies the de-
viation of the bridge’s structural response from its healthy state. Mathematically, the mean
feature vector χ̄ is calculated as Equation (1) and and the NI is given by Equation (2).

The calculated NI values are transmitted to EOSIO block producer nodes, which
are responsible for blockchain operations. Using the EOSIO command-line interface tool
cleos, blockchain accounts are created for each bridge or sensor node using the create
account command. Then, smart contracts are deployed via set contract, and transactions
containing the NI values are submitted using push action.

Each smart contract stores the NI along with metadata such as sensor ID and times-
tamp. Upon receiving the NI, the smart contract verifies the input, performs authenti-
cation, and logs the data into a blockchain table. If the NI value is sufficiently close to
1 (i.e., |NI − 1| < ε), the system flags the bridge as potentially unhealthy and generates a
real-time alert.

Once the data is verified, EOSIO’s Delegated Proof-of-Stake (DPoS) consensus mecha-
nism validates the transaction. The data is then permanently recorded on the blockchain
by the nodeos module, ensuring both immutability and traceability. This step completes
the secure storage process, allowing users and systems to retrieve the NI data on-demand
through blockchain queries.

The BIONIB algorithm offers an approach to bridge health monitoring by leveraging
the capabilities of the EOSIO blockchain to facilitate secure and efficient data processing
and unhealthy bridge detection.

6. Performance Analysis

In this section, we discuss the performance of BIONIB in various scenarios. We begin
by discussing the implementation details, followed by a thorough examination of the
performance metrics.

6.1. Implementation Details

Our experimental setup leverages real-time sensor data collected from a bridge in
Nebraska State, covering multiple days with varying traffic loads and bridge condi-
tions, including both healthy and unhealthy states. Executed on a computer running
Ubuntu 18.04, equipped with 6169 MB of base memory, an AMD Ryzen 7 5800H processor,
and 16.0 GB RAM, alongside a 64-bit processor architecture, our implementation utilizes
Python 3.7, Pandas 1.3.5, Numpy 1.21.6, and Matplotlib 3.5 for NI calculations. the experi-
mental setup is given in Table 2. The integration of the NI within EOSIO smart contracts is
facilitated by CPP within the EOSIO mainchain framework.
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Table 2. Experimental Setup.

Parameters Value

Total Sensors 51 strain transducers

Maximum EOSIO nodes 50

Maximum smart contracts per node 50

Memory buffer size 150 MB

Sampling rate 256

Data rate 100 Mbps

Propagation delay of data 5 ms

Comparison of With and Without NI

In BIONIB we show the implementation with NI on IoT data. The following
Table 3 summarizes the advantages of using NI instead of storing all the IoT data on
the blockchain. Consider a blockchain with N nodes, k accounts created, and s number
of IoT sensors. For every epoch of the blockchain, m files from the memory buffer are
processed by the smart contract. Each of the m files has data of i = 1, 2, . . . , s sensors in
its columns. A NI run on m files gives s number of NI values. Let B be the size of the
block. Assume that we know all the block details to retrieve data using cleos commands.
For example, if we have 51 sensors and 500 files, we get 51 NI values. However, each of the
500 files has 50 data columns and 4396 rows entries making the total data 224,196 values
per file. Each of these values with or without an NI is stored on the blockchain ledger in a
distributed fashion. Data retrieval is performed using a multi-index table. This uses the
find method on the table, which takes the primary key of the row that you want to retrieve
and will return an iterator (reference) to the row. The size of multi-index table created
depends on the number of actions performed. To remove data from a table, the erase
method is used, which takes a reference to the iterator. Table 3 provides a comparison of
executing BIONIB with and without NI.

Table 3. Comparision of BIONIB with and without NI.

Parameter BIONIB with NI BIONIB Without NI

Storage Efficiency O (ns) O (nms)

Data Retrieval Time O (ks) O (kms)

Scalability with bridges O (n) O (n)

Latency per epoch O (Bs) O (Bms)

Comparing our method with and without the NI can provide valuable insights into
the efficiency and effectiveness of our approach. In Table 3, we can see the benefits of
incorporating the NI, such as improvements in storage efficiency, data retrieval time, scala-
bility with bridges, and latency per epoch. The proposed scheme significantly enhances
storage efficiency by reducing the data stored on the blockchain. This optimization helps to
improve the overall system performance by utilizing resources more effectively.

6.2. Performance for Increasing Blockchain Nodes

In this section, we analyze the performance of BIONIB as we increase the number of
blockchain nodes. This investigation is crucial to understand how our approach scales as
the network infrastructure expands. The EOSIO-based method used in BIONIB confirms
two blocks per second. This is consistent throughout the experimentation and is depicted in
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Figure 6. The blocks confirmed by the blockchain linearly increase. Each block can consist
of a varying number of transactions. Figure 7 displays a trend of transaction throughput
increasing proportionally with the number of nodes. This observation highlights the
scalability of our approach, indicating that it can handle transactions efficiently even in
larger network configurations.

Figure 6. Performance of BIONIB showing blocks confirmed per second, with a new block confirmed
approximately every 0.5 s.

Figure 7. Performance of BIONIB showing transaction throughput scaling proportionally with an
increasing number of blockchain nodes.

Our analysis has revealed some interesting insights into the usage of resources.
Figure 8 shows the block CPU usage as a percentage of 5000 μs during the first 30 s
of transaction execution. It is remarkable that the CPU usage remains stable despite an
increasing number of blockchain nodes. This is demonstrated in Figure 8d. This consis-
tency in CPU usage can be attributed to the parallel processing capability of the EOSIO
blockchain framework. By distributing computational tasks across multiple nodes, EOSIO
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ensures efficient resource utilization, enabling the CPU resources to handle transaction
processing demands effectively.

In Figure 9, we observe the impact of increasing the number of blockchain nodes on
the average latency of the system. As the number of nodes in the blockchain network grows,
the process of reaching consensus becomes more complex and time-consuming. Consensus
mechanism, DPoS requires all participating nodes to agree on the validity of transactions
and the state of the blockchain. With more nodes involved, the consensus algorithm must
coordinate a larger number of participants, leading to increased communication overhead
and computational requirements. Consequently, the average latency, which measures
the time taken for transactions to be confirmed and added to the blockchain, tends to
rise as the network expands. This is depicted in Figure 9, where the average latency
increases with the number of blockchain nodes. The higher latency observed with more
nodes underscores the trade-off between decentralization and transaction speed inherent
in blockchain networks. While a larger number of nodes enhances the network’s resilience
and security by distributing control among multiple parties, it also introduces delays in
transaction processing due to the consensus process’s increased complexity. To enhance
blockchain performance, it is important to know the link between node number and latency.
Our study of BIONIB with increasing nodes shows it is scalable and efficient. It can handle
high transaction throughput and manage resources, making it suitable for large-scale
deployments in bridge health monitoring applications. By managing resources, adjusting
consensus parameters, and implementing scalability solutions, developers can mitigate
latency effects caused by network growth, ensuring efficient transaction processing.

(a) (b)

(c) (d)

Figure 8. The percentage of CPU usage for block confirmation is fairly consistent for 5, 10, and
20 blockchain nodes. (a) 5 blockchain nodes, (b) 10 blockchain nodes, (c) 20 blockchain nodes,
(d) Comparison of block CPU usage for 5, 10, and 20 blockchain nodes.
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Figure 9. Average latency of BIONIB for 5, 10, and 20 blockchain nodes, showing increased latency as
the number of nodes grows.

6.3. Performance with Increasing of IoT Sensors

In this section, we explore the impact of increasing the number of sensors on the per-
formance of our proposed methodology, BIONIB. This analysis is crucial for understanding
how our approach manages changes in data volumes that arise with a growing number of
sensors. This is a common scenario in bridge health monitoring applications.

We have observed a clear correlation between the number of sensors and the volume
of transactions confirmed by our system, as shown in Figure 10. With each increase in the
number of sensors, there is a corresponding rise in the number of transactions processed and
confirmed by our method. This observation highlights the system’s capability to handle and
process sensor data efficiently, ensuring timely and reliable transaction confirmation even
as the data volume escalates. The increasing trend in confirmed transactions demonstrates
the scalability and robustness of our approach, proving its ability to adapt to changing data
volumes without compromising performance. By systematically scaling the number of
sensors, we gain valuable insights into the system’s capacity to accommodate growing data
loads, assuring its suitability for real-world deployment scenarios where sensor networks
may expand over time. Moreover, the positive relationship between the number of sensors
and confirmed transactions underscores the effectiveness of our approach in harnessing
sensor data to derive meaningful insights and facilitate informed decision-making in bridge
health monitoring. As the number of sensors increases, the volume of data available for
analysis also increases, enabling more comprehensive and accurate assessments of bridge
health and structural integrity.
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Figure 10. The throughput versus time of BIONIB is plotted and is observed that the throughput
scales with an increasing number of sensors.

In Figure 11, we observe the CPU resource utilization in our system as the number
of sensors is scaled. The plot shows a consistent pattern of CPU usage among different
sensor configurations, highlighting the robust parallel processing capability of the EOSIO
blockchain framework. The stable CPU usage demonstrates the efficiency of the EOSIO
blockchain in distributing computational tasks across multiple nodes, ensuring optimal
resource utilization even under fluctuating data volumes and network conditions.

(a) (b)

(c) (d)

Figure 11. The percentage of CPU usage for block confirmation is fairly consistent for 15, 25, 35,
and 51 bridge IoT sensors. (a) 15 bridge IoT sensors, (b) 25 bridge IoT sensors, (c) 35 bridge IoT
sensors, (d) 51 bridge IoT sensors.
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This analysis examines the relationship between the number of sensors and the aver-
age latency of our system, as shown in Figure 12. The plot shows that as the number of
sensors increases, the average latency also rises due to the larger volume of data generated
by the growing sensor network. This increase in data volume adds computational overhead,
resulting in longer transaction confirmation times. This is partly because of more time taken
to calculate the NI with more sensor data. To accommodate increasing data volumes, it is
crucial to optimize system resources and network architecture. The observed increase in
latency highlights the scalability challenges associated with handling large-scale sensor de-
ployments within decentralized systems. While the EOSIO blockchain framework provides
robust parallel processing capabilities, increasing data volumes can increase latency.

Figure 12. The average latency is plotted for 15, 25, 35, and 51 bridge IoT sensors. The latency
increases with an increase in the IoT sensors.

7. Discussion

We observe a scalability and latency tradeoff. As the number of sensors increases,
the system’s scalability is tested by its ability to handle growing data volumes and transac-
tion throughput. However, this scalability may lead to increased latency as processing and
validating larger amounts of data can result in longer transaction confirmation times. An-
other tradeoff exists between resource utilization and performance. The efficient resource
utilization of the EOSIO blockchain framework is demonstrated by the consistent CPU
usage observed across different sensor configurations. However, stable resource utilization
levels may require sacrificing some performance metrics, such as transaction throughput
or latency. A balance between maximizing system throughput and minimizing resource
consumption needs to be achieved. A tradeoff also exists between data processing efficiency
and data volume. An increase in the number of sensors results in a larger volume of data
generated, which must be processed and validated by the system. The EOSIO blockchain
framework offers robust parallel processing capabilities, but handling large data volumes
may introduce latency issues.

In this work, we conducted experiments using EOSIO smart contracts integrated with
an NI approach for analyzing bridge sensor data. Our experimentation was conducted
within a localized setup. However, for scenarios involving larger-scale data and a higher
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number of bridges, we propose the utilization of the TELOS implementation of the EOSIO
blockchain specifically tailored for IoT data management.

In this study, we focus on storing scalar NI values on the blockchain rather than raw
sensor data, which considerably reduces blockchain storage requirements and improves
system scalability. However, this design inherently limits the ability to reprocess original
sensor data for event validation, forensic investigations, or application of updated damage
models—capabilities often required in real-world monitoring scenarios. The NI calculation
used here builds upon the established methods in [20,21], which validate the NI as a
sensitive and compact damage metric. To balance storage efficiency with forensic needs,
potential extensions include integrating off-chain archival storage for raw data, linked
via blockchain records, enabling selective retrieval and re-analysis while preserving the
benefits of decentralized data integrity on-chain. This trade-off and its impact on practical
deployment are discussed in detail to inform future work on hybrid storage architectures
combining blockchain and traditional databases.

8. Conclusions

This research demonstrates how EOSIO blockchain technology can be used to monitor
the health of bridges. By utilizing data from IoT sensors, a technique called the NI is used
to obtain valuable insights. This technique is based on clustering and helps to identify
unusual patterns in the sensor data. The integration of smart contracts enhances security
and enables predictions based on the NI. The proposed scheme, BIONIB has the potential
to securely store and analyze sensor data to enhance bridge health monitoring systems.
The effectiveness of the scheme is evaluated by analyzing real-world IoT sensor data
from healthy and unhealthy bridges. The evaluation also includes scenarios with varying
numbers of sensors. This work contributes to the growing field of blockchain applications,
particularly in the infrastructure monitoring context.

In the future, this approach can be extended to multiple bridges throughout the state
by leveraging the virtual private blockchain feature of the EOSIO blockchain. The re-
searchers also plan to conduct further analysis beyond NI calculations for bridge health
monitoring. In future work, we will incorporate state-of-the-art unsupervised deep learn-
ing techniques (e.g., autoencoder-based damage localization) into the BIONIB framework
while maintaining blockchain-based security and traceability. Our comparative analysis
suggests that BIONIB fills a unique niche by coupling NI-based detection with a decen-
tralized architecture, offering real-time alerts and transparent, verifiable records across
sensor nodes.
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Abstract

This article examines the seismic assessment and strengthening of a traditional load-bearing
masonry structure subjected to strong motion data, with particular emphasis on the effects
of soil–structure interaction (SSI). The case study is the Archaeological Museum of Lemnos
(AML)—a three-storey building with a composite load-bearing system of timber-framed
stone masonry. Over time, the structure has undergone irreversible modifications, primarily
involving reinforced concrete (RC) interventions. The building’s seismic performance was
evaluated using two finite element models developed in the SAP2000 software (v. 25.3.00).
The first model simulates the original structure, strengthened by grout injections, while the
second represents the current condition of the structural system following RC additions.
Soil–structure interaction was also investigated, given that the local soil is classified as
Category D according to Eurocode 8 (EC8). Each model was analyzed under two different
support conditions: fixed-base and SSI-inclusive. A suite of appropriate accelerograms was
applied to both models, in compliance with Eurocode 8 using the SeismoMatch software,
and linear time-history analyses were conducted. The results underscore the significant
impact of SSI on the increase of peak tensile stress and interstorey drift ratios (IDRs), and
highlight the influence of different strengthening techniques on the seismic response of
historic load-bearing masonry structures.

Keywords: timber-reinforced masonry; soil–structure interaction (SSI); linear time history
analysis; strengthening interventions

1. Introduction

Although relatively rare, destructive earthquakes can cause extensive damage or even
lead to the partial or total collapse of historical load-bearing masonry buildings that have
not been retrofitted in accordance with modern seismic codes.

These structures typically exhibit inherent structural weaknesses, such as inade-
quate connections between individual load-bearing components and the low mechanical
strength of materials, which render them particularly vulnerable to seismic forces. Failure
mechanisms—such as in-plane and out-of-plane bending of masonry walls, leading to
wall overturning, disaggregation and/or collapse of external wall corners [1]—have been
repeatedly observed in recent major earthquakes, including those in Lesbos (2017) [2] and
Turkey (2023) [3,4], thus confirming the need for further investigation into the seismic
performance of such structures.

To this end, this paper examines the Archaeological Museum of Lemnos—a three-storey
load-bearing stone masonry building with a timber-tiled roof, located in the island’s capital,
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Myrina. The structure features a regular floor plan and a distinctive composite system of
timber-framed load-bearing masonry. Analogous construction typologies are found in the
traditional architecture of various regions, including Lesvos [5], Lefkada [6], Turkey [4], the
Himalayas [7], Chile [8], and Portugal (Pombalino System) [9].

Generally, in timber-framed load-bearing masonry buildings, the timber framing func-
tions as a secondary seismic response mechanism (substructure). Whether implemented
as floor-level ties, reinforcement at critical masonry points (e.g., around openings), or as
a timber space truss embedded within the masonry—often in combination with internal
timber-framed partition walls (bagdadi)—this system enhances the compressive strength
of the masonry (by up to 20%), prevents vertical cracking, and reduces overall cracking
(by up to 50%) [10]. It also increases the shear capacity and deformability of the masonry
prior to failure [10]. Notably, despite the large deformations they may undergo, such
structures have demonstrated the ability to withstand major seismic events [7]. In addition,
timber-framed interior partition walls contribute—among other things—to increasing the
stiffness and overall strength of the structure.

It should be noted that significant interventions have been carried out on the building
under study, including the addition of reinforced concrete (RC) elements (an RC slab at the
first-floor level and a bond beam at the roof level), which have altered its original structural
system at the diaphragm levels [11].

Regarding the seismicity of the broader study area—the northeastern Aegean Sea,
where the western end of the North Anatolian Fault extends—significant earthquakes have
been recorded, including the Agios Efstratios event on 20 February 1968 (Mw 7.0–7.4) and
the Lemnos earthquake on 24 May 2014 (Mw 6.9). However, seismic acceleration data are
only available for the latter, with a recorded peak ground acceleration (PGA) of 0.11 g [12].

According to a seismic hazard assessment study for the North Aegean region [13],
PGAs of up to 0.3 g are estimated in areas near Lemnos under earthquake scenarios with
magnitudes of Mw 7.0 or higher. Notably, during the 12 June 2017 earthquake on the
neighboring island of Lesvos, accelerations reached values as high as 0.2 g—approaching
the design PGA value specified by the Eurocode 8 response spectrum for the broader
region [2].

To assess the seismic response of the AML to strong ground motions, three major
seismic events were selected: the Northridge earthquake (Pacific Palisades—Sunset station,
Los Angeles, CA, USA, 1994, Mw = 6.7) [14]; the Kahramanmaraş earthquake (Turkey, 2023,
Mw = 7.7) [15]; and the Kocaeli earthquake (Düzce station, Turkey, 1999, Mw = 7.51) [14].
To adapt these seismic records to the target spectrum calculated for the AML, the procedure
outlined in EC8 was followed. The response spectra of the selected ground motions were
scaled to match the EC8 design spectrum within the period range of 0.2 T to 2 T, where T is
the fundamental period of the system in each seismic direction.

Additionally, in order to compare the original and the existing structural systems,
two finite element models were developed, one excluding and one incorporating RC ele-
ments. It should be noted that interventions involving reinforced concrete (e.g., slabs and
bond beams) can have a significant impact on load-bearing masonry buildings, depending
on factors such as the adequacy of slab-to-masonry connections, the proper use of reinforce-
ment [4], and whether the intervention is accompanied by masonry strengthening [2].

Finally, given that the building is founded on class D soft soil, as defined by EC8, soil–
structure interaction (SSI) effects were also investigated for each model. The results of the
analyses are compared with those of the study by Genç et al., 2023 [16] which analyzed the
seismic behavior of a historic building under both fixed-base conditions and soil–structure
interaction (massed and massless) across three different soil categories: hard, medium,
and soft. The results are also compared with the study of [17]. Also, Requena-Garcia-
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Cruz [18] examined the impact of soil-structure interaction (SSI) effects on the seismic
analysis of cultural heritage buildings, such as the Mosque-Cathedral of Córdoba in Spain.
An investigation of Özmen & Sayin [19] was conducted into the variations in the seismic
response of a historical masonry church, utilizing four different SSI models in addition
to a fixed base model that did not consider SSI. Furthermore, the research of Altiok and
Demir [20] examines the seismic response of the historical Lala Mehmet Pasha minaret by
taking into account Soil Structure Interaction (SSI). The influence of SSI on the out-of-plane
performance of an ancient structure in Iran, known as Arge-Tabriz has been investigated by
Fathi et al., [21]. Tzanakis et al., [22] explored the seismic performance of St. Titus Church
located in Heraklion, Crete, Greece, along with the necessity for its seismic retrofitting.
Additionally, the impacts of soil-structure interaction have been considered.

This research tackles significant deficiencies in the seismic evaluation of historic masonry
structures by offering a thorough analysis that concurrently takes into account original con-
struction methods, contemporary strengthening measures, and the effects of soil-structure
interaction, elements that are seldom analyzed together in the current literature. The engineer-
ing significance of these structures is underscored by their dual function as cultural heritage
assets and operational public buildings, rendering their seismic safety crucial for both the
protection of lives and the preservation of heritage. Historic load-bearing masonry edifices,
such as the Archaeological Museum of Lemnos, are especially susceptible due to their age,
material deterioration, and construction techniques that predate modern seismic regulations.
Nevertheless, they must continue to fulfill modern roles while preserving their historical
authenticity. The originality of this study arises from its direct comparison of two strength-
ening approaches, traditional grout injection against modern reinforced concrete solutions,
utilizing the same analytical methods and realistic seismic inputs that adhere to Eurocode
8 standards [23]. By integrating soil-structure interaction effects for Category D soils and
concentrating on quantitative metrics like interstorey drift ratios and peak tensile stress, this
research offers valuable insights for engineers and conservators striving to reconcile structural
safety with heritage preservation needs, while also establishing a replicable framework for
evaluating similar composite timber-framed stone masonry systems globally.

2. Case Study

2.1. Historical Background

The Archaeological Museum of Lemnos is located in Myrina, on the coastal front
of the “Romeikos Gialos” area, between the cape of the Meteorological Station and the
Castle peninsula (Figure 1). Settlement remains from the Late Neolithic period have been
discovered in this area, while the earliest settlement of the “city” of Myrina was established
on the Castle peninsula during the Early Iron Age. The museum is situated near the prehis-
toric settlement of Myrina, and together the two sites form an important archaeological
complex. Positioned directly adjacent to the Ecclesiastical Museum of the Holy Metropolis
of Lemnos, the Myrina Gymnasium (Figure 2), and the Pantelideion Building (formerly
the Girls’ School), the AML constitutes an integral part of the architectural ensemble of
Romeikos Gialos, developed between the 19th and early 20th centuries.

The building was constructed in the late 19th century to serve as the seat of the Turkish
Administration, while the idea of housing the Archaeological Museum was first proposed
in the 1930s. The plan, however, was not realized until several years later, following the end
of World War II. In 1956, the building was repaired, and the first exhibition of the AML was
held in 1961, following the repatriation of the island’s archaeological finds, which had been
transferred for safekeeping during the war to the Museum of Mytilene (Lesvos) and the
National Archaeological Museum of Athens. Thirty years later, in 1991, a new exhibition
was held following additional repair work on the building (Figure 3a).
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Figure 1. Map of the town of Myrina, showing the location of the Archaeological Museum of Lemnos
(AML) (Adapted from map data provided by the Hellenic Ministry of Culture and Sports—Archaeological
Cadastre (www.arxaiologikoktimatologio.gov.gr, accessed on 5 June 2025).

 

Figure 2. Photograph from 1950. From left to right: the Archaeological Museum of Lemnos, the
Gymnasium of Myrina, and the Ecclesiastical Museum of the Holy Metropolis of Lemnos [24].

  
(a) (b) 

Figure 3. Main façade of the Archaeological Museum of Lemnos: (a) Repair works carried out in 1991;
(b) The main façade after the completion of repair works in 2014 (Source: Digital archive of the
Ephorate of Antiquities of Lesvos (Hellenic Ministry of Culture and Sports), used with permission
(Prot. No. 252765/16-06-2025)).
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In May 2014, the island was struck by a strong earthquake that caused damage to
both the museum and its exhibits (Figures 3b and 4). Although the building’s repairs were
completed in October 2014, it was decided not to reopen the exhibition on the second floor,
as the museum required renovation to meet modern museological standards.

  
(a) (b) 

Figure 4. Cracks on the spandrel (a) and at the junction of the external masonry and transverse
internal timber wall on the second floor (a,b), caused by the 2014 earthquake (Source: Digital
archive of the Ephorate of Antiquities of Lesvos (Hellenic Ministry of Culture and Sports), used with
permission (Prot. No. 252765/16-06-2025)).

In 2019, the Greek Ministry of Culture approved a project entitled “Modernization of
the Archaeological Museum of Lemnos”. The scope of the project included the strengthen-
ing of the building’s foundations and stone masonry, floor repairs, replacement of wooden
window frames and door frames, application of new coatings, and the installation of a lift
for people with disabilities. The re-exhibition of the museum’s antiquities is scheduled for
summer 2025.

2.2. Intervention Phases

Over the course of its history, the building has undergone five distinct phases of struc-
tural and functional transformation. The first construction phase dates to the 19th century
and corresponds to its original function as the seat of the Turkish Administration. The
original architectural form of the building remains unchanged to this day [25].

The second construction phase refers to the period associated with the building’s
first museum exhibition in 1961. In preparation for this exhibition, extensive and largely
irreversible interventions were carried out in 1956. These included the replacement of the
original timber floors at the ground and first levels with new reinforced concrete (RC) slabs,
and the strengthening of the second-level floor with the addition of metal beams.

The third construction phase took place thirty years later, in 1991, during the re-
exhibition of the Archaeological Museum’s collection. At that time, several significant
and mostly reversible interventions were made to the building, including roof repairs, the
construction of new sanitary facilities, the installation of electrical and mechanical systems,
and the addition of new wooden flooring.

The fourth construction phase followed the earthquake of 24 May 2014, which had
a magnitude of Mw 6.9 [12]. During this phase, a reinforced concrete bond beam (senaz)
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was constructed to strengthen the masonry walls, and both roof waterproofing and roof
tile repairs were carried out.

The fifth and final construction phase is currently underway and is set to be completed
in time for the opening of the museum’s new exhibition, scheduled for the summer of
2025. It involves significant and irreversible interventions, including the demolition of
exterior walls on the southwest elevation to accommodate a lift for people with disabilities;
construction of a new reinforced concrete floor at ground level; foundation strengthening
through grout injection; repointing of the stone masonry walls and application of new
traditional-style renderings; reconstruction of the external staircases; replacement of the
wooden staircase; installation of new timber flooring on the second floor; and general
renovation works in the interior spaces.

2.3. Architectural Documentation

The Archaeological Museum is an impressive three-storey structure comprising a low
ground floor and two upper levels, with a total area of approximately 606 square meters
and a height of 13.09 m. The plot includes outdoor storage areas totaling approximately
210 square meters, along with a courtyard that surrounds the building. Three of the
building’s elevations are exposed, while the fourth—on the northeastern side—borders the
courtyard of the Myrina Gymnasium. The main façade faces the seafront to the northwest
and is fronted by an open space enclosed by a low fence.

Although the museum building is not officially designated as a protected monument,
it is a representative example of its period, featuring elements of restrained neoclassical
architecture typical of urban buildings of the late 19th and early 20th centuries. All three lev-
els share a similar spatial configuration, with a symmetrical layout that consists of a large
central hall flanked by rooms on either side. The primary exhibition spaces are located on
the upper floors, while auxiliary rooms occupy the ground level. The floors are internally
connected by a staircase located to the southwest of the hall, and externally by staircases
positioned at ground level on both main façades [25].

Morphologically, the building adheres to the eclectic architectural style prevalent in
Myrina—and particularly in the Romeikos Gialos area—at the end of the 19th century. Its
design blends restrained neoclassical elements with features of local vernacular architecture.
Numerous openings characterize the building’s façades, which follow symmetrical design
principles, most rigorously applied to the two principal elevations—the northwestern and
southeastern. The fundamental neoclassical tripartite division into base (lower ground
floor), main storeys (two floors) and crown (roof) is retained. Distinctive features of
the building’s form include the corner quoin stones and two monumental, semi-circular
external stone staircases, symmetrically positioned at the centre of the main façades, with
the second-floor balconies located directly above them [25].

2.4. Structural Description
2.4.1. Ground Floor

The exterior and interior walls of the ground floor are made of load-bearing stone
masonry, except for one wall constructed with clay bricks (optoplinthi). The external load-
bearing masonry is 65 cm thick, the internal is 50 cm, and the clay-brick wall 30 cm. The
external masonry is built as three-leaf rubble construction with lime mortar applied on all
wythes. Large dressed stones are positioned at the corners of the walls, while semi-dressed
stones and clay bricks are used as infill between them, contributing to the stability and
integrity of the masonry. The core is filled with rubble stone and mortar, forming a solid
mass between the outer wythes [5]. The internal stone masonry is constructed as two-leaf
rubble masonry (Figure 5a).
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(a) (b) 

Figure 5. Structural features of AML: (a) The internal masonry construction method of the ground
floor; (b) Metal anchor tie bar on the exterior face of the masonry (Source: Digital archive of the
Ephorate of Antiquities of Lesvos (Hellenic Ministry of Culture and Sports), used with permission
(Prot. No. 252765/16-06-2025)).

The stone used in the masonry, of volcanic origin and gray in color, was sourced
from quarries near the settlements of Thanos and Romanou in Lemnos. According to the
geotechnical study of the Castle of Myrina [26] and after the identification of the building
stones, it was found that they belong to the categories of lavas found in the local quarries
(dacites or ignimbrites) with an average strength of fbc = 50 MPa.

The mortar used in the building is cohesive and contains lime and large dark-colored
coarse aggregates (brown and gray), collected from streambeds where volcanic rock erosion
products accumulate. A small amount of ceramic material grains was also identified. The
plaster applied to the ground-floor masonry is a lime-rich mortar of medium consistency,
containing medium-grained and coarse-grained aggregates. The tensile strength of the
interior masonry plaster was estimated at 78 kPa [27].

No timber lacing was found in the ground floor masonry; however, iron ties and
anchor bars—visible on the façades (Figure 5b)—were used at floor level to strengthen the
walls. These ties—metal bars running along the exterior of the masonry—are not connected
to the wooden elements of the floor or the timber framing present on the second floor.
Timber ties were found embedded within the internal stone masonry, oriented transversely
across the wall at door openings (Figure 5a).

2.4.2. First Floor

Regarding the horizontal load-bearing elements, the original timber floor at the first
level was replaced in 1956 (second construction phase) with a 15 cm thick reinforced
concrete slab, supported by 35 cm wide horizontal RC beams. The ground floor connects
to the first floor via an internal staircase, made of reinforced concrete and ceramic tiles
(second construction phase), or externally through the central entrance and via the external
circular staircase on the main façades.

The exterior masonry of the first floor consists of 50 cm thick load-bearing stonework
and appears to be more carefully constructed than that of the ground floor, incorporating
a specific technique involving clay bricks [5]. On the interior side of the masonry, above
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the openings, there are arched spandrels made of clay bricks (Figure 6a). The interior
partition walls are made of 30 cm thick clay brick masonry, added during the second
construction phase following the installation of the reinforced concrete slab. The plaster on
the interior face of the first-floor masonry is 1 cm thick and contains dark-colored aggregate
in a 1:1 weight ratio, along with a significant amount of plant fibers [27]. The first level is
connected to the second by a wooden staircase (Figure 6b).

  
(a) (b) 

Figure 6. Structural features of the AML building: (a) Interior view of the external wall at the
first level; (b) The two internal staircases of the building—a reinforced concrete staircase at the
ground floor and a wooden staircase at the first floor. (Source: Digital Archive of the Ephorate of
Antiquities of Lesvos, Hellenic Ministry of Culture and Sports; used with permission, Prot. No.
252765/16-06-2025).

2.4.3. Second Floor

At the second level, the timber floor was reinforced with metal IPE beams during the
second construction phase, while an additional timber layer (floorboards) was installed
during the third phase. The floor system comprises simply supported timber joists with
a cross-section of 10 × 10 cm, spaced at intervals of 40–50 cm. Floorboards and ceiling
boards, each approximately 2.4 cm thick, are nailed above and below the joists, respectively.

At the this level, the building features a distinctive hybrid system that combines
stone masonry with integrated timber framing. This construction technique has been
examined and thoroughly documented by N. Karydis (2001) in his study of the traditional
settlement of Eressos in Lesvos [5]. The walls consist of 50 cm thick two-leaf masonry,
reinforced on the inner face with a dense timber framework, locally known as “friggia”.
This system consists of vertical timber posts, typically with a cross-section of 10 × 10 cm,
spaced 40–100 cm apart depending on the wall configuration (Figure 7a). In areas requiring
increased stiffness—such as between openings—horizontal members and diagonal braces
of similar cross-section are installed. N. Karydis (2001) [5] (pp. 6–7) notes that vertical
posts are generally aligned with the corners of openings, while horizontal ties correspond
to lintels and sills. The timber framework is self-supporting and structurally capable of
carrying roof loads independently of the masonry, while also connecting both wall faces
transversely at openings [5] (p. 8).
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(a) (b) 

Figure 7. Structural features of the AML building at 2nd level: (a) Interior view of the external wall;
(b) Baghdati internal wall. (Source: Digital Archive of the Ephorate of Antiquities of Lesvos, Hellenic
Ministry of Culture and Sports; used with permission, Prot. No. 252765/16-06-2025).

The interior walls of the second floor are of the baghdati type—timber framed par-
titions with a total thickness of 17 cm (Figure 7b). These lightweight walls complete the
aforementioned timber frame system and contribute to the overall stiffness of the structure.
The plaster used is of the same composition and strength as that of the first floor [27].

The building has a four-pitched timber roof of a distinctive structural configuration,
covered with Roman-style clay tiles. Several additional timber members were added
during the second, third, and fourth construction phases. However, the primary structural
elements of the roof today include vertical posts, principle rafters and tie beams (14 × 14 cm
cross-section), along with diagonal braces (7 × 14 cm cross-section).

The structure is founded on stone foundation strips aligned with the ground-floor
load-bearing masonry walls. These foundations reach a depth of 82 cm from the axis of
the ground level floor and feature a cross-sectional widening of 20 cm on either side of the
masonry in the final 60 cm of depth.

As described in detail in this section, the building’s structural system is of particular
interest. It has a rigid base formed by load-bearing masonry with relatively small openings.
The first floor is reinforced with arched spandrels to improve load distribution onto the
piers surrounding the openings, while the second floor has two mechanisms for absorbing
seismic forces: the stone masonry itself and the system of timber elements (timber wall
frames, baghdati-type walls and timber flooring). These systems collectively facilitate
the transfer of roof loads to the lower levels. In the event of masonry failure during an
earthquake, the loads are transferred to the timber frame system. Table 1 depicts the repair
methods of the structure under study.
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Table 1. Repair Methods.

Model 1 Model 2

Three-leaf rubble masonry
(ground floor)

Grout injections Repointing works

Two-leaf rubble masonry
(1st and 2nd floors)

Grout injections Repointing works

1st level’s floor
Double layered timber flooring

—timber joists
15 cm thick reinforced concrete slab supported

by 35 cm wide horizontal RC beams

2nd level’s floor
Double layered timber flooring

—timber joists Triple layered timber flooring—timber joists

Openings - Demolition of exterior walls to accommodate a
lift for people with disabilities

Roof beams Wooden tie beams Reinforced concrete bond beam (senaz)

The steel MRF study of [17] indicates that the incorporation of infill masonry walls
(IMWs) can lead to a reduction in IDR_Med by as much as 32.26% and enhance collapse
performance by 12.48%, thereby illustrating the efficacy of wall-based retrofitting methods.
The present research’s comparison of grout injection strengthening with RC interventions
offers a complementary analysis of various retrofitting philosophies applicable to ma-
sonry structures. While the steel study emphasizes the addition of infill walls to frame
systems, the investigation of the authors explores how different strengthening methods
(traditional versus modern) influence the seismic response of load-bearing masonry. Both
studies enhance the understanding that the effectiveness of retrofitting is significantly
influenced by the interplay between the chosen strengthening technique and the original
structural framework.

3. Materials and Numerical Modeling

3.1. FE Models

The structural composition of the Archaeological Museum of Lemnos comprises a
complex system that incorporates both traditional materials and later reinforced concrete
additions. Each floor level exhibits different masonry types and construction techniques,
which were carefully taken into account in the development of the numerical models.

The ground floor is constructed with three-leaf rubble masonry, while two-leaf ma-
sonry is used for the interior walls. On the first floor, the exterior walls are also constructed
with two-leaf masonry, whereas the interior partitions are made of clay brick masonry.
The second floor features a dual construction system: two-leaf masonry integrated with a
traditional embedded timber frame system (friggia). Although structurally significant, this
system was excluded from direct modelling due to its complexity and the variability in the
performance of timber elements, which depends on factors such as age and the quality of
joinery. Timber components were, however, included in the model to represent floor joists,
ties, and wall plates. Subsequent intervention phases introduced reinforced concrete (RC)
elements into the structure, including a floor slab with beams, RC bond beams, and IPE
steel beams supporting the second-storey floor.

The numerical modeling and structural analysis were performed using SAP2000 [28].
For modeling purposes, the following material and section typologies were identified and
assigned geometrical and mechanical properties:

• Three-leaf rubble masonry (ground floor exterior walls).
• Two-leaf rubble masonry (ground floor interior walls and first-floor exterior walls).
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• Two-leaf rubble masonry with timber frames (second-floor exterior walls, modeled
with adjusted unit weight to reflect embedded timber content).

• Clay brick masonry (ground floor and first-floor interior walls).
• Steel beams (IPE).
• Timber elements (tie beams, floor joists, and roof wall plates).
• Reinforced concrete elements (slab with beams, bond beam).

Two structural models were simulated to evaluate the seismic behavior of the building
(Figure 8):

 
(a) (d) 

 
(b) (e) 

  
(c) (f) 

Figure 8. FE Models 1 and 2: M1: Ground floor with numbered building elevations (a), first floor
(b) and second floor (c); M2: Ground floor (d), first floor (e) and second floor (f).
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The first model (Model 1 or M1) represents the building with its original structure
(wooden floors), assuming that the load-bearing masonry has been strengthened through
grout injection. Although constructed at a later phase, the first-floor interior walls are
modeled as clay brick masonry, to support the overlying timber joists.

The second model (Model 2 or M2) represents the current state of the building
(fifth construction phase). In this case, a 20% increase in masonry strength is applied [29] to
account for improvements due to repointing works.

In both models, masonry is treated as a homogeneous, isotropic material that combines
the properties of its constituent materials (stone and mortar). The rationale for adopting an
isotropic approach probably arises from practical modeling factors and the constraints of
existing material property data for historical masonry. Assessing the complete anisotropic
material properties of century-old masonry would necessitate comprehensive and possibly
destructive testing, which may not be practical for a functioning museum structure. Fur-
thermore, the intricate geometry and diverse construction methods employed throughout
the building could complicate the establishment of uniform directional properties. How-
ever, the mechanical contribution of the embedded timber frames is not explicitly modeled;
only their self-weight is taken into account in the structural analysis. The geometric data
for both models were derived from the architectural plans provided in [25].

To facilitate the modeling process and reduce computational complexity, a series of
simplifications and assumptions were adopted:

• Architectural details were simplified and elements (e.g., openings) were moved by
5–10 cm in order to reduce the number of structural nodes. Decorative elements on
the façades were not simulated.

• The roof was not modeled, but its loads were applied at the points of contact between
the roof trusses and the masonry.

• Interior and exterior staircases, as well as permanent operational loads associated with
the building’s function as a museum, were not included in the simulation.

• The marble balcony on the main façade was not modeled; however, its loads were
applied as pairs of forces and moments at its four support points.

• The masonry walls were modeled with finite shell elements. The eccentricity of
the masonry at each floor was taken into account—since the ground floor walls are
thicker than those of the upper floors—and was modeled using the ‘Area Thickness
Overwrites’ command.

• All timber elements (roof and floor joists and ties), steel IPE beams and the RC bond
beam at roof level were modeled as linear frame elements, with frame releases applied
at their ends to reflect realistic connection behavior.

• The ‘Insertion Point’ command was used on all frame elements to accurately model
their eccentric positioning relative to the global geometry.

• The reinforced concrete floor slab was modeled using shell finite elements.
• Timber floorboards were not modeled; however, the weight of the timber floors was

applied as distributed loads on the joists.
• The discretization of shell elements was performed using the ‘Divide Areas’ command

with a maximum element size of 0.5 × 0.5 m. Frame elements were meshed using
Assign Automatic Frame Mesh.

3.2. Mechanichal Properties

The mechanical properties of all structural elements were calculated according
to [1,23,26,27,29–37] and they are presented in Tables 2–5.
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Table 2. Mechanical properties of masonry.

Section
Model 1 Model 2

fc (MPa) E50% (MPa) ft (MPa) γ (KN/m3) fc (MPa) E50% (MPa) ft (MPa) γ (KN/m3)

Three—leaf Masonry 2.06 800 0.185
23

2.48 900 0.22
22[32] [22] [31] [22] [22] [31]

Two—leaf Masonry 4.93 2500 0.44
23

6.42 3210 0.58
22[32] [28] [31] [22] [28] [31]

Clay Brick Masonry 1.76 879 0.12
18

1.76 879 0.12
18[28] [28] [31] [28] [28] [31]

Table 3. Mechanical properties of concrete materials.

Concrete fck (MPa) γ (KN/m3) E (Gpa)

C25/25 [30] 20 25 30
B160 [26] 9 24 27

Table 4. Mechanical properties of steel materials.

Steel fyk (MPa) fu (MPa) E (GPa)

Sthl I
[30] 240 340 200

B500C
[25] 500 650 200

S235
[29] 215 360 210

Table 5. Mechanical properties of wood.

Wood γ (KN/m3) E1//(MPa) E2 (MPa) E3 (GPa)

D30
[30] 6.4 8000 640 640

In the above tables, fc stands for compressive strength, ft for tensile strength, fyk and fu

(steel) for characteristic yield strength and ultimate tensile strength respectively, E denotes
the modulus of elasticity, and γ the unit weight. The Poisson’s ratio is assumed to be 0.2 for
all materials, except for wood and steel S235, for which a value of 0.3 is adopted.

3.3. Loads

Dead loads are assumed to be 0.5 kN/m2 for wooden floorboards and 1.2 kN/m2 for
ceramic tiles [38]. In addition, the self-weight of structural elements has also been taken
into account. Live loads are assumed to be 5.0 kN/m2 for the floors and 0.5 kN/m2 for the
roof [38].

3.4. Soil Properties and Soil–Structure Interaction (SSI)

According to the geotechnical report carried out for the AML, the wider coastal zone
of Romeikos Gialos is covered by Holocene Quaternary (al) deposits, coastal deposits
and dunes. The deposits consist of alluvial clay, argillic materials, sands, and weathered
products of older sedimentary and volcanic rocks [39]. The subsoil of the building’s
foundations is classified as category D: Deposits of loose-to-medium cohesionless soil (with
or without some soft cohesive layers), or of predominantly soft-to-firm cohesive soil [23].

In general, soil–structure interaction (SSI) can significantly affect structures built
on soft or saturated soils, as it can lead to an increase in their fundamental period and
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consequently alter their dynamic behavior. According to [40], taking SSI into account
is particularly important for structures founded on soils with high groundwater levels
and high plasticity (PI > 40), typically corresponding to soil categories C or D, for which
reduction factors to the shear wave velocity (Vs) and the shear modulus (G) of the soil are
recommended.

For the purposes of the present study, the soil–structure interaction effect was investi-
gated by using formulas [41], which model the foundation-soil system as a discrete system
consisting of frequency independent springs, dashpots and masses. More specifically,
for each model examined in this study, an additional case was analyzed. In these cases,
the fixed supports (as defined in the initial models) (M1fix, M2fix) were replaced by link
elements with specific mechanical properties (M1ssi, M2ssi).

To apply the aforementioned formulas, the length of the foundation strips was cal-
culated and then divided by the number of masonry joints at the foundation level. The
width of the foundation strips is 1.05 m, the calculated length is 0.27 m, so α = 0.27 m. The
shear wave velocity was taken as 150 m/s, the soil density as ρ = 1900 kg/m3 [39], and the
Poisson’s ratio as ν = 0.3. Based on these values, the shear modulus G was calculated as
42,750.00 KPa. Applying a reduction coefficient of 0.37 [40], the reduced shear modulus
becomes 15,817.50 KPa, corresponding to a reduced shear wave velocity of 91.24 m/s. The
values of static stiffness (K) and damping (C) of each link element are presented in Table 6.
The soil was assumed to be massless.

Table 6. Stiffness and damping coefficients for FSI models.

Static Stiffness
K

Damping
C

Vertical 28,273.80 KN/m 66 KNs/m

Horizontal 22,788.90 KN/m 10.84 KNs/m

Rocking 1705.45 KNm/rad 2.99 KNms/rad

Torsion 2480.15 KNm/rad 0.92 KNms/rad

To ascertain the fundamental frequency of the site and evaluate possible resonance
effects with the structure of the Archaeological Museum of Lemnos, calculations were con-
ducted utilizing the established soil parameters. With a shear wave velocity of Vs = 150 m/s
and presuming a typical soil layer depth of H = 30 m for Category D soils, the fundamental
frequency of the soil deposit was computed using the quarter-wavelength approximation:
f0 = Vs/(4H) = 150/(4 × 30) = 1.25 Hz. The shear modulus G = 42,750.00 KPa was obtained
from the equation G = ρVs2, where ρ = 1900 kg/m3 and Vs = 150 m/s, confirming the
relatively soft characteristics of the soil typical of Category D classification. The com-
puted site frequency of 1.25 Hz is within the typical range for historic masonry buildings
(0.8–2.0 Hz), indicating potential resonance conditions that could significantly enhance the
seismic response. This frequency analysis lays the physical groundwork for understanding
why the SSI effects led to increased peak tensile stress and interstorey drift ratios, as the
structure-soil system likely underwent dynamic amplification when the building’s funda-
mental frequency neared the site frequency, especially following various strengthening
interventions that may have modified the original structural frequency.

4. Type of Analysis Performed

4.1. Static Analysis

Based on the structural analysis using the load combination 1.35G + 1.5Q, the total
weight of M1 was calculated as 14,778.3 kN, and that of of M2 as 16,056.92 kN. Under this load
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combination, no exceedance of the maximum compressive strength was observed. However,
with regard to tensile strength, exceedance points were identified in Model 2, specifically at
the connection points between the second-floor steel beams and the masonry wall.

4.2. Modal Analysis

In the modal analysis, the periods and participating mass ratios were calculated for
each model. According to seismic codes [23,29], the cumulative effective modal mass of the
modes considered in the spectral analysis must amount to at least 75% of the total mass
of the structure, as specified in [29], and 90% as required by [23]. For the purposes of the
present study, 200 modes were considered for each model (Tables 7–10):

Table 7. M1fix—modal participating mass ratios.

StepNum Period SumUX SumUY SumUZ

Unitless Sec Unitless Unitless Unitless

1 0.18602 0.00% 5.20% 0.00%
2 0.13667 12.09% 5.20% 0.00%

41 0.05178 87.83% 87.10% 21.49%
133 0.03032 90.03% 88.84% 84.80%
190 0.02547 90.49% 90.00% 86.03%
200 0.02468 90.56% 90.13% 86.17%

Table 8. M1ssi—modal participating mass ratios.

StepNum Period SumUX SumUY SumUZ

Unitless Sec Unitless Unitless Unitless

1 0.189562 0.02% 16.77% 0.00%
2 0.168865 88.18% 16.77% 0.00%
3 0.143698 88.18% 94.25% 0.01%
9 0.117733 91.98% 94.31% 0.03%

15 0.091661 93.43% 94.38% 98.23%

Table 9. M2fix—modal participating mass ratios.

StepNum Period SumUX SumUY SumUZ

Unitless Sec Unitless Unitless Unitless

1 0.287152 0.00% 0.00% 0.42%
3 0.156688 5.01% 3.73% 0.43%
5 0.150461 73.52% 3.74% 0.99%
8 0.122583 75.61% 57.18% 1.00%

59 0.05362 90.05% 89.25% 77.62%
81 0.045667 90.48% 90.03% 83.13%

200 0.029105 92.11% 91.54% 87.77%

Table 10. M2ssi—modal participating mass ratios.

StepNum Period SumUX SumUY SumUZ

Unitless Sec Unitless Unitless Unitless

1 0.287175 0.00% 0.00% 0.44%
2 0.272051 0.02% 5.90% 0.45%
3 0.194507 91.14% 5.90% 0.45%
4 0.166549 91.16% 93.56% 0.46%

17 0.102015 93.04% 94.23% 84.39%
200 0.031548 97.52% 97.82% 87.40%
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The following results are extracted from Tables 7–10:

• Compared to M1fix and M1ssi, the fundamental period increases by 54.37% for M2fix
and 51.49% for M2ssi, respectively.

• The fundamental period of M1ssi is 1.90% higher than that of M1fix, while M2ssi
exhibits only a 0.01% increase relative to M2fix, indicating no significant change in the
fundamental natural period in either case.

• The ratios T1M1ssi/T1M1fix = 1.02 and T1M2ssi/T1M2fix = 1.00 are both ≤ 1.08;
therefore, the structures can be analyzed as if founded on rigid soil [42]. Nevertheless,
the effect of SSI was still examined in order to evaluate its influence on the maximum
stress values.

4.3. Time History Analysis

For the linear time history analysis of the structure, three strong motion time histories
were selected based on the guidelines in [23], and for each time history, three accelerograms
were used: two for the horizontal directions and one for the vertical direction.

The seismic records selected were those from the Northridge earthquake (Pacific
Palisades—Sunset station, Los Angeles, CA, USA, 1994, Mw = 6.7) [14], the Kahraman-
maraş earthquake (Turkey, 2023, Mw = 7.7) [15], and the Kocaeli earthquake (Düzce
station, Turkey, 1999, Mw = 7.51) [14]. The process of selecting earthquake records for
the seismic evaluation of the Archaeological Museum of Lemnos illustrates a methodical
strategy that integrates historical seismic information with ground motions pertinent to
the region. However, a more robust site-specific justification would enhance the anal-
ysis. The incorporation of the Northridge earthquake (1994, Mw = 6.7) offers a signifi-
cant historical context as one of the most thoroughly documented seismic occurrences,
providing high-quality accelerometric data that acts as a standard for comparison and
guarantees the inclusion of well-analyzed ground motion characteristics. Moreover, the
choice of two Turkish earthquakes—Kahramanmaraş (2023, Mw = 7.7) and Kocaeli (1999,
Mw = 7.51)—demonstrates the geographic closeness and seismotectonic resemblance to
the Lemnos site. Both the Turkish seismic zones and the North Aegean region are affected
by the intricate tectonic interactions between the Eurasian and African plates, including
the westward extension of the North Anatolian Fault system into the Aegean Sea. The
Kahramanmaraş earthquake supplies contemporary ground motion data utilizing modern
recording techniques, while the Kocaeli earthquake provides insights from a significant
strike-slip event that shares similar fault mechanisms with those anticipated in the North
Aegean region. Nevertheless, the authors ought to offer clearer justification concerning tec-
tonic similarity, the appropriateness of source-to-site distance, the compatibility of original
recording site conditions with the Category D soils at Lemnos, and whether the spectral
characteristics remain representative after scaling to align with Eurocode 8 requirements,
which would bolster the credibility of employing these records for evaluating this vital
cultural heritage structure. The ground motion records were modified to match the target
response spectrum specified in [23], within the period range of 0.2T to 2T for each direction,
following the methodology outlined therein. Spectral matching as shown in Figure 9 was
performed using the Seismomatch software (v. 2025) [43].

According to the spectrum defined in [23], the building is classified as Importance
Class III, with an importance factor of γI = 1.2. A behavior factor of q = 1.5 was adopted,
appropriate for masonry structures. The seismic zone is classified as Zone Z2 with a design
ground acceleration of Ag = 0.24 g, and a vertical design acceleration of Av = 0.9 × Ag. The
site soil is categorized as Type D (S = 1.35), and a constant damping ratio of ζ = 5% was
assumed in the analyses.
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Figure 9. Spectral matching of the mean spectrum of selected earthquakes (x—axis) to the target
spectrum (EC8).

For each earthquake record, two separate load cases were created by reversing U1 and
U2 (Load Case Data—Linear Direct Integration History) for each horizontal accelerogram.
The following load cases were created:

• Kahramanmaraş1 (Kah1) and Kahramanmaraş2 (Kah2),
• Northridge1 (Nor1) and Northridge2 (Nor2) and
• Kocaeli1 (Koc1) and Kocaeli2 (Koc2)

4.4. Analysis Challenges

According to [44], the combination of actions for seismic design situations applied to
the building under study is G + 0.3Q + E. However, it was not possible to extract this load
combination from the analysis software, nor was it possible to obtain envelope stresses, i.e.,
the maximum (SMAX) and minimum (SMIN) stress values for each elevation of the building.

For this reason, time series were extracted for selected shell elements on each elevation,
in order to determine the approximate time points at which maximum stress values occur
on each elevation. Additionally, time series were obtained for two shell elements in each
model—one on the ground floor and one on the second floor—on the elevation that exhibits
the highest SMAX exceedance. This enables direct comparison of the stresses developed
across the models. To assess the interstorey drift ratio (IDR), four joints were selected at
each floor level along the same vertical axis on the same elevation. It should be noted that
the load combination G + 0.3Q does not result in any stress exceedances.

5. Results

5.1. Maximum SMAX Stress Values per Elevation

The distribution of maximum tensile stresses (SMAX) was evaluated across all four
elevations for each model. The results offer an overview of the seismic stress demands
imposed on the building and facilitate a comparative assessment between fixed-base and SSI
conditions, as well as between the two different strengthening methods (Tables 11 and 12).
Figures 10 and 11 illustrate the SMAX stress distribution for the Kahramanmaraş1 event at
selected elevations.
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Table 11. SMAX for shells 7342 (M1) and 6724 (M2) on ground floor.

M1 SMAX M2 SMAX % Change

Shell 7342 At (s) Value (kPa) % Change Shell 6724 At (s) Value (kPa) % Change M1 vs. M2

1fkah1 11.22 323.40
14.97%

2fkah1 11.52 394.20 −19.13%
21.89%

1skah1 11.23 371.80 2skah1 12.14 318.80 −14.25%

1fkah2 12.42 272.00
47.32%

2fkah2 12.74 474.00 −12.81%
74.26%

1skah2 11.23 400.70 2skah2 11.55 413.30 3.14%

1fnor1 11.33 231.70
79.11%

2fnor1 11.67 467.40
55.03%

101.73%
1snor1 9.38 415.00 2snor1 10.22 724.60 74.60%

1fnor2 5.86 283.70
57.14%

1fnor2 13.62 447.90
25.92%

57.88%
1snor2 7.86 445.80 2snor2 7.89 564.00 26.51%

1fkoc1 8.28 262.80
92.85%

2fkoc1 11.11 465.70
41.51%

77.21%
1skoc1 9.96 506.80 2skoc1 11.13 659.00 30.03%

1fkoc2 8.98 264.50
52.82%

2fkoc2 9.95 480.30
33.06%

81.59%
1skoc2 9.38 404.20 2skoc2 10 639.10 58.11%

Table 12. SMAX for shells 7587 (M1) and 6724 (M2) on ground floor.

M1 SMAX M2 SMAX % Change

Shell 7587 At (s) Value (kPa) % Change Shell6939 At (s) Value (kPa) % Change M1 vs. M2

1fkah1 11.93 1024.00
123.24%

2fkah1 19.22 1014.00
17.46%

−0.98%
1skah1 11.94 2286.00 2skah1 19.21 1191.00 −47.90%

1fkah2 11.04 777.40
79.70%

2fkah2 11.09 1019.00
1.08%

31.08%
1skah2 11.02 1397.00 2skah2 11.09 1030.00 −26.27%

1fnor1 8.96 1078.00
78.01%

2fnor1 11.22 1088.00
30.97%

0.93%
1snor1 9.34 1919.00 2snor1 10.67 1425.00 −25.74%

1fnor2 8.96 1091.00
80.66%

1fnor2 11.22 1137.00
31.84%

4.22%
1snor2 9.34 1971.00 2snor2 10.67 1499.00 −23.95%

1fkoc1 9.31 976.00
77.36%

2fkoc1 9.13 1112.00
32.19%

13.93%
1skoc1 9.31 1731.00 2skoc1 10.18 1470.00 −15.08%

1fkoc2 9.21 1133.00
88.08%

2fkoc2 9.34 941.50
49.65%

−16.90%
1skoc2 11.26 2131.00 2skoc2 11.3 1409.00 −33.88%

Figure 10. SMAX stress results on the main (1) elevation. The minimum values on the chromatic
scales correspond to the tensile strength at the ground floor, while the maximum values represent the
tensile strength at the 1st and 2nd floors. Stress exceedance at 1st floor and 2nd floor occurs only in
areas indicated by blue coloration: M1fix (a); M2fix (b); M1ssi (c); M2ssi (d).
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Figure 11. SMAX stress results on elevation 3. The minimum values on the chromatic scales
correspond to the tensile strength at the ground floor, while the maximum values represent the tensile
strength at the 1st and 2nd floors: M1fix (a); M2fix (b); M1ssi (c); M2ssi (d).

5.2. Interstorey Drift Tables and Residual Interstorey Drift Tables

On the same elevation, four joints were monitored for displacements along the axis
where maximum deformations occur (Figure 12). Table 13 presents the height distributions
for peak interstorey drift ratios (IDR) calculated with reference to the top joint. For this
assessment, the deformation limits adopted in [29] were used: 4‰ for in-plane and 8‰ for
out-of-plane deformations.

Figure 12. Shells 7342/6724 of Models M1/M2 on ground floor and 7587/6939 of Models M1/M2 on
second floor.

Table 13. Peak IDR_U2 (out-of-plane deformation) for the top selected joint on elevation 4.

Model - Event Max IDR ‰ Time of Max IDR (s) Model - Event Max IDR ‰ Time of Max IDR (s)

M1fix - Kah1 −3.137 11.82 M2fix - Kah1 −7.639 19.08

M1fix - Kah2 2.355 11.04 M2fix - Kah2 −7.456 11.27

M1ssi - Kah1 6.806 11.94 M2ssi - Kah1 −9.530 19.08

M1ssi - Kah2 4.191 11.02 M2ssi - Kah2 7.385 11.09

M1fix - Nor1 3.198 8.96 M2fix - Nor1 −7.778 10.54

M1fix - Nor2 −3.274 10.20 M2fix - Nor2 −8.229 10.54

M1ssi - Nor1 −6.313 10.21 M2ssi - Nor1 −10.124 12.47

M1ssi - Nor2 −6.512 10.21 M2ssi - Nor2 −10.409 12.47

M1fix - Koc1 −3.306 9.40 M2fix - Koc1 −7.477 10.05

M1fix - Koc2 3.383 9.21 M2fix - Koc2 6.248 11.29

M1ssi - Koc1 −6.232 10.00 M2ssi - Koc1 9.668 10.18

M1ssi - Koc2 6.354 11.26 M2ssi - Koc2 −9.633 11.41
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It should be noted that U1 and U2 refer to the X and Y axes, respectively, while
elevation 4 is oriented towards the XZ plane. Therefore, U1 refers to in-plane deformations
and U2 refers to out-of-plane deformations.

6. Discussion

The analyses conducted under both static and dynamic loading conditions reveal
critical differences in the structural behavior of Models 1 and 2, and highlight the influence
of soil–structure interaction (SSI) on their seismic performance.

With regard to the static analysis, soil–structure interaction results in varying tensile
stress distributions across the building elevations, thereby preventing the derivation of
reliable conclusions. However, a comparison of compressive stresses within the building’s
external masonry indicates that models incorporating SSI effects exhibit lower stress levels.

The two models, M1 and M2, were subjected to particularly high seismic loads. Elastic
dynamic time history analysis of the selected events revealed significant damage across
all four elevations of both models. This damage includes the ramming of the external
masonry by floor joists and transverse masonry, and pertains to the influence of roof loads
on the external walls, as well as to both in-plane and out-of-plane failure mechanisms.
These mechanisms indicate potential wall collapse, as evidenced in the SMAX tables for
Elevation 4.

However, the observed failure pattern of the second floor does not accurately reflect
its actual structural behavior, as the wooden elements were not simulated. Consequently,
the influence of the embedded timber frames (friggia) and the timber-framed internal
walls was not taken into account, rendering the second-floor masonry more vulnerable to
seismic actions.

Regarding SSI influence, the conclusions according to Tables 11 and 12 are summa-
rized below:

Ground floor:

• In Model M1, the maximum SMAX value is observed in case M1ssiKoc1, exhibiting
a 93% increase compared to M1fKoc1. Stress increases are observed across all M1ssi
models, ranging from 15% to 93%.

• In Model M2, the maximum SMAX value is observed in case M2ssiNor1, exhibiting
a 55% increase compared to M2fNor1. The Kah1 and Kah2 events exhibit stress
reductions under SSI conditions. Overall, the observed increases range from 26% to
55%, while the reductions range from 13% to 19%.

• A comparison between Models M1 and M2 reveals an increase in stress across all M2
cases, with the exception of M2ssiKah1, which presents a 14.25% decrease relative
to M1ssiKah1. Additionally, all M2 cases exhibit a delay in the timing of peak stress
occurrence compared to M1.

2nd floor:

• In Model M1, the maximum SMAX value is observed in case M1ssiKah1, exhibiting
an increase of 123.24% compared to M1fKah1. All cases show increases ranging from
78% to 125%, indicating that stress increases on the first floor are significantly higher
than those on the ground floor.

• In Model M2, the maximum SMAX value is observed in case M2ssiNor2, exhibiting an
increase of 32% compared to M2fNor2. However, the greatest increase occurs in the
Koc2 event, reaching 50%. Unlike the ground floor, no event exhibits stress reduction
under SSI conditions. Overall, stress increases in this model range from 1% to 50%.

• A comparison between Models M1 and M2 shows that all M2fix models exhibit
increased stress, except for cases M2fkah1 and M2fKoc2. In contrast, M2ssi models
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show a reduction in stress compared to M1ssi. Finally, similar to the ground floor, all
M2 cases—except for M2fKoc1—exhibit a delay in the timing of peak stress occurrence
compared to M1.

The findings indicate that the influence of soil–structure interaction (SSI) on stress
amplification is more significant in Model M1, which exhibits a shorter fundamental period
due to increased stiffness resulting from masonry consolidation via grout injection. Model
M2, by comparison, which features greater mass, reduced masonry stiffness, and a longer
fundamental period than M1, also experiences stress increases under SSI (with the exception
of the Kahramanmaraş earthquake), albeit to a lesser extent.

It is also important to note that, on the second floor, soil–structure interaction results
in stress reduction across all combinations for Model M2. Interestingly, the second-floor
masonry in Model M1 is reinforced with timber laces at both the floor and roof levels, yet
exhibits greater stiffness and strength compared to M2. In contrast, in Model M2 there is a
reinforced concrete beam at roof level. Nevertheless, stress exceedances are observed in
both models, while the structural system of M2 appears to be more vulnerable under the
seismic scenarios examined in this study.

Concerning interstorey drift ratios (IDRs), SSI increases the relative floor
displacements—typically by nearly double—across most seismic combinations and struc-
tural models. The sole exception is case M2Kah2, in which the maximum IDR value
remains unchanged.

Regarding in-plane deformation, no IDR value exceeded the 4‰ threshold, with
drift ratios remaining low (around 0.2‰). However, out-of-plane deformation exhibited
significantly higher values on the second floor, particularly in cases M2ssiKah1, M2ssiKoc1,
M2ssiKoc2, M2fixNor2, and M2ssiNor1 and Nor2, where the 8‰ threshold was surpassed.
The IDR differences for each seismic scenario are listed below in detail:

Model 1

• In the Kahramanmaraş earthquake, the maximum IDR on the second floor is recorded
in case M1ssiKah1, reaching 6.8‰—the highest IDR value among all M1 seismic cases,
in agreement with the values reported in Table 11. The increases observed in the SSI
models are 117% for the Kah1 event and 78% for Kah2.

• In the Northridge earthquake, the maximum IDR on the second floor is recorded in
case M1ssiNor2, reaching 6.5‰. The increases observed in the SSI models are 97% for
the Nor1 event and 99% for Nor2.

• In the Kocaeli earthquake, the maximum IDR on the second floor is recorded in case
M1ssiKoc2, reaching 6.35‰. The increases observed in the SSI models are 89% for the
Koc1 event and 88% for Koc2.

Model 2

• In the Kahramanmaraş earthquake, the maximum IDR on the second floor is recorded
in case M2ssiKah1, reaching 9.53‰. With regard to the SSI models, the Kah1 event
exhibits a 25% increase, while SSI has virtually no effect in the Kah2 event, as the IDR
increases by only 1%.

• In the Northridge earthquake, the maximum IDR on the second floor is recorded in
case M2ssiNor2, reaching 10.41‰—the highest IDR value among all M2 seismic cases,
in agreement with the values reported in Table 11. The increases observed in the SSI
models are 30% for the Nor1 event and 27% for Nor2.

• In the Kocaeli earthquake, the maximum IDR on the second floor is recorded in case
M2ssiKoc1, reaching 9.69‰ (Koc2 exhibits a nearly identical value of 9.63‰). The
increases observed in the SSI models are 29% for the Koc1 event and 54% for Koc2.
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A comparison between models M1 and M2 regarding the effects of SSI on IDRs leads
to the same conclusion previously drawn concerning maximum stresses—namely, that
SSI has a greater influence in model M1. Overall, the increase in IDRs observed in the SSI
models is in line with [16], where the incorporation of soil–structure interaction (SSI) into
the analysis of historical load-bearing masonry structures revealed significant increases in
drift ratios.

Finally, comparing models M1 and M2 in terms of IDR values, it is observed that, for
the same seismic combination, maximum relative floor displacements exhibit significant
increases on the second floor in M2. It is also observed, that the largest percentage increases
are recorded in fix–based models. Specifically, the greatest percentage change is recorded in
the M1fixKah2 and M2fixKah2 models (217%), with a range of values for all combinations
spanning from 85% to 217%. The SSI models show an average percentage change in IDR
of approximately 60%, with a range between 40% and 76%. It should be noted that this
analysis refers to percentage changes; however, as mentioned above, the highest values are
recorded in the Mssi models. The detected concentration of maximum displacements on
the second floor in M2 could indicate that the RC interventions have led to an irregular
distribution of stiffness, fostering soft-story behavior. This alarming finding suggests that
the modern strengthening techniques may have inadvertently created new vulnerabilities.
This analysis emphasizes the critical need to consider both the strengthening approaches
and the soil-structure interaction effects when reviewing retrofit strategies for historic ma-
sonry structures, as the combination of these factors can profoundly impact the evaluation
of structural performance and safety.

The study of [17] and the present study underscore the vital significance of accurate
soil classification in seismic analysis. The steel MRF study reveals that “assuming different
soil types can influence the results of IDR_Med and RDR_Med, which can subsequently
affect the performance of the building,” with soil type C increasing maximum IDR_Med

by 66.76% in comparison to soil type B for a 5-story MRF under DBE loading. In a similar
vein, the present investigation of the Archaeological Museum indicates substantial SSI
effects for Category D soils, where the soft soil conditions greatly enhance peak tensile
stress and interstorey drift ratios. This parallel observation bolsters the reliability of the
approach in explicitly modeling SSI effects, as both studies validate that neglecting proper
soil characterization can lead to significant underestimation of seismic demands.

The comprehensive approach of the steel MRF study [17], which utilizes 3456 perfor-
mance curves derived from nonlinear dynamic analyses (NDAs) and incremental dynamic
analyses (IDAs), establishes a benchmark for the validation level of analyses that enhances
confidence in the research outcomes. In contrast, the present study’s dependence on linear
time-history analyses employing equivalent linear soil modeling (with a 37% reduction in
stiffness) could gain from a similar validation process through nonlinear analyses, espe-
cially considering the recognized limitations in addressing “gapping, sliding, and uplift”
effects that are crucial for Category D soils. The methodology of the steel study indicates
that a more thorough validation of the linear spring approach might reinforce the con-
clusions regarding the relative effectiveness of various strengthening strategies for the
Archaeological Museum and this constitutes a limitation.

7. Conclusions

The findings of the present study indicate the critical role of SSI in the seismic behavior
of load-bearing masonry buildings. Significant increases in both stresses and displacements
were recorded in the models with elastic supports (link elements), clearly demonstrating
the influence of SSI on the seismic response. Additionally, most cases exhibited a delay
in the timing of peak structural response, indicating a dynamic coupling between the soil
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and the superstructure. On the contrary, excluding SSI effects from the seismic assessment
of historical masonry buildings could result in a significant underestimation of seismic
demand and, consequently, of the necessary strengthening interventions.

Finally, with regard to retrofitting interventions, the model that includes reinforced
concrete (RC) additions (Model 2) showed higher stress concentrations on the story beneath
the RC diaphragm (i.e., the ground floor), as well as significantly higher interstorey drifts
on the second floor. Despite the potential benefits of RC-based interventions—such as
improved box–type and diaphragm behavior etc.—their effectiveness depends on construc-
tion quality, proper detailing, and, most importantly, on adequate mechanical connection
with the masonry. These measures should always be accompanied by direct strengthening
of the masonry itself.

This study highlights the importance of this distinction by comparing two strengthen-
ing strategies: one focused on masonry strengthening (Model 1), and another emphasizing
diaphragm strengthening through reinforced concrete (RC) intervention (Model 2). Based
on the analysis results, the masonry-centered approach (Model 1) demonstrated better
seismic performance, emphasizing its suitability for the seismic protection of historical
masonry structures.
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Nori Northridge, i = 1, 2
Koci Kocaeli1, i = 1, 2
Mif Model i, fix -based supports
Missi Model i, SSI (link elements) supports
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Abstract: The wind-induced response of structures is typically studied in wind tunnels
either on scaled models or using numerical approaches under similar transient load condi-
tions. In early design phases—where the potential for impactful change is most significant—
information is often limited. As a result, studies are frequently conducted on simplified
or reduced-resolution structural models. Typical applications for dimensionally reduced
engineering models include early design phases, deciding on the need for high-fidelity
analyses, and verifying wind tunnel models, which are often constructed using beams
with lumped masses. In this contribution, the validity of these approaches is tested. Var-
ious limitations intrinsically arising from such modeling assumptions, showcased on a
generic high-rise under dynamic wind load conditions, are highlighted. The systematic
parametric analysis focuses on the variations in transient structural responses, particularly
displacement and accelerations at the top of a building. Various wind loading cases are
studied, with the reduction of the resolution taking place either in the original or in modal
space. Results indicate that a considerable reduction is possible, but characteristic design
values tend to deteriorate in cases of a high reduction, particularly when higher mode
contributions are truncated. It is observed that the top-floor acceleration and displacement
can be captured with considerable accuracy with three lumped masses for tall buildings. It
is critical to study the impact of simplifying models starting at the highest level of detail
possible. Here, a three-DoF model was able to capture the displacement up to a deviation
of 11% and accelerations up to 20%. These approximate models are useful for initial design
stages, optimization, uncertainty quantification, etc., where fast, cheap, and moderately
accurate model evaluations are necessary.

Keywords: wind loading; structural modeling; structural response; numerical methods;
reduced-resolution models; computational wind engineering

1. Introduction

Structural wind engineering is the art and science of modeling and analyzing struc-
tures under natural wind flows. It aims at estimating the accurate responses of these
structures under natural wind loads. Wind tunnel measurements traditionally represent
the established method for quantifying wind loads [1]. These typically result from high-
resolution pressure time histories (in the case of high-frequency pressure integration—HFPI)
or global structural forces (from high-frequency force balance—HFFB). Additionally, codes
and standards provide further insights into the quantification of the effects of wind flow
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on structures. These, however, have severe restrictions and limitations for special con-
structions (such as high-rise, large span, lightweight, etc.) and inherently cannot provide
sufficiently detailed information on local/global loads and respective responses in high
resolution (in time and space). In recent decades, computational wind engineering (CWE)
has gained a lot of attention from the structural wind engineering practice, where wind
loads are estimated by modeling the wind flows around the structure using computational
methods like computational fluid dynamics (CFD).

To obtain structural responses, like displacement and accelerations, an aeroelastic
model that incorporates the structural properties of the system is used in wind tunnels. The
structures are equivalently represented in these scaled-down aeroelastic models. The sizing
effect needs to be taken into account during such modeling. For tall buildings, a commonly
used simplification for the structural system is to use lumped mass models. The number
of degrees of freedom in such lumped mass models is chosen by the researcher/modeler.
Wind tunnel testing with aeroelastic models commonly uses lumped mass models for tall
buildings. Newer techniques like hybrid aeroelastic pressure balance (HYPB) use a single
degree of freedom (SDoF) [2] for the structural system in a wind tunnel, capturing the
two-way coupling of structure and wind. In order to capture higher vibration modes in
these aeroelastic tests, MDoF is used in previous studies. Vortex-induced vibrations (VIVs)
and resonance were investigated with aeroelastic models in a wind tunnel to model super
high-rise buildings using MDoF in [3,4]. A series of wind tunnel tests with the MDoF
model of Shanghai World Financial Centre is carried out in [5] for vibration measurements.

In computational wind engineering, this is captured by coupling the CFD model
developed for wind with a structural model. This is referred to as a typical fluid–structure
interaction problem. Recent advancements in algorithms and computational resources
have made it possible to perform fully coupled simulations in complex wind flows and
complex structures. Large Eddy simulation (LESs) of wind effects on tall buildings with and
without nearby buildings are presented in [6], and wind effects on tall steel buildings are
presented in [7]. Multiple turbulence models were numerically investigated for predicting
wind effects on tall buildings in [8,9]. The wind effects on structures may be captured by a
two-way coupled or one-way coupled simulation. The accuracy of these modeling choices
depends on the flexibility of the structure. In tall building simulations, it is observed that a
one-way coupled simulation is capable of capturing important characteristics sufficiently.
In CWE, the wind loads evaluated from the CFD may be imposed on a finite element (FE)
structural model. It is common practice to model the structure in FE software tools for
evaluating the building response and, hence, for design. The FE model of a tall building
comprises multiple structural elements and is an accurate representation of the structure.
These complex FEM models are expensive to evaluate in many cases.

In a design scenario, it is not possible for the designer to know exact structural
properties like the mass, stiffness, and damping of the structural system accurately in the
early stages. It is a common norm to start with simplified models in such scenarios. Also, in
wind tunnel testing, it is not possible to capture all the structural behaviors, and a common
approach is to use MDoF systems. An MDoF system is the best representation of a tall
building and is widely used in computational studies for evaluating the wind effects on
structures. A more complex and accurate structural model may be built at a later time as
more information and decisions on the structural system are made in a design scenario.
However, the accuracy of these simplified models has not been not well studied in the
literature. Here, in this contribution, a systematic study is carried out to quantify the effects
of simplified modeling in structures under transient loads with a focus on the wind.

The current study aims to assess (dynamic) wind load in various scenarios (angle of
attack, degree of turbulence) obtained from CFD simulations, which represent the input
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load case in the form of force time history on the structural model. A generic highrise struc-
ture (CAARC B—a well-established model in the wind engineering community proposed
by the International Association of Wind Engineering—IAWE [10,11]) is chosen due to the
vast literature available related to the airflow around it as well as necessary information
regarding the choice and set up of the structural model. Originally, the structural model is
only prescribed a certain geometry (uniform rectangular along height), mass distribution
(uniformly along height), eigenfrequencies of the first three modes (weak and strong bend-
ing, torsion), and type of mode shape (linear, as the initial study way intended for HFFB
in experimental wind tunnels). Additional remarks on structural damping are given for
the assessment of responses. This study takes these existing prescriptions and uses them
as a base model: continuous and uniform mass and stiffness distribution along the height
chosen so that target parameters (eigenfrequencies) are met. The study of slight variations
of this model, aiming to assess other scenarios typical for the engineering practices for
such constructions, such as three intervals along the height with varying mass and stiffness
distribution, is included. A model of the building with a full FEM model is presented,
comparing the responses with approximate MDoF systems.

Wind loading is considered as a given input, with the variations described previously.
Structural models and respective modifications will be analyzed as briefly outlined. The
systematic parametric study is further enhanced with the investigation of the spatial
resolution of the structural model itself. This last step aims to quantify the effect of structural
detailing through the usage of various (decreasing) numbers of structural elements. It is
aimed to highlight what minimum requirements related to proper analysis are needed,
such that certain target response parameters (e.g., time and magnitude of maximum
displacements and accelerations) are captured with sufficient accuracy. The insights are
linked to modal analysis and a subsequent reduction of the number of modes in order
to identify minimally relevant ones. The numerical toolchain that is developed and used
permits a flexible and thorough parametric assessment of these aspects. The accuracy
assessment of these simplified models can be useful for both simplified numerical modeling
and the use of simplified models in wind tunnel tests.

The rest of this paper is organized as follows: Section 2 describes the methodology
used for modeling and analyzing fluids and structures. Section 3 describes the details of
the numerical study and results, and discusses the obtained results. Section 4 presents the
conclusions and outlooks.

2. Methodology

This section focuses on the detailed methodological description and underlying as-
sumptions for each of those modules.

2.1. Wind Load Modeling and Simulation

Wind load is modeled using CFD analysis with the open-source Kratos Multiphysics
tool [12–14]. This involves a finite element method (FEM) formulation for flow problems
based upon a variational multi scale (VMS) formulation [15]. The computational domain
setup is the one presented in ref. [16], which was set up for the CAARC B building [10,11].
Tetrahedral elements are employed to discretize the fluid domain. The computational
domain setup for the current simulation is illustrated in Figure 1. The figure also outlines
the boundaries of the fluid domain and illustrates the applied boundary conditions.
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Figure 1. Setup for wind load modeling.

Inlet Boundary Condition

The wind characteristics are taken care of by the inlet boundary condition. The wind
effects in the atmospheric boundary layer (ABL) are modeled by decomposing the wind
velocity field as a Reynolds decomposition, V = V +V′, where V is the steady mean profile
component and V′ is the unsteady turbulent fluctuations component. The mean wind
profile, denoted as V, represents the averaged contribution to the overall wind field V. This
profile undergoes changes over the time scale of several hours to days, as indicated in [17].
Therefore, for the numerical simulation, the mean profile is assumed to remain constant.
The turbulent fluctuations of wind V′ represent the wind gusts with a time span of seconds.
The gust wind speed triggers transient conditions of peak wind loading. If the structural
eigenfrequencies of large structures align with frequencies in the gust-induced wind load
pattern, resonant effects may occur. Separate models are employed for each term, V and
V′.

An exponential profile is adopted for the study for the mean wind profile. The wind
velocity at any height z is given by

V(z) = Vref

(
z

zref

)α

(1)

where zref is the reference height and α is the exponent which depends on the terrain. To
capture wind statistics at the location of interest, wind fluctuations V′(t, y, z) are modeled.
Various numerical models are available to address this issue [18–20]. In this study, the
well-established Mann model is utilized to simulate wind gust fluctuations [21,22]. This
model, widely accepted in structural wind engineering [23–26], is known for its spectral
approach in wind generation.

2.2. Structural Modeling and Analysis

The prescribed structural model of the CAARC B building is a typical cantilever with
continuous mass and stiffness, constant along its height. It cannot be modeled as a full
cross-section; as with such an assumption, the prescribed modal frequencies cannot all be
fulfilled at the same time. These target modes and frequencies can only be achieved by a
detailed structural model, typically set up for extensive analysis during design. For the
current investigation, a custom parametrizable Timoshenko beam with an FEM formulation
is developed and used, referred to as ParOptBeam. Two structural models were used in this
study: the high-fidelity model (HFM), which is a detailed FEM model, and the ParOptBeam
model, which is a low-fidelity model (LFM).
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A simplified structural model for the dynamic time history analysis of tall buildings
with different structural systems is presented here. The three-dimensional (3D) structure
is replaced by a simplified structural model that considers both bending and shear de-
formations. The 3D Timoshenko beam theory is therefore used to model the equivalent
structural system. Ref. [27] presented a simplified methodology for the analysis of the
framed structure shear wall interaction problem. It can be seen that the Timoshenko beam
model can effectively model various structural systems used for tall buildings in practice.

2.2.1. Timoshenko Beam Model

The Timoshenko beam theory is adopted to model the simplified structural system to
analyze the actual 3D building. A 3D prismatic homogeneous isotropic beam element is
used for the element formulation. The element considers both the shear deformation and
rotational inertia (related to bending). Since the shear deformations are taken into account,
the planes that were initially perpendicular to the neutral axis are no longer perpendicular
to it after deformation.

A consistent mass formulation is used. Hence, both the stiffness and mass matrix
depend on the relative importance of the shear deformations (relative to the contribution
from bending). This ratio is given by

Φ =
12EI

G(A/α)L2 (2)

where E and G are the moduli of elasticity and shear of the material, respectively, I is the
moment of inertia of the cross-section, A/α is the effective shear area, and L is the length of
the discrete beam element. In 3D, the properties of cross-sections can change in the two
principle directions; hence, two relative shear importance factors may be defined. The
torsional stiffness is computed from the polar inertia of the equivalent cross-section. A
Rayleigh damping model is assumed. For a dynamic problem, the governing equation of
motion (EOM) is shown in (3).

The numerical structural models of the version described are set up such that the
eigenfrequencies can be met. Furthermore, in the initial description of CAARC B, linear
mode shapes (with linear referring to the distribution along the height and not referring
to geometric/material linearity) are mentioned, as these would be typically achieved by
the target study at that time involving a HFFB measurement. These distributions along
the height are only possible if the model is an infinitely rigid beam along the height, and
deformations are only possible at the mount (clamped edge). This could be seen as a rigid
body deformation along the height permitted by springs at the fixity. These mode shapes
are, however, not representative (nor realistic) of typical aeroelastic models used in wind
tunnels, nor of high-rise structures modeled using computational methods. Realistically,
these have mode shapes and sway deformations that lie somewhere between the theoretical
limits of pure shear buildings and pure bending cantilevers and are definitely not linear.
The latter would correspond to the Bernoulli/Timoshenko beam formulation, whereas
the former can only be achieved with a dedicated MDoF shear model. Current modeling
techniques and implementations permit the modification of the relative importance of
shear. Also, the addition of point mass and stiffness entries to model the possible effect of
outriggers is enabled.

2.2.2. Implementation Details of the Structural Model in ParOptBeam

The Timoshenko beam model realized in the current work (ParOptBeam [28]) is
capable of carrying out a 3D analysis of tall buildings subjected to wind forces. A linear
(geometric and material) model is used for the structure, and the time domain dynamic
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problem is solved with a generalized – α time integration scheme. Mode shapes (two sway
modes and torsion) are uncoupled.

Analysis in the Modal Coordinates in the Framework

The structural solver is capable of computing time-dependent responses in the modal
coordinates as well. Such computations help to reduce the time required for analysis, as
one needs to solve a smaller set of equations (which comprise a series of scalar solves).
This can be seen as useful if the number of DoFs of the system is very large, and if the
system is mainly influenced by a few of the modes. The capabilities are implemented for
the structural model. The responses computed in transformed coordinates are thereafter
transferred back to the initial system of reference.

The Capability of Stepping

In many designs in practice, it so happens that the stiffness values are reduced along
the height of the structure towards the top. This is realized by different zones (intervals)
having changing prescribed stiffness and mass values. Constant stiffness (material and
geometric) and mass (density) are assumed within an interval.

Modeling of Outriggers

In practice, outriggers are generally designed in-between changes of mass and stiffness.
These are mostly used to help reduce the bending moment at the core. The mass and
stiffness contributions of outriggers are added to the corresponding matrices.

Variations in the model regarding mass and stiffness considered are shown in Figure 2
and are as follows:

• Continuous—constant distribution over height;
• With intervals—varying (but constant on intervals) distribution of these over height

(three intervals considered);
• With outriggers—additional inclusion of outriggers (at the two changes between

intervals).
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y

Structural system assumptions

Pure core
Constant 

material parameters 
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Constant
material parameters
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Outriggers added
at 1/3 and 2/3 H

Figure 2. Main assumptions and parameters of the structural model.

2.3. Coupling of Fluid and Structure

The wind flow results in nodal forces on the surface mesh of the structure, typical for
the numerical approach (CFD) at hand. These fluid forces need to be transferred to the
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structural model (modeled using computational structural mechanics—CSM methods) in
a conservative way, referring to the conservation of forces in an integral sense. Thus, the
resulting forces on the surface mesh on the fluid solver side need to be the same as the
acting forces on the structure during the CSM simulation. These data transfer operations
can be generically seen as a mapping operation. It needs to be noted that the deformations
of the structural model are not sent back to the fluid solver; as such, the wind flow CWE
model acts as if we were only able to see the rigid structure throughout the total duration
of the simulation.

This manner of assessing and transferring fluid forces is typical to either HFPI tech-
niques (on a rigid model) or CFD simulations and leads to a one-way coupled fluid–
structure interaction (FSI) approach, which means that only the wind flow affects the
structure (due to arising forces), but structural deformations (kinematics) do not have an
influence on the geometry of the flow domain considered.

The main goal is to identify the minimum amount of considered structural detailing
(represented here by the minimum amount of finite elements in discretization and/or
number of mode shapes used for modal reduction), which leads only to a minimal degree
of variation from the full resolution model. The minimum (or acceptable) level of refinement
is established based on intended applications. The EOM in spatial coordinates is displayed
in Equation (3), where x(t) denotes the vector of the DoFs of the generalized displacement,
with time derivatives also being marked. The matrices [M], [B], and [K] represent mass
(consistent), stiffness, and damping (Rayleigh), respectively. The corresponding vector of
external forces is represented by {F(t)}. The sizes of the matrices and vectors are shown
using the number of DoFs n.

Generalized discrete EOM.

[M]n×n{ẍ(t)}n×1 + [B]n×n{ẋ(t)}n×1 + [K]n×n{x(t)}n×1 = {F(t)}n×1 (3)

Transformation into modal coordinates. The eigenvalue problem for the conservative
(undamped) structure is

[K]n×n[Φ]n×n = [M]n×n[Φ]n×n[Λ]n×n (4)

where [Φ]n×n = [{φ1}n×1, {φ2}n×1, . . . , {φn}n×1]
T
n is the modal matrix, consisting of n

modal vectors; [Λ]n×n = [diag{λ1, λ2, . . . , λn}]n×n is the modal stiffness matrix, with
λi = ω2

i for i = 1, n, consisting of n eigenvalues on the main diagonal. This assump-
tion should be well accepted for civil engineering structures, which are typically highly
underdamped.

Mass-normalization is used for obtaining the modal matrix [Φ]n×n, such that

[Φ]Tn×n[M]n×n[Φ]n×n = [I] =
[
M
]

n×n

[Φ]Tn×n[K]n×n[Φ]n×n = [Λ] =
[
K
]

n×n

[Φ]Tn×n[B]n×n[Φ]n×n = [B] =
[
B
]

n×n

(5)

where [B]n×n = [diag{β1, β2, . . . , βn}]n×n is the modal damping matrix, with βi = 2ζiωi

for i = 1, n, ζi being the damping ratio for the i-th mode.
The kinematics spatial coordinates and respective time derivatives are transformed

into modal coordinates using

{x(t)}n×1 = [Φ]n×n{x(t)}n×1 (6)
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and pre-mutiplying the resulting equation with [Φ]Tn×n, leading to

[
M
]

n×n

{
ẍ(t)

}
n×1 +

[
B
]

n×n

{
ẋ(t)

}
n×1 +

[
K
]

n×n{x(t)}n×1 =
{

F(t)
}

n×1 (7)

where
[
M
]

n×n,
[
B
]

n×n and
[
K
]

n×n are the modal mass, stiffness and damping matrices (all
diagonal), respectively.

It will be assumed that the following condition holds:

[
B
]

n×n

[
M
]−1

n×n

[
K
]

n×n =
[
K
]

n×n

[
M
]−1

n×n

[
B
]

n×n (8)

ensuring the fact that the damped system will possess the same mode shapes as its un-
damped counterpart. Consequently, the eigenvectors will be real and the equation will
contain n uncoupled systems of equations, representing an SDoF-analogy for each modal
component and leading to a scalar system for each, individually.

Modal reduction.
Systematically decreasing the involved modal components, one chooses m ≤ n modes

to represent a subset [Φ]n×m = [{φ1}n×1, {φ2}n×1, . . . , {φn}n×1]
T
m for i = 1, m of the full

modal matrix. Carrying out the transformation considering only this selection of modes,
the following equation holds:

[
M
]

m×m

{
ẍ(t)

}
m×1 +

[
B
]

m×m

{
ẋ(t)

}
m×1 +

[
K
]

m×m{x(t)}m×1 =
{

F(t)
}

m×1 (9)

representing the EOM in reduced modal space. Consequently, the response in the initial co-
ordinate system is made up only by the contribution (mathematically a linear superposition)
of a reduced subset of (decoupled) modes.

{x(s, t)} =
∞

∑
j=1

Φj(s)xj(t) −→ . . . −→ {x(t)}n×1 = [Φ]n×m{x(t)}m×1 (10)

It should be noted that transferring from continuous space to finite space is implicitly
already a model-order reduction, where the number of modes is reduced from ∞ to n,
further reduced here to m.

For large systems, determining all mode shapes and frequencies is practically pro-
hibitive. Analytical solutions are not viable for such cases. Thus, numerical methods (such
as the Rayleigh–Ritz) exist, and they approximate a certain subset of eigenforms and val-
ues, mostly starting at the lowest frequency (in civil/structural engineering applications).
Similarly, experimental mode shape analysis only enables the determination of a limited
number of lower-frequency modes. The result is, from either procedure, that one only has
a limited subset of eigenforms corresponding to the lower eigenfrequencies. The current
study uses a parametric FEM formulation of the Timoshenko beam, such that all eigenforms
and values are assessed for a (relatively) highly detailed spatial model. The spatial and
modal resolution is systematically reduced such that the effect of a lower number of FE
elements or the mode truncation can be properly measured.

3. Numerical Study

The time history of the forces acting on the structure is recorded level-wise. Figure 3
represents how the structure model is split into 60 regions along the height, such that
a series of force components (six per floor: three forces and three moments in a body-
attached coordinate system) are made available with the intention of being transferable
to the structural model for structural analysis. This defines the highest spatial resolution,
meaning that at the highest detailing level, 60 floors along the height are taken into account,
with six DoFs at each floor and corresponding force/moment components. Due to the
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time settings (total time, time step) of the computational wind flow simulation, the time
resolution is set to 50 steps/s, leading to 30,000 of total time instances for 10 min, which
defines the temporal resolution. The total simulation time of 10 min is deemed sufficient to
capture naturally turbulent wind loading effects on structures at full scale.

zone 0

zone 60

zone i+1

zone i

Flow domain 
with qualitative streamlines

and forces arising on the surface
of the structure

Wind forces 
on the surface 
of the building

Cumulation 
of forces 
in zones

Forces to be transferred
to the lumped structural model

For each level time histories of:
   forces F(t)i x,y,z

   moments M(t)i x,y,z

n = 60hi = 3 m

hi/2

hi

hi/2

hi

60 storeys 
with assumed height of 3 m

Figure 3. Transfer of wind forces to the structure.

The reduction of the forces from each point on the surface mesh of the structure
is similar in manner to what would be available from HFPI experimental wind tunnel
techniques. Forces and moments are reduced to a center point, which represents the
geometrical center of each fictitious floor of the considered structural model. Thus, the
resulting nodal forces (on mesh nodes in flow-attached coordinates) are part of the solution
of the CFD solving procedure. These values are transferred onto the structural model,
which is reduced to the centers of floors and transformed into the body-attached coordinate
system (corresponding to the principal axes of inertia) of the building.

3.1. Numerical Study I: Comparison of a Detailed FEM Model for Structures with Low-Fidelity
ParOptBeam Model

In this study, a detailed CFD model for wind is coupled to a detailed FEM model and
compared with the parametric optimizable beam (ParOptBeam) model. The same wind
forces from the CFD model are used for both models.

The high-fidelity model (HFM) for the case study was developed to conduct a detailed
time series analysis, focusing on the wind effects on the CAARC building. GiD was
used during the preprocessing stage to set up the model, which included defining the
geometry, assigning structural elements, and generating a finite element mesh. The material
properties were considered linear-elastic, as non-linear behavior was deemed excessive for
assessing operational performance. The modeling of the structural elements is summarized
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as slabs and walls, which were modeled as thick shell elements, beams and columns as
Timoshenko beam elements, and supports, which were modeled as pinned fixities at the
base.

Geometrical non-linearities, which impact the amplification of structural responses in
tall and slender buildings, were also incorporated into the HFM. Although these effects
can be ignored when displacements are minimal, it is advisable to account for them.

To account for geometrical non-linearities, the beam and shell elements were modeled
using the co-rotating theory [29], and the Newton–Raphson method was applied in the
analysis. The co-rotating approach references elements relative to a local coordinate system
rather than a global one, where total displacements and rotations are considered. This
method decomposes the element’s overall motion into two components: rigid-body motion
and deformable motion. The inclusion of shear deformations is particularly significant for
deeper beams and thicker shell elements. Thick shells may be ideal for applications like
foundation plates, while thin elements may be more suitable for slabs. Incorporating shear
deformation provides a more realistic approach to the HFM.

To assess wind effects on a tall building, it is crucial to examine the first three modes,
as illustrated in Figure 4. This focus is due to the fact that wind forces in tall buildings are
not commonly excited by higher-order modes since wind forces do not exert force in one
direction up to a certain height and then shift to another direction for the remainder of
the structure.the structure.

(a) (b) (c)

Figure 4. Mode shapes of the high-fidelity model: (a) 1st mode bending; (b) 2nd mode bending;
(c) 1st mode in torsion.

A modal analysis was conducted on the HFM to explore the building’s dynamic
behavior. The results of the eigenvalue analysis are depicted in Figure 4. The first and
second eigen-mode is characterized mainly by a dominant bending effect, with minimal
torsional impact, representing a nearly pure bending scenario. In contrast, the third eigen-
modes exhibit translation in the y-direction combined with torsional rotation along the
building’s Z-axis.
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Low-Fidelity Model

After creating the HFM of the building, a low-fidelity model (LFM) consisting of beam
elements can be established by considering the characteristics of the building. Dynamic
simulations with the LFM require less computational time to complete. To create the LFM, it
is necessary to ensure that this model has attributes similar to those of the detailed building
model, such as eigen-frequencies and mode shapes. Timoshenko beam theory was used, as
elaborated in Section 3.

The top-floor accelerations are presented for two angles of the wind in Tables 1 and 2.
Time statistics of the two models are compared in the table. Mean, standard deviation
(std), mean + 3 sd, maximum, and the 99% values are compared for the two models for
two angles of the incoming wind. The base reactions are presented in Tables 3 and 4. It
can be seen that the approximate model can capture the base reactions and the top-floor
acceleration with reasonable accuracy. The mean of the top-floor acceleration is almost
zero, and extreme statistics are of importance. Further, the time series of accelerations
and base reactions are presented in Figures 5–7. The computations were performed on
the SuperMUC-NG system equipped with an Intel Xeon Platinum 8174 processor using
8 nodes and each node has 48 cores per node (Intel Corporation, Santa Clara, CA, USA). The
computational time for both analyses was compared, and the high-fidelity model required
approximately 13,824 CPU hours, whereas the low-fidelity model completed the analysis
in approximately 144 CPU hours. The LF model demonstrated a significant computational
saving, using only 1% of the resources required by the HF model. Table 5 compiles a few of
the QoIs that are interesting to each load case, and the % of the difference is presented from
HFM. In both acceleration and base reactions, the low-fidelity model was able to capture
the responses accurately to less than 3%. In almost all cases, the LFM underpredicts the
responses. However, this difference is expected and is considerably justified considering
the computational saving it presents.

Table 1. Comparison of HFM and LFM—acceleration at the top for 2.5% damping and 0◦ angle of wind.

Mean Std Mean + 3Std Max 99th Percentile

HFM
Ax [m/s2] 1.67 × 10−4 1.32 × 10−1 3.96 × 10−1 4.34 × 10−1 3.04 × 10−1

Ay [m/s2] −1.42 × 10−4 1.17 × 10−1 3.52 × 10−1 3.73 × 10−1 2.73 × 10−1

Arz [rad/s2] −2.34 × 10−7 1.30 × 10−3 3.90 × 10−3 4.96 × 10−3 3.22 × 10−3

LFM
Ax [m/s2] 1.60 × 10−4 1.41 × 10−1 4.25 × 10−1 4.21 × 10−1 3.32 × 10−1

Ay [m/s2] −2.04 × 10−5 1.14 × 10−1 3.43 × 10−1 3.65 × 10−1 2.69 × 10−1

Arz [rad/s2] −5.15 × 10−7 1.30 × 10−3 3.90 × 10−3 4.39 × 10−3 3.23 × 10−3

Table 2. Comparison of HFM and LFM—acceleration at the top for 2.5% damping and 90◦ angle of wind.

Mean Std Mean + 3Std Max 99th Percentile

HFM
Ax [m/s2] −1.75 × 10−4 1.84 × 10−1 5.51 × 10−1 5.41 × 10−1 4.22 × 10−1

Ay [m/s2] 3.39 × 10−5 6.40 × 10−2 1.92 × 10−1 2.24 × 10−1 1.53 × 10−1

Arz [rad/s2] −4.28 × 10−7 2.44 × 10−3 7.33 × 10−3 9.06 × 10−3 5.92 × 10−3

LFM
Ax [m/s2] −1.17 × 10−4 1.85 × 10−1 5.56 × 10−1 5.31 × 10−1 4.10 × 10−1

Ay [m/s2] 2.40 × 10−5 5.17 × 10−2 1.55 × 10−1 1.50 × 10−1 1.20 × 10−1

Arz [rad/s2] −8.56 × 10−7 2.45 × 10−3 7.35 × 10−3 8.66 × 10−3 5.95 × 10−3

60



Appl. Sci. 2025, 15, 1588

100 200 300 400 500 600

0.0

0.2

0.4

0.6
D

is
p
la

c
e
m

e
n
t

U
x

[m
]

0.5196

0.5994

Angle 0°

Kratos

ParOptBeam

100 200 300 400 500 600

−0.2

−0.1

0.0

0.1

0.2

D
is
p
la

c
e
m

e
n
t

U
y

[m
]

0.2147
0.2075

Kratos

ParOptBeam

100 200 300 400 500 600

Time [s]

−0.0010

−0.0005

0.0000

0.0005

0.0010

D
is
p
la

c
e
m

e
n
t

U
r
z

[r
a
d
]

-0.0010 -0.0010Kratos

ParOptBeam

100 200 300 400 500 600

−0.4

−0.2

0.0

0.2

0.4

D
is
p
la

c
e
m

e
n
t

U
x

[m
] 0.3808

0.4284

Angle 90°

Kratos

ParOptBeam

100 200 300 400 500 600

−0.20

−0.15

−0.10

−0.05

0.00

D
is
p
la

c
e
m

e
n
t

U
y

[m
]

-0.2055

-0.2019Kratos

ParOptBeam

100 200 300 400 500 600

Time [s]

−0.002

−0.001

0.000

0.001

0.002

D
is
p
la

c
e
m

e
n
t

U
r
z

[r
a
d
]

-0.0018 -0.0018Kratos

ParOptBeam

Figure 5. Top-floor displacement—comparison of HFM and LFM for two angles of wind and damping
ratio ζ = 2.5%.

Table 3. Comparison of HFM and LFM—base reactions for 2.5% damping and 0◦ angle of wind.

Mean Std Mean + 3Std Max 99th Percentile

HFM
Fx [MN] 8.94 × 100 4.11 × 100 2.13 × 101 2.49 × 101 1.92 × 101

Fy [MN] −5.46 × 10−2 3.67 × 100 1.09 × 101 1.41 × 101 8.78 × 100

Fz [MN] −3.71 × 102 4.59 × 101 −2.34 × 102 −1.73 × 10−1 8.47 × 101

Mx [MNm] 3.25 × 10−1 3.26 × 102 9.77 × 102 9.70 × 102 8.14 × 102

My [MNm] 8.72 × 102 3.60 × 102 1.95 × 103 1.85 × 103 1.66 × 103

Mz [MNm] 2.84 × 10−1 1.62 × 101 4.90 × 101 5.63 × 101 4.01 × 101

LFM
Fx [MN] 8.85 × 100 3.21 × 100 1.85 × 101 1.79 × 101 1.57 × 101

Fy [MN] 1.21 × 10−2 2.81 × 100 8.45 × 100 8.12 × 100 6.59 × 100

Fz [MN] −3.67 × 102 4.60 × 101 −2.29 × 102 0.00 × 100 −8.09 × 101

Mx [MNm] 9.93 × 10−1 3.11 × 102 9.34 × 102 9.70 × 102 7.71 × 102

My [MNm] 8.53 × 102 3.60 × 102 1.93 × 103 1.93 × 103 1.64 × 103

Mz [MNm] 3.27 × 10−1 1.34 × 101 4.06 × 101 4.55 × 101 3.24 × 101
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Figure 6. Top-floor acceleration—comparison of HFM and LFM for two angles of wind and damping
ratio ζ = 2.5%.
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Figure 7. Base reaction responses—comparison of HFM and LFM for angle 0 and damping ratio
ζ = 2.5%.
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Table 4. Comparison of HFM and LFM—base reaction for for 2.5% damping 90◦ wind.

Mean Std Mean + 3Std Max 99th Percentile

HFM
Fx [MN] 3.04 × 10−2 4.01 × 100 1.21 × 101 1.73 × 101 5.04 × 100

Fy [MN] −4.66 × 100 1.80 × 100 7.25 × 10−1 6.88 × 10−1 −2.46 × 100

Fz [MN] −3.71 × 102 4.59 × 101 −2.34 × 102 −1.73 × 10−1 −3.78 × 102

Mx [MNm] 4.70 × 102 1.83 × 102 1.02 × 103 9.73 × 102 7.16 × 102

My [MNm] 1.96 × 100 4.22 × 102 1.27 × 103 1.34 × 103 5.52 × 102

Mz [MNm] 7.72 × 10−1 2.60 × 101 7.88 × 101 1.10 × 102 3.37 × 101

LFM
Fx [MN] 9.17 × 10−4 3.45 × 100 1.03 × 101 1.08 × 101 4.55 × 100

Fy [MN] −4.64 × 100 1.63 × 100 2.50 × 10−1 2.95 × 10−2 −2.64 × 100

Fz [MN] −3.67 × 102 4.60 × 101 −2.29 × 102 0.00 × 100 −3.76 × 102

Mx [MNm] 4.58 × 102 1.77 × 102 9.88 × 102 9.59 × 102 6.97 × 102

My [MNm] 1.88 × 100 4.16 × 102 1.25 × 103 1.35 × 103 5.44 × 102

Mz [MNm] 8.72 × 10−1 2.42 × 101 7.36 × 101 9.54 × 101 3.15 × 101

Table 5. Comparison of the HFM and LFM—summary.

Case Quantity HFM LFM Difference in % from HFM

Table 1 Max Ay [m/s2] 0.373 0.365 2.14
Table 2 Max Ax [m/s2] 0.541 0.531 1.84
Table 3 Mean Fx [MN] 8.94 8.85 1.01
Table 3 Mean My [MNm] 872 853 2.18
Table 4 Mean Fx [MN] −4.66 −4.64 0.43
Table 2 Mean My [MNm] 470 458 2.55

3.2. Numerical Study II: Comparison of Responses with Reduced Degrees of Freedom

The low-fidelity model, which was elaborated and proven to be useful in the numerical
Study I, is used here in this study for further parametric studies. A systematic parametric
study is carried out in order to evaluate various modeling choices for the low-fidelity model
elaborated above. One of the major points looked into was how many DoFs need to be
present for the accurate prediction of the structural responses. The number of nodes or
elements is systematically reduced in this study. The top-floor displacements, acceleration,
and base reactions are the quantities of interest. Sixty elements are considered to comprise
the highest resolution model. This resolution was used in the previous study to validate
with a high-fidelity model. The major focus of the section is to identify the effect of the
number of elements used for FEM modeling and the number of mode shapes considered in
modal analysis for a reduction in various quantities of interest.

Outline of the Parametric Study

The parametric study is thought out such that the effect of variations in

• Load scenario:

– Wind flow angle (0◦, 90◦)
– Presence of turbulence (smooth exponential inlet profile or with fluctuations in

time and space)

• Structural modeling: type of considered models

– Damping characteristics
– Mass and stiffness distribution along the height
– Detailing the level of the model represented by spatial resolution, achieved by

63



Appl. Sci. 2025, 15, 1588

* Varying the number of finite elements used (in physical space - spatial reduction)

* Systematic modal reduction (in modal space)

are considered.
The measured quantities of interest are

• Kinematics

– At the top: considering the occurrence (time) and magnitude of maximum

* Displacement

* Acceleration

• Base moments: at the bottom (fixity) considering the occurrence (time) and magnitude
of maximum

• Base shear at the bottom (fixity).

Numerous structural parameters and modeling parameters (like the number of ele-
ments considered) are varied, and the results are analyzed and discussed. The simulations
are carried out for 10-min winds, and the structural response time history is evaluated.
In many cases, the chosen representative values for structural responses are those of the
absolute maximum. These are reported for comparative purposes.

The time series of responses, either displacement or base reactions for the base scenario,
are presented in Figures 8 and 9 for cases with and without incoming turbulence in the
wind. The following figures compare the top-floor accelerations and base reactions with
and without damping. Also, the variation in damping is presented. It can be seen that the
response reduction is prominent in the case of a structure with damping. It is uncommon
for the structures to have zero damping, as shown in the figure. However, this is presented
for a reference.

Figure 8. Top-floor response (acceleration and displacement) time history with no turbulence in the
wind. Two damping ratios, ζ are plotted.

64



Appl. Sci. 2025, 15, 1588

Figure 9. Top-floor response (acceleration and displacement) time history with no turbulence in the
wind. Two damping ratio ζ are plotted.

For the spatial evaluation from 15 elements onward (for some cases even starting
from 3 elements), maximum convergency is observed for top-floor displacements and ac-
celerations. This is tabulated in Table 6. Similar observation can be made for Table 7.
The tabulated and compared quantities are the maximum and the RMS of displace-
ments/accelerations at the top.

Table 6. Spatial reduction summary for no turbulence, damping ratio ζ = 0.01, continuous, 0◦ angle
of wind.

No. of Elements Dispmax DispRMS Accmax AccRMS

1 0.1565 0.1081 0.2323 0.0210
2 0.2056 0.1452 0.0745 0.0278
3 0.2364 0.1572 0.1576 0.0524

15 0.2238 0.1588 0.1319 0.0429
30 0.2265 0.1593 0.1386 0.0463
60 0.2234 0.1591 0.1307 0.0446

Table 7. Spatial reduction summary for with turbulence, damping ζ = 0.01, continuous, 0◦ angle
of wind.

No. of Elements Dispmax Disprms Accmax Accrms

1 0.5884 0.2233 0.4389 0.1855
2 0.6804 0.2922 0.5340 0.2292
3 0.8332 0.3266 0.8698 0.3220

15 0.6785 0.3099 0.5926 0.2549
30 0.8567 0.3201 0.9044 0.3015
60 0.7511 0.3061 0.6936 0.2497
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This part of this study focuses on the evaluation of an extensive parametric study,
showing a clear summary of the comprehensive data available. The values on the vertical (y)
axis are normalized with the values of the highest level of spatial resolution. The effects of

• Wind flow conditions

– Angle of attack
– Presence of natural incoming turbulence

• Structural model

are plotted for the top-floor displacement in all the above cases in Figures 10–13. It can be
observed that for the cases with and without turbulence, the quantity of interest shows
similar characteristics. This may be due to the normalization with respect to the highest
resolution. As commented earlier, the resolution of 15 spatial elements is accurate in
representing the maximum and RMS of displacement at the top. The amount of structural
damping plays an insignificant role compared to the spatial resolution of modeling.

A similar study was conducted on the model results and is plotted in Figures 14–17.
Interestingly, it can be seen that in the modal domain, the number of modes required to
capture the mean and RMS of acceleration are very low. As seen in Table 8 even with three
modes, the responses can be captured with a 99% accuracy. This is similar to what is being
used for wind tunnels with approximate modeling. However, it is important to note that
the accuracy of the results depends on the accuracy of these mode shapes. It is important
to obtain these shapes and eigen-frequencies correctly, as seen in Study I. It is also seen
that from the table, the mean can be approximated by the lower mode considerations
somewhat accurately. However, the RMS needs more modes. This observation is valid for
more accelerations compared to displacements. Some additional figures that support this
observation is shown in additional figures in Appendix A.

Figure 10. Spatial reduction—Maximum top-floor displacement as a ratio of the finest resolution
model against the number of elements in the beam model with turbulence in the incoming wind.
Four damping ratios ζ are plotted. The title of each sub-figure is on top.
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Figure 11. Spatial reduction—Maximum top-floor displacement as a ratio of the finest resolution
model against the number of elements in the beam model with no turbulence in the incoming wind.
Four damping ratios ζ are plotted. The title of each sub-figure is on top.

Figure 12. Spatial reduction—RMS of top-floor displacement as a ratio of the finest resolution
model against the number of elements in the beam model with turbulence in the incoming wind.
Four damping ratios ζ are plotted. The title of each sub-figure is on top.
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Figure 13. Spatial reduction—RMS of top-floor displacement as a ratio of the finest resolution
model against the number of elements in the beam model with no turbulence in the incoming wind.
Four damping ratios ζ are plotted. The title of each sub-figure is on top.

Figure 14. Modal reduction—Maximum top-floor displacement as a ratio of the finest resolution
model against the number of modes considered with turbulence in the incoming wind. Four damping
ratios ζ are plotted. The title of each sub-figure is on top.
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Figure 15. Modal reduction—Maximum top-floor displacement as a ratio of the finest resolution
model against the number of modes considered with no turbulence in the incoming wind. Four damp-
ing ratios ζ are plotted. The title of each sub-figure is on top.

Figure 16. Modal reduction—RMS of top-floor displacement as a ratio of the finest resolution model
against the number of modes considered with turbulence in the incoming wind. Four damping ratios
ζ are plotted. The title of each sub-figure is on top.
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Figure 17. Modal reduction—RMS of top-floor acceleration as a ratio of the finest resolution model
against the number of modes considered with no turbulence in the incoming wind. Four damping
ratios ζ are plotted. The title of each sub-figure is on top.

Table 8. Model reduction summary for no turbulence, damping ζ = 0.025, continuous, 90◦ angle
of wind.

No. of Modes Dispmax DispRMS Accmax DispRMS

3 0.1997 0.1249 0.1722 0.0549
6 0.1978 0.1232 0.1723 0.0549

12 0.1979 0.1233 0.1724 0.0549
18 0.1979 0.1233 0.1724 0.0549
90 0.1979 0.1233 0.1724 0.0549

180 0.1979 0.1233 0.1724 0.0549

4. Conclusions

This study emphasizes the significance of approximate structural modeling in the
early design phases of high-rise buildings with a focus on natural wind load conditions.
The specific conclusions from the work are

• These early-phase structural models often exhibit inherent limitations due to simplify-
ing assumptions. These limitations can greatly influence the accuracy of the measured
responses to dynamic loads, especially wind loads. As a designer, one needs to be
aware of the limitations of respective modeling assumptions.

• The parametric study reveals that low-fidelity models are a good representation of
high-fidelity models, provided that the frequencies of the modes are matched.

• This study demonstrates that reduced structural models, specifically lumped-mass
models with three lumped masses, can effectively capture the behavior of high-
rise structures under wind loads, provided that the frequencies and mode shapes
are matched.

• These models can approximate the behavior of complete systems with a certain degree
of accuracy, quantified as around 11% for displacements and 20% for accelerations.
Moreover, these LF models are fast and easy to evaluate.
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These models are particularly beneficial in the initial design stages, where rapid,
cost-effective, and moderately accurate evaluations are required. They are also useful for
computationally intensive tasks, like optimization, uncertainty quantification, optimization
under uncertainties, and the design of damping devices to reduce the structural acceleration
responses with supplemental damping.
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Appendix A. Additional Figures

Here, a few additional figures to numerical Study II are presented. They indicate
similar observations to Section 3.2.

Figure A1. Spatial reduction—maximum top-floor acceleration with turbulence case.
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Figure A2. Spatial reduction—maximum top-floor acceleration with no turbulence case.

Figure A3. Spatial reduction—RMS of top-floor acceleration with turbulence case.
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Figure A4. Spatial reduction—RMS of top-floor acceleration with no turbulence case.

Figure A5. Modal reduction—maximum top-floor acceleration with turbulence case.
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Figure A6. Modal reduction—maximum top-floor acceleration no turbulence case.

Figure A7. Modal reduction—RMS of top-floor acceleration with turbulence case.
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Figure A8. Modal reduction—RMS of top-floor acceleration with no turbulence case.
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Abstract: Inerter dampers are effectively employed to mitigate and dampen structural
vibrations in slender or high-rise buildings. The simple viscous inerter damper, with a
viscous dashpot placed in series with an inerter, is designed to create resonant vibration
damping, although the damper itself is without an internal resonance. The apparent
resonant behavior is instead obtained by increasing the damper inertance until the two
lowest modes of the considered building model interact, whereafter the viscous coefficient
is adjusted until the desired response mitigation is achieved. The present modal interaction
tuning requires that the reduced-order single-mode dynamic model of the building includes
both inertia and flexibility from the (other) modes otherwise discarded by the model
reduction. While the inertia correction adjusts the modal mass of the inerter damper, the
corresponding flexibility introduces the apparent damper stiffness that creates the desired
damper resonance. Thus, the accurate representation of other modes is essential for the
design and resonant tuning of the simple viscous inerter damper. The resonant damper
performance by the non-resonant viscous inerter damper is illustrated by a numerical
example with a 20-story building model, for which the desired resonant modal interaction
requires an inertance of almost ten times the entire translational building mass.

Keywords: structural dynamics; vibration damping; vibration control; damper tuning;
inerter; tuned inerter damper; residual mode correction

1. Introduction

In slender civil engineering structures, external dampers are used for response mitiga-
tion, the improvement of comfort, and earthquake protection (among others). The present
paper proposes a simple viscous inerter damper, tuned to act resonantly for a building
structure model, without an inherent damper resonance. Thus, the tuning of this apparent
resonant damper is based on classic results for tuned mass dampers (TMDs), for which the
book by Den Hartog [1] is considered a fundamental reference, introducing the so-called
fixed-point tuning principle. For applications to civil engineering buildings, the fixed-point
tuning principle results in different expressions for optimal stiffness and damping in the
case of either harmonic steady-state response or white-noise stochastic excitation. An
early and comprehensive summary of tuning expressions for various types of loading and
response of a single-degree-of-freedom (sdof) structure model has been provided by [2],
while the extension to full multi-dof (mdof) structures has mainly aimed at the numerical
optimization of TMDs to narrow-band earthquake and/or wind loading [3]. In [4], the
TMD is compared to a tuned liquid column damper (TLCD) for building vibrations, while
recently, [5] considered the TMD inside Taipei 101 as a special case study. Recent review
papers about the TMD damping of buildings structures are given in [6–8], emphasizing

Appl. Sci. 2025, 15, 676 https://doi.org/10.3390/app15020676
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the wide application of TMDs for slender high-rise structures. For the present damper,
optimal tuning is obtained by maximizing modal damping instead of mitigating response
measures. For the TMD, this equal modal damping principle has been proposed in [9] and
more recently extended to mdof structures in [10]. For the maximum damping approach,
the tuning principle becomes independent of the particular loading and response type and
thus results in a rather robust tuning principle.

1.1. Inerter Dampers

A recent extension of the classic TMD is the introduction of the so-called inverter, a two-
terminal inertia element [11] that is most commonly realized by converting translational
deflection into rotation [12], whereby gearing systems can be used to realize extraordinary
large effective damper masses [13,14]. Because the absorber theory dictates that damper
performance increases with damper mass, the mass gearing property has accelerated
research and development of inerter-based devices.

The basic inerter-type dampers mostly combine the inerter with a spring and dashpot
to create a fundamental resonant damper. The inerter and spring create a damper resonance
that is commonly targeted to the dominant vibration mode of the structure. The fundamen-
tal analysis of tuned inerter dampers (TIDs) is introduced in [15], in which the damper is
tuned to optimal response reduction, compared to the performance of the classic TMD, and
investigated for mass ratios of up to 50% of the fundamental modal mass. In [16], tuning
expressions for inerter dampers are carefully derived for various damper configurations
and extended in [17] to maximize the base-isolation performance when the sdof structure
is exposed to stochastic loading.

Analytical tuning expressions for TIDs are presented in [18,19], where the modal
coupling with other modes is explicitly accounted for by additional (artificial) flexibility
and inertia terms. This inclusion of residual mode correction enables the derivation of
accurate explicit tuning formulae for inerter dampers, an approach also followed in the
present paper. An exact numerical optimization of the two fundamental TIDs is conducted
in [20,21] for an sdof structure exposed to stochastic base excitation.

Tuned inerter dampers have been proposed for several applications in high-rise
building technology, such as for seismic retrofit [22,23] and the optimization of multiple
TIDs for the vibration control of an mdof structure model under stochastic base excitation.
Furthermore, inerter dampers have been extended by the introduction of negative-stiffness
springs [24,25], which improves the TID’s damping capability, and by the installation of
hysteretic dampers in [26].

A particular property of inerter elements is their theoretical ability to connect, and thus
transfer force, between floors separated by several stories. An example is provided by [27],
in which the inerter bridges four stories to create a larger relative damper deflection for the
wind-induced vibration control of a high-rise building. The ultimate realization defines the
so-called ground inerter damper, for which one of the inerter terminals is attached to the
building support level. In [28], the inerter damper is tuned for optimal vibration damping,
while in [29], the grounded concept is applied for seismic isolation.

The simplest case of grounded dampers are those acting as base-isolation systems.
In [30], tuning expressions are derived optimal base-isolation applications of inerter
dampers. As in [17], the optimally tuned inerter dampers aim at minimizing the transmis-
sibility from base to structure. Inerter dampers are proposed for base-isolation of storage
tanks by [31], while simple inerter systems (with hysteretic damping) are proposed for
seismic isolation of building models in [32].
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1.2. Hybrid Mass and Inerter Dampers

Because of the working similarity of TMDs and inerter-based TIDs, the merger of the
two damper concepts has been considered extensively in the research literature, especially
in connection with the damping and protection of building-type structures. The funda-
mental extension of the TMD by simply connecting an inerter between the auxiliary TMD
mass and another building floor is introduced in [33] and referred to as the tuned mass
damper inerter (TMDI). In [12], the TMDI is investigated in detail for various applications:
vibration suppression, damper mass reduction, and the harvesting of energy. Subsequently,
the TMDI has been considered in [34–36] for installation in building structures, focusing on
harmonic excitation, earthquake loading, and wind-induced vibrations. As for the basic
inerter dampers, the TMDI has been shown to possess superior base-isolation abilities with
limited damper stroke in [37,38]. Furthermore, the TMDI also allows for the bridging of
stories, as considered in [35,39] for wind-induced vibrations. In the detailed study in [39],
it was shown that for a realistic bridging of stories, corresponding to the space occupied by
a pendulum absorber, the classic TMD outperforms the TMDI.

More advanced inerter augmentations of the classic TMD have been proposed in the
literature. The basic TMDI in [39] was improved by the extending the inerter by a spring
and the TMD dashpot [14]. This more advanced TMD inerter device was shown in [14]
to give better performance when tuned precisely. The inclusion of various inerter-type
devices in the classic TMD is considered [16], whereby double-resonance absorbers are
created. It is shown that these augmented absorbers create a very wide and flat plateau in
the frequency response curves at the targeted structural frequency. Closed-form solutions
for the tuning of such double-resonant TMD inerter absorbers were derived in [40] for
the most common combinations of inerter, spring, and dashpot. Reviews of inerter-based
dampers for structural vibration damping are given by [41,42].

1.3. Outline of Paper

The aim of the present paper is to design a simple viscous inerter damper, for which
the inertance is chosen so that the first two structural vibration modes interact, creating an
apparent resonant absorber characteristic, with a damper without an internal resonance.
Section 2 introduces the mdof building model and the theory for attaching a general inerter
damper. The system reduction from a full mdof model to a single-dof model for the targeted
vibration mode includes the influence from the other modes by the residual stiffness and
inertance terms, of the same form as in [18].

In Section 3, the viscous inerter damper is introduced, with a viscous dashpot placed in
series with the inerter. This model is referred to as the C2 configuration in [17]. This viscous
inerter damper is without a spring and thus is in itself non-resonant. However, because of
the residual mode flexibility term, the characteristic equation for the reduced-order single-
mode model is of quartic order in the complex natural frequency, whereby the equal modal
damping from [9,18,43] can be applied to create resonant vibration damping. The residual
mode correction coefficients are determined from the two limiting natural frequencies for
vanishing (free) and infinite (clamped) viscous damper coefficients, following the general
approach for vibration absorbers in [44]. However, in the present case, the damper is not
resonant in itself, which is opposite to the absorbers in [44], which implies that the inertance
of the present viscous inerter damper is calibrated by a simple iterative procedure to create
the desired modal interaction between the first two modes of the building model. Section 3
concludes by tuning the viscous dashpot so that optimal frequency response curves are
obtained for the response velocity amplitude of the structure.

The performance of the resonantly tuned viscous inerter damper is illustrated in
Section 4 for the 20-floor building model in [14,39]. The damper is placed between ground
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and bottom floor, similar to a base-isolation system. The iterative tuning procedure gives
a mass ratio of 10.5% of mode 1 modal mass, which is safely within what is consid-
ered applicable for inerter dampers in the literature. A root locus analysis, in which the
complex-valued natural frequencies are traced in the complex plane for an increasing
viscous coefficient, shows that the mass ratio tuning almost creates the desired bifurcation
point condition. The subsequent frequency response analysis demonstrates that the novel
resonant tuning of the simple viscous inerter damper creates a flat plateau for the top-floor
velocity amplitude. The numerical example also investigates the influence of placing a
spring in parallel to the dashpot, with a stiffness that is sufficiently small to not interfere too
much with the sensitive resonant tuning but large enough to re-center the viscous inerter
damper in practice (avoid drift).

The final conclusions in Section 5 highlight the conceptual novelty of the proposed
damper configuration, which is simple and robust and creates the desired resonant
type vibration mitigation, although the damper is without an internal resonance (no
spring included).

2. Governing Equations of Motion

Figure 1a shows a simple shear frame building model with n = 20 stories. The story
mass is assumed to be concentrated (lumped) at each floor, where it is denoted as m f ,
while k f is the corresponding inter-story stiffness, as depicted in Figure 1b. The governing
equation of motion in the time domain is then written in the common form as

Mq̈(t) + Cq̇(t) + Kq(t) + b f (t) = fext(t) (1)

where t is time and ˙( ) = d( )/dt represents the time derivative. For the present building
model, the 20 floor displacements are collected in the displacement vector

qT = [ q1, q2, . . . , q20 ] (2)

thereby constituting the governing degrees of freedom (dofs) for the present building
model, which corresponds to the model used by Weber et al. [14,39]. In (1), M is the mass
matrix, C is the damping matrix, and K is the stiffness matrix. The construction of the
building model is presented in [14,39] and summarized in Section 4. The external loading
is represented by the vector process fext(t), which in Figure 1a will be assumed to be evenly
distributed across the building floors. Finally, f (t) represents the force exerted by the
inerter damper onto the structure, with the particular location of the damper determined
by the connectivity vector b. For the location between the ground and first floor in Figure 1,
the connectivity vector is given as

bT = [ 1, 0, . . . , 0 ] (3)

with entries 2 to 20 all zero.
In the following damper design and tuning analysis, the behavior of the damper is

conveniently represented in the frequency domain, in which time derivatives are included
by 90-degree phase shifts. Thus, the time-based equation of motion (1) is conveniently con-
verted into the frequency domain by introducing the steady-state frequency representations

q(t) = q exp(iωt) , f (t) = f exp(iωt) , fext(t) = fext exp(iωt) (4)
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where the frequency variables q, f , and fext represent steady-state amplitudes and thus are
written without the time argument. By substitution of (4) into (1), the structural equation
of motion can be expressed as a frequency relation in the following form(

−ω2M + iωC + K
)

q + b f = fext (5)

where the damper force f is defined in the following sections based on the inerter damper
considered in the present paper. The frequency solution enables tuning based on both
frequency response curves or pole-placement techniques. As shown for the classic tuned
mass damper (TMD) in [9] and for general control methods in [43], a balanced pole-
placement method will also provide effective response amplitude mitigation in frequency
response curves. Thus, the pole-placement technique is applied in Section 3 for inerter
damper tuning.

(a) (b) (c)

1
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1
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2
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Figure 1. Shear frame building model with an inerter damper (with inertance m) between the ground
and the first floor. (a) General inerter damper with damper function D(ω), (b) viscous inerter damper
with viscous coefficient c, and (c) viscoelastic inerter damper with viscous coefficient c and parallel
spring stiffness k0 introduced to avoid drift in dashpot deflection.

2.1. Inerter Damper Model

Inerter dampers can generally be constructed as an inerter (with inertance m) placed in
series with an arbitrary damper element, which contains a viscous dashpot c in combination
with springs and potentially additional inerters. This dynamic combination, placed in
series with the front-end inerter m, is in the present (general) inerter damper model denoted
D(ω); see Figure 2. This general inerter damper model is also used in Figure 1a when
acting inside the building model. Furthermore, the figure shows two examples in (b) and
(c), where the pure viscous inerter damper in Figure 1b is represented by D(ω) = iωc, with
c denoting the tunable viscous dashpot coefficient. In Figure 1c, the viscous dashpot is
extended by a spring k0 to (in principle) form a tuned inerter damper (TID) by the damper
function D(ω) = iωc + k0. However, in the present case, the pure viscous damper function
in Figure 1b is designed to operate resonantly by creating modal interaction between the
two fundamental modes of the building structure, while k0 in (c) is only introduced in the
numerical example in Section 4 to avoid the drift of the damper stroke during operation.
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f fm

D(ω)
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Figure 2. General inerter damper with front-end inertance m in series with general damper element
D(ω).

In the present section, the general inerter damper is assumed to be attached to the
flexible dynamic structure, as shown for the building model in Figure 1a. The governing
equation for the general inerter damper in Figure 2 is written in flexibility format as(

1
−ω2m

+
1

D(ω)

)
f = u (6)

where the displacement u in Figure 2 represents the full stroke across the inerter damper.
For the building model in Figure 1, this entire stroke u is determined by the connectivity
vector as

u = bTq (7)

which, therefore, by construction, is the energy conjugate displacement to the damper
force f .

For the general inerter damper, the undamped case is retrieved by D → 0, in which
case f = 0 in (6). On the other hand, for D → ∞, the damper link, inside the blue-
dashed box in Figure 2, will become fully rigid, thus ideally transferring the force, whereby
f = −ω2mu will add pure inertia to the structure. These two limiting cases will be
important in the dynamic system reduction applied next.

2.2. Limiting Eigenvalue Problems

A typical damper design aims at optimizing the damping in a single vibration mode,
which dominates the structural response of the structure. For high-rise buildings and
other slender structures, such as wind turbines, towers, and masts, the dominant mode is
likely the first (or fundamental) vibration mode. An effective system reduction procedure
must isolate the targeted vibration mode, referred to below as mode number s, while still
accounting for the spillover from all the other modes. For that, the present subsection
introduces the limiting eigenvalue problems associated with D → 0 and ∞, from which
the corresponding natural frequencies are used to calibrate the modal spill-over to mode s
from the non-targeted modes.

In Section 2.3, the modal expansion is based on the undamped vibration modes
associated with D = 0 and thereby f = 0 from (6). In this free damper limit, the frequency
equation of motion (5) simplifies to the generalized eigenvalue problem(

−ω2
j M + K

)
uj = 0 (8)

for vanishing damping and external loading. In (8), the angular natural frequency ωj is
determined from the eigenvalue, while uj is the associated mode shape vector for vibration
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mode j. Below, this undamped limit for D → 0 is denoted as the free condition, whereby
(8) is referred to as the free eigenvalue problem.

In the other limit D → ∞—referred to below as the clamped limit—the damper
element (inside the dashed-blue box) in Figure 2 will fully lock, whereby the generalized
eigenvalue problem will change into(

−ω̂2
j (M + mbbT) + K

)
ûj = 0 (9)

where m will increase the system’s inertia at the damper location. The hat symbol ˆ( )
depicts solutions or parameters associated with the clamped limit, e.g., the clamped natural
frequency ω̂j and clamped mode shape vector ûj. For the target mode j = s, it is assumed
that the addition of inertia at the damper location will result in the clamped natural
frequency being smaller than the associated free natural frequency, i.e., ω̂s < ωs.

In the next section, the free mode shapes are conveniently used in the modal expansion,
as these mode shapes do not depend on the front-end inertance m of the inerter damper
in Figure 2. Therefore, the clamped natural frequencies are used below to determine the
influence from other modes, which in the present damper is of great importance, as the
resonant damper characteristics are derived from modal interaction and not by an explicit
damper resonant. The derivations are presented in the most compact form when both the
free and clamped mode shapes are normalized to unit damper deflections, enforced by
the relations

bTuj = 1 , bTûj = 1 (10)

For the indirect location of the inerter damper in Figure 1, the modal mass will be much
larger than for a TMDI placed at the top floor, as in [14,39].

2.3. Modal Representation

As mentioned in the previous section, the free mode shapes are conveniently used in
the modal expansion, as they are damper-independent because D → 0 implies f = 0. The
modal representation of the structural displacement vector is therefore expressed as

q = ∑
j

ujrj (11)

The normalization in (10) to unit modal deflection across the inerter damper then simplifies
the damper deflection u in (7),

u = ∑
j

bTujrj = ∑
j

rj (12)

which is simply the sum of modal coordinates. The governing (frequency-domain)
modal equation of motion is obtained by substitution of (11) into (5), which, upon pre-
multiplication by uT

j , can be written as

(−ω2mj + kj)rj + f = f j (13)

This introduces the modal mass, stiffness, and load as

mj = uT
j Muj , kj = uT

j Muj , f j = uT
j fext (14)

while f appears un-scaled because of the unit-normalization of the free mode shape in (10).
In the free limit, where f = 0 is realized by D → 0 in (6), the solution to (13) must

define the free natural frequency ωj from the corresponding eigenvalue problem in (8). For
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f j = 0 and f = 0, the modal equation of motion (13) determines the free natural frequency
ω = ωj as

ωj =

√
kj

mj
(15)

which corresponds to the well-known modal stiffness-to-mass ratio.

2.4. Residual Mode Correction

The damper force relation in (6) must be modified to give the damper force f as
a function of (not u, but) the modal coordinate rs for the target mode s. This modal
damper force relation will inherently contain spill-over from other modes (j �= s), simply
because the placement of a local damper, presently on the first floor, violates the modal
orthogonality conditions. Substitution of the modal damper deflection representation (12)
into the damper force relation (6) gives(

1
−ω2m

+
1

D(ω)

)
f = rs + ∑

j �=s
rj = rs − ∑

j �=s

1
−ω2mj + kj︸ ︷︷ ︸

1/R(ω)

f = rs − f
R(ω)

(16)

On the right-hand side of the first equality, the sum of rj is separated into rs for the target
mode and a summation over all other (residual) modes j �= s. The modal coordinates for
these residual modes are replaced by the modal Equation (13) for f j = 0, which must be
accurate for isolated tuning to mode j = s. Finally, in (16), all dynamic residual mode terms
have f as a common factor, whereby they can be used in a general frequency-dependent
residual mode function R(ω), to be determined below.

When collecting all terms proportional to the damper force f on the left-hand side, the
inerter Equation (16) can be reduced to(

1
−ω2m

+
1

D(ω)
+

1
R(ω)

)
f = rs (17)

which constitutes the governing damper equation for the target mode j = s. The closed-
loop equations for mode s are thus composed of the modal Equation (13) for j = s and the
inerter damper force Equation (17).

As argued in [18,44–46], the influence from residual modes may be split into two
separate components, representing stiffness and inertia. For the residual mode function
R(ω) in (16), this separation can be expressed as

1
R(ω)

� 1
−ω2m′

s
+

1
k′s

(18)

with m′
s and k′s representing artificial inertia and stiffness components that account for the

interaction with other modes (j �= s). For the present inerter damper, the substitution of
this 1/R into the force relation (17) gives(

1
−ω2m̄s

+
1

D(ω)
+

1
k′s

)
f = rs (19)

which directly defines the combined inertance m̄s by the reciprocal relation

1
m̄s

=
1
m

+
1

m′
s

(20)
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In the case of vanishing influence from residual modes, the reciprocal inertia correction will
vanish (1/m′

s → 0), whereby the combined inertance recovers the front-end inertance, i.e.,
m̄s → m. The modal damper model is shown in Figure 3, representing the modal damper
relation (19) with combined inertance m̄s and residual mode stiffness k′s. In the upcoming
Section 3, these two system parameters are determined for a pure viscous inerter damper
with a damper function D = iωc.

f fm̄sk′s
D(ω)

rs
Figure 3. Model of mode s viscous inerter damper, with combined inertance m̄s and additional spring
stiffness k′s to account for residual-mode flexibility.

For target mode j = s, the frequency response amplitude is conveniently derived from
a frequency response function (FRF), which is obtained by eliminating f between (13) and
(17). In normalized form, the FRF can then be expressed as

rsks

fs
=

[−ρ2μ̄s + ηs(ρ)− ρ2μ̄sηs(ρ)/κ′s
]

(−ρ2 + 1)[−ρ2μ̄s + ηs(ρ)− ρ2μ̄sηs(ρ)/κ′s]− ρ2μ̄sηs(ρ)
(21)

when introducing

ρ =
ω

ωs
, μ̄j =

m̄j

ms
, η(ρ) =

D(ω)

ks
, κ′j =

k′j
ks

(22)

as the frequency ratio (ρ), the effective mass ratio (μ̄j), the normalized damper function (η),
and the stiffness correction ratio (κ′j). The normalization of the combined mass ratio μ̄s in
(22) implies that (20) can also be written in the non-dimensional form

1
μ̄s

=
1
μ
+

1
μ′

s
(23)

where the front-end and correction mass ratios

μ =
m
ms

, μ′
j =

m′
j

ms
(24)

follow from the same definition as μ̄j in (22). The non-dimensional parameters and ratios
defined in (22) and (24) are introduced in (21) and (23) for the target mode j = s.

3. Viscous Inerter Damper

The simplest damper function possible is the pure viscous dashpot, with

D(ω) = iωc (25)
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in Figure 4. This simple series viscous inerter damper is shown attached to the present
building model in Figure 1b, while in [16,17], it is referred to as a C2-type damper. By
substitution of the viscous damper function in (25), the damper force relation (6) is given as(

1
−ω2m

+
1

iωc

)
f = u (26)

The present section will aim at a resonant design of this damper, where the extra reso-
nance needed to create the resonance is not contained in the damper model, but instead
obtained by controlled modal interaction between the two fundamental modes of the
building structure.

f fm

c

v

u

Figure 4. Inerter damper with front-end inertance m in series with viscous dashpot, represented by
the damper function D(ω) = iωc.

3.1. Single-Mode Model

For the pure viscous inerter damper in Figure 4, the non-dimensional damper function
η in (22) can be expressed as

η =
iωc
ks

= iρβ (27)

which introduces the non-dimensional damper ratio

β =
c√

ksms
(28)

Note that c is normalized by the modal mass and stiffness (and not the damper mass and
stiffness). The damper function η = iρβ is then substituted into the modal frequency
response function (21), which upon division of both numerator and denominator by iρβ

can be written as

rsks

fs
=

[
iρ

μ̄s

β
+ 1 − ρ2μ̄s

κ′s

]

(−ρ2 + 1)
[

iρ
μ̄s

β
+ 1 − ρ2μ̄s

κ′s

]
− ρ2μ̄s

(29)

with the damping parameter β appearing in its reciprocal form. This FRF describes a
single-dof structure model with modal coordinate rs and the augmented damper model
in Figure 3 attached. This simplified structural model is shown in Figure 5, in which m′

s
(contained in m̄s) and k′s represent the interaction with the other modes (j �= s). Thus, these
correction parameters introduce the modifications needed to secure accurate modal results
when reducing the system from the full mdof building mode in Figure 1b to the 2-dof
(modal) model in Figure 5.
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f

m̄s

ms

ks

k′s c

rs

Figure 5. Resulting 2-dof model for mode j = s, combining the structural model with the modal
coordinate rs and the viscous inerter damper with a combined inertance m̄s and additional spring
stiffness k′s accounting for the interaction with residual modes (j �= s).

The correction coefficients m′
s (or m̄s) and k′s are determined in the next section so that

the system poles (complex natural frequencies) approach the correct (real-valued) natural
frequencies in the clamped limit. The characteristic equation, which governs the system
poles, is identified from the denominator of the FRF in (21) as

(−ρ2 + 1)
(

1 − ρ2 μ̄s

κ′s

)
− ρ2μ̄s + iρ

μ̄s

β
(−ρ2 + 1) = 0 (30)

It is worth noticing that finite values of κ′s will imply that this equation has two complex
conjugate solution pairs. For the viscous inerter damper with a small front-end inertance,
the damper will act as a viscous damper, whereby the stiffness correction term must
vanish for the characteristic equation to only have a single pair of complex conjugate poles.
However, in the present design, the front-end inertance is increased until coupling with an
adjacent vibration mode allows two system poles to interact and thereby create apparent
resonant damper properties.

Figure 6 shows the trajectories of the complex system roots for the full 20-dof building
model when attaching a pure viscous inerter damper. The equations of motion and the
corresponding eigenvalue problem that governs the complex poles are presented in detail
in Section 4. The blue circles "Fine with blue font" on the real frequency axis represent the
free natural frequency ρj = ωj/ω1. Thus, for mode j = s = 1, the blue circle is by definition
located at ρ = 1 when η = 0. On the other hand, the blue squares represent the clamped
natural frequencies at ρ = ω̂j/ω1 = ρ̂j, which the complex trajectories reach when η → ∞.

In the top subplot in Figure 6a, the front-end mass m = 0.067m1 chosen is slightly
too small, as the damper trajectory approaches its clamped limit (blue square) at around
ρ � 1.3. For this inertance, the mode 1 locus is very small with limited attainable damping
because of the very limited modal interaction between the mode 1 locus and the damper
locus. In the next subplot (b), the front-end mass increases to m = 0.10m1, which clearly
implies a great interaction with the mode 1 locus. It is seen that the two loci almost create a
bifurcation point, which in the following is the tuning condition for the front-end inertance
m. In the final subplot (c), the inertance is increased to m = 0.15m1, whereby the damper
branch terminates at ρ � 0.75, with little modal interaction and thus limited attainable
damping for the semi-circular mode 1 locus. This sequence of plots in Figure 6 indicates
that the optimal tuning must aim at creating a bifurcation point between the two clamped
modes ρ̂1 and ρ̂2, with the free root at ρ1 = 1 as the intermediate root that places a backbone
curve that approaches the imaginary axis along the unit circle. Thus, the present damper
shows that resonant damping, as tuned for a TMD or TID in [9,18], can be realized without
having a stiffness–inertance damper element.
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Figure 6. Root loci for μ = 0.067 (a), 0.10 (b) and 0.15 (c). Free natural frequencies ωj by circles and
clamped natural frequencies ω̂j by squares.

3.2. Correction Coefficients

For the damper ratio β → 0, the solution to the characteristic Equation (30) becomes
ρ = 0 and ρ = 1. In Figure 6, the undamped pole (or normalized free natural) frequencies
are depicted by circles, which are located at the origin, at ρ = 1 for mode 1 and then at
ρ = ω2/ω1 � 3 for the next vibration mode j = 2.

The aim of the tuning procedure is to place the first two clamped natural frequencies
(ρ̂1 and ρ̂2) so that they create apparent resonant absorber characteristics around the first
free natural frequency ρ = 1. Thus, the two solutions to the characteristic equation in (30)
for s = 1 must be

ρ̂1 =
ω̂1

ω1
, ρ̂2 =

ω̂2

ω1
(31)

when β → ∞.
In the clamped limit β → ∞, the last term (proportional to iρ) in (30) vanishes, whereby

the characteristic equation reduces to

ρ4 − ρ2
(

1 + κ′1 +
κ′1
μ̄1

)
+

κ′1
μ̄1

= 0 (32)

with subscript s = 1 indicating that the damper design targets the first vibration mode of
the building model. For a given value of the front-end inertance m, the clamped natural
frequencies are determined by solving the clamped eigenvalue problem (9). Thus, the
solutions ρ = ρ̂1 and ρ̂2 to (32) are known from (9).

For the present normalization of the clamped-limit characteristic Equation (32), the
product of the roots ρ̂1 and ρ̂2 is equal to the constant term, while the sum is the linear
coefficient with the opposite sign. These relations can be used to solve for the modal
damper parameters as a function of the clamped natural frequencies. The expressions can
be written as

μ̄1 =

(
1 − 1

ρ̂2
2

)(
1
ρ̂2

1
− 1

)
(33)
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and
κ′1 = (ρ̂2

2 − 1)(1 − ρ̂2
1) (34)

which are similar to the corresponding expressions for resonant inerter-based absorbers
in [47]. When introducing μ̄1 from (33), the correction mass ratio μ′

1 is isolated in (23) as

1
μ′

1
=

1
μ̄1

− 1
μ
=

1(
1 − 1

ρ̂2
2

)(
1
ρ̂2

1
− 1

) − 1
μ

(35)

where the front-end mass ratio is μ = m/m1 is defined in (24).

3.3. Optimal Mass Ratio

As seen from the sequence of subplots in Figure 6, the optimal front-end inertance m
is associated with the two branches meeting at a bifurcation point, similar to the tuning
concept for a classic tuned mass or inerter damper [9,18]. This bifurcation point condition
requires the two clamped roots ρ = ρ̂1 and ρ̂2 (squares) to be inverse points to the free root
at ρ = 1 (intermediate circle), which mathematically can be expressed by the simple relation

ρ̂1ρ̂2 = 1 (36)

When this relation is squared, the product ρ̂2
1ρ̂2

2 is actually the product of the two roots to
the clamped characteristic Equation (32), whereby ρ̂2

1ρ̂2
2 must equal the constant term in

(32). This provides the optimality condition

ρ̂2
1ρ̂2

2 =
κ′1
μ̄1

= 1 ⇒ μ̄1 = κ′1 (37)

which secures that the two complex roots meet at a bifurcation point.
The optimality criterion (37) is used to find the optimal front-end mass ratio μ by

the relation
1
μ
=

1
κ′1

− 1
μ′

1
(38)

where μ̄1 has been eliminated by its definition in (23). If the residual mode ratios κ′1 and
μ′

1 are determined with sufficient accuracy in (34) and (35), the expression (38) can be
used directly to determine the front-end inertance m that secures optimal resonant damper
behavior. However, in general, the inertance m = μm1 from (38) will differ from the m
used initially to solve the clamped eigenvalue problem in (9). Thus, the tuning of m is an
inherently iterative process, conveniently solved by the stepwise procedure in Table 1.

Table 1. Tuning procedure for optimal front-end inertance m.

(1) Choose m and determine μ = m/m1
(2) Solve (9) and determined ρ̂2

1 and ρ̂2
2 from (31)

(3) Determine κ′1 from (34) and μ′
1 from (35)

(4) Update μ from (38) and m = μm1
(5) Repeat (2) to (4) until μ has converged

3.4. Optimal Damping

When the optimal front-end inertance is determined by the iterative procedure in
Table 1, the optimal viscous coefficient c is chosen to optimize the attainable damping.
In theory, the maximum damping is obtained exactly at the bifurcation point. However,
as demonstrated in [9,18,43], the bifurcation point damper tuning results in interaction
between the two modes associated with the first vibration form, which yields undesirable
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response amplification in FRF curves. Thus, for the present damper, the ratio βbi f at the
bifurcation point is multiplied by

√
2 to achieve a flat plateau in the frequency response

curves. The FRF curves for optimal and bifurcation point damper ratios are compared in
the numerical example in Section 4.5.

For the optimal mass ratio tuning μ̄1/κ′1 = 1 in (37), the characteristic Equation (30) is
readily reduced to

ρ4 − ρ2(2 + μ̄s) + 1 + iρ
μ̄s

β
(−ρ2 + 1) = 0 (39)

This characteristic equation secures that the two roots are inverse points to unity when
β → ∞, i.e., at the clamped damper limit. When reducing β, the complex poles move along
semi-circular paths, still as inverse points to the unit circle. At the particular value β = βbi f ,
the two roots meet at a bifurcation point, after which they split and (approximately) trace
the unit circle, with the pole approaching the real axis being the less damped and thus the
pole governing the structural dynamics. When locating the poles with sufficient distance to
the bifurcation point to avoid the dynamic interference between the two modes, the desired
characteristic equation can be written as

ρ4 − ρ2
(

2 + 8ζ2∗
)
+ 1 + iρ(4ζ∗)(−ρ2 + 1) = 0 (40)

as derived in [9,18,43]. In this equation, ζ∗ represents the attainable damping ratio intro-
duced by the inerter damper to the target mode, which in this case is the fundamental
mode s = 1.

The optimal β = βopt and the corresponding attainable damping ratio ζ∗ are deter-
mined by one-to-one comparison between the actual characteristic Equation (39) for the
present viscous inerter damper and the desired characteristic Equation (40). It follows
directly from a comparison of the quadratic terms that the attainable damping ratio is

ζ∗ =
√

1
8 μ̄1 (41)

which indicates that the damping ratio scales with the square root of the combined mass
ratio μ̄1, in practice evaluated by (33). Subsequently, the optimal damper ratio βopt is
derived by comparison of the factors to the (−ρ2 + 1) parenthesis. This gives the optimal
damper ratio

βopt =
√

1
2 μ̄1 = 2ζ∗ (42)

as twice the attainable damping ratio. The tuning expressions (41) and (42) canonize the
combined mass ratio μ̄1 as the overall governing damper parameter that determines both
tuning and performance.

4. Damping of the Building Model

The present section numerically investigates the proposed damper tuning, in which
the viscous inerter damper is tuned to create modal coupling between the two fundamental
modes of the 20 story model from [14,39], shown in Figure 1. In the equation of motion for
the 20-floor model structure in [14,39], the mass matrix is diagonalized, while the stiffness
matrix is a tri-band matrix based on assumed linear spring connections. Thus, the mass
and stiffness matrix are composed as

M = m f

⎡
⎢⎢⎢⎢⎣

1
1

. . .
1

⎤
⎥⎥⎥⎥⎦ , K = k f

⎡
⎢⎢⎢⎢⎣

2 −1
−1 1 −1

−1
. . . −1
−1 1

⎤
⎥⎥⎥⎥⎦ (43)
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In the subsequent simulations, the structural damping matrix is omitted, whereby all
damping is introduced by the viscous inerter damper.

4.1. Modal Parameters

The analytical expression for the natural frequency of this particular matrix structure
can be derived from the finite difference discretization of a string [48], which gives

ωj = 2Ω f sin
(

π

2
2j − 1
2n + 1

)
(44)

as shown in [49]. In this expression, the reference angular frequency Ω f =
√

k f /m f is
the natural frequency of a single-story building, i.e., for n = 1. The floor mass is chosen
as m f = 5000 t = 5 × 106 kg, whereafter the floor stiffness is determined from (44), which
gives k f = 659 × 106 N/m when choosing ω1/(2π) = 0.14 Hz from [14,39]. The natural
frequencies for the first 10 modes of the 20-dof building model are shown in the first row
of Table 2. The second row presents the free modal mass for mode shapes normalized to
unity deflection across the damper connection, i.e., uj = 1. For the present damper location,
this means a unit first-floor deflection for each of the mode shapes. Therefore, the present
modal masses are substantially larger than the common modal mass values obtained by
normalizing the maximum mode shape deflection to unity. Furthermore, the modal mass
decreases for increasing mode number, as the first floor deflection becomes relatively larger
for higher mode shapes.

Table 2. Normalized natural frequencies and modal masses for free (top row) and clamped
(bottom row) conditions. Frequencies are normalized by the free mode 1 natural frequency
ω1 = 2π × 0.14 Hz = 0.88 rad/s, and modal masses are normalized by the free mode 1 modal mass
m1 = 8746 × 106 kg. The front-end inertance m = 919.4 × 106 kg is obtained by the design procedure
in Table 1.

j 1 2 3 4 5 6 7 8 9 10

ρj 1.00 2.99 4.97 6.92 8.82 10.68 12.47 14.19 15.83 17.37
mj/m1 1.000 0.113 0.042 0.022 0.015 0.011 0.008 0.007 0.006 0.006

ρ̂j 0.853 1.17 3.16 5.23 7.27 9.26 11.2 13.1 14.8 16.5
m̂j/m1 0.185 0.259 9.37 29.6 61.6 106.87 168.35 250.1 358.3 502.1

4.2. Tuning Parameters

The first overall task in the damper tuning is to determine the front-end damper
inertance m using the iterative procedure in Table 1. In the present case, a first guess is
chosen as m = 0.05m1, i.e., 5% mode 1 modal mass. The iterative procedure is run for
10 iterations, with a relative change of less than 10−12 for μ̄1 = 0.1051 in the final iteration.
The final inertance is then obtained as m = 919.4 × 106 kg, which results in the governing
tuning parameters in Table 3.

Table 3. Output from tuning procedure in Table 1.

μ μ̄1 μ′
1 κ′1 βopt

0.1051 0.1025 4.1440 0.1025 0.2264

For the optimal front-end inertance m, the clamped natural frequencies ω̂j are obtained
by solving the generalized eigenvalue problem (9). These frequencies are presented as
ρ̂j = ω̂j/ω1 for target mode s = 1 in the bottom half of Table 2. It is seen that ρ̂1ρ̂2 = 1,
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as required by the inverse point relation in (37a) and enforced by step (4) of the iterative
tuning procedure in Table 1.

It is seen in Table 3 that the effective mass ratio μ̄1 = 0.1025 is approximately equal
to the actual mass ratio μ = 0.1050, which indicates that the correction by μ′

1 = 4.1440 in
(23) is seemingly small. Thus, when using the common mass ratio in the damper tuning,
i.e., μ̄1 = μ, only moderate detuning is expected. In Table 3, the correction stiffness ratio
κ′1 = μ̄1, as required by (37), while the optimal damper ratio β = βopt from (42) secures a
flat plateau in the frequency response curves. It is noted that the attainable damping is half
of the damper ratio, which for the present case yields ζ∗ = 1

2 β = 0.113 for damping of the
first vibration mode (s = 1).

4.3. Coupled Equations of Motion

As presented in Sections 4.4 and 4.5, the damping and mitigation performance of the
viscous inerter damper is assessed by root locus and frequency response analyses. For that
purpose, the present section introduces the coupled equations for the damped structure in
Figure 1. The equations also include the stiffness k0 in Figure 7, which vanishes (k0 = 0) in
the ideal viscous inerter damper but is included in the numerical example to avoid drift
between inerter and dashpot.

f fm

c

k0

v

u

Figure 7. Inerter damper with front-end inertance m, in series with visco-elastic dashpot:
D(ω) = k0 + iωc.

A complex frequency—or pole—is derived from the damped eigenvalue problem,
governed by the coupled equations (5) for the structure and (26) for the viscous inerter
damper. It is convenient to eliminate the force f = −ω2y, with y = u − v being the
deformation across the inerter. Thereby, the governing Equations (5) and (26) can be
written in coupled form as (

−ω2M̄ + iωC̄ + K̄
)

q̄ = f̄ (45)

introducing the augmented matrices

M̄ =

[
M 0

0T m

]
, C̄ =

[
C + cbbT −cb

−cbT c

]
, K̄ =

[
K + k0bbT −k0b

−k0bT k0

]
(46)

for the augmented displacement and load vector

q̄ =

[
q

y

]
, f̄ =

[
fext

0

]
(47)
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where the latter assumes that the inerter damper is unexposed to external forcing. These
augmented matrices correspond to those derived for a classic TMD, with y representing
the motion of the auxiliary TMD mass.

The complex system poles (or natural frequencies) are governed by the coupled
equation of motion (45) without external loading (f̄ = 0). This eigenvalue problem is
conveniently solved in the first-order state space format

(A − iωI)z = 0 (48)

where the system matrix and state-space vector are introduced as

A =

[
0 I

−M−1K −M−1C

]
, z =

[
q̄

iωq̄

]
(49)

It is noted that in (45) to (49), the entry 0 is the zero vector or matrix and I is the identity
matrix that fit the given dimensions.

In Section 4.4, the first-order eigenvalue problem (48) is solved for a varying viscous
coefficient c to trace the complex roots in a root locus diagram, as already applied in Figure 6.
In Section 4.5, the frequency response curves are obtained by solving the frequency-domain
equation of motion (45) for optimal tuning and varying (real-valued) angular frequency ω.
These analyses will illustrate the ability of the viscous inerter damper to realize apparent
resonant damping, with k0 being sufficiently small to not interfere while still large enough
to avoid any drift across the viscous dashpot.

4.4. Root Locus Analysis

As shown by the sequence of root locus diagrams in Figure 6, the optimal tuning of
the viscous inerter damper is derived from a modal interaction that creates a bifurcation
point in the complex frequency plane (in this case the normalized ρ-plane). For the optimal
front-end inertance, obtained by the design procedure in Table 1 and summarized in Table 3,
the complex poles ρ = ω/ω1 are obtained by solving the eigenvalue problem (48) from
c → 0 to c → ∞. Figure 8 shows the root locus diagram for the optimally tuned viscous
inerter damper. By comparison with the almost optimal loci in Figure 6b for μ = 0.1000,
the optimal tuning curve in Figure 8 for μ = 0.1051 almost realizes the desired bifurcation
point. The circles represent the free natural frequencies, while the squares are the clamped
natural frequencies. The tuning procedure in Table 1 secures that the product of the first
two normalized roots is unity, according to the inverse point relation in (37).

0 0.5 1 1.5 2 2.5 3 3.5

Re[ ]

0

0.2

0.4

Im
[

] 0.1051

Figure 8. Root loci for inertance tuning to mode s = 1. The front-end mass ratio μ = 0.1051 is
obtained by the tuning procedure in Table 1.

Figure 9a shows a detailed plot of the semi-circular loci for the mode 1 roots. The
circle represents the real-valued root for β → 0. The other free limit root is located at the
origin, as depicted by the circle at the origin in Figure 8. For increasing β, the root from
ρ = 1 moves into the complex plane, approximately along the backbone unit circle, toward
the bifurcation point. The other root leaves the origin along the imaginary axis, meets
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its conjugate pole decending from ρ = i∞, whereby it follows the backbone unit circle
toward the bifurcation point. In the present case, the root from ρ = 1 branches off before
the ideal bifurcation point and traces the semi-circular path towards the smaller of the two
clamped natural frequencies (blue square), while oppositely, the root from the imaginary
axis follows the semi-circular path toward the larger clamped frequency.
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Re[ ]
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0.1

0.2

0.3

Im
[
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0.2

0.3
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[

]

(b)

Figure 9. (a) Root loci for mode 1 with asterisk (∗) depicting the roots for the optimal β = βopt by
(42). (b) Ideal root locus diagram from the quartic polynomial in (39).

The ideal root locus diagram is obtained by solving the quartic polynomial in (39) with
optimal μ̄1 and plotted in Figure 9b. It is seen that for the idealized sdof model, without
actual influence from other modes, the two semi-circular branches do meet exactly at a

bifurcation point, where the damper parameter is βbi f = βopt/
√

2 =
√

1
4 μ̄1 . Thus, the

inability of the root loci for the 20-story shearframe building model in Figure 9b to exactly
meet at a bifurcation point indicates the approximations applied in the representation of
residual mode effects in Section 3.2.

In the root locus diagram in Figure 9, the asterisks represent the roots for optimal β

from the design formula (42). The inclined straight line intersects the origin, whereby its
inclination approximates the modal damping ratio. It is seen that both optimal roots are
placed on the same line, which demonstrates a balanced damper design, where both roots
associated with the target mode 1 are equally damped. The two damping ratios ζ1− and
ζ1+ at the two asterisks in Figure 9 are presented in Table 4 for k0 = 0. It is seen that the
two damping ratios for mode 1 and k0 = 0 are identical (0.1126) to the fourth decimal and
practically equal to ζ∗ = 0.1132, which validates the accuracy of the proposed inertance
tuning procedure in Table 1.

Table 4. Damping ratios ζ1− and ζ1+ for the two mode 1 poles for optimal tuning from Table 3.
Prediction of maximum attainable damping: ζ∗ = 1

2 βopt = 0.1132.

μ k0 = 0 k0 = 0.05 ω2
1m k0 = 0.1 ω2

1m

ζ1− 0.1126 0.1159 0.1190
ζ1+ 0.1126 0.1106 0.1084

As indicated in Figure 1c, the pure viscous inerter damper is in practice implemented
with a spring in parallel to the dashpot to avoid drift in the damper stroke. It is important
to note that in the present analysis, the stiffness k0 of the spring is not chosen to create an
additional resonance with the front-end inertance m and thus kept sufficiently small to
avoid dynamic interaction with mode 1. As indicated in Table 4, the spring stiffness k0

is chosen as 0%, 5%, and 10% of the stiffness needed for the isolated damper frequency
ω0 =

√
k0/m to equal the free mode 1 frequency ω1. Figure 10 shows the root loci for

mode 1 for the three different choices of damper stiffness: k0 = 0 (blue), k0 = 0.05 ω2
1m

(magenta) and k0 = 0.1 ω2
1m (red). Thus, the blue trajectories are identical to those in
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Figure 9. For finite values of k0, the damper locus initiates from a small real-valued root
(magenta and red circles) and not the origin (blue circle). For increasing values of β and
sufficiently small values of k0, the damper root approaches the imaginary axis and follows
a path that is qualitatively similar to that explained for the pure viscous inerter damper in
Figure 9. It is seen from the local mode 1 trajectories that increasing k0 implies a slight (and
further) deterioration of the bifurcation point property. To assess the reduction in attainable
damping, the two damping ratios for optimal β are also presented in Table 4. It is seen that
the damping ratio ζ1− for the lower frequency branch increases with k0, while conversely,
the higher-branch damping ratio ζ1+ is reduced. Thus, the attainable damping (in this case
the smaller ζ1+) is reduced by 2% and 4% compared with the equal damping ratios for
the pure viscous inerter damper (for k0 = 0). Thus, including the low-stiffness spring k0

has a limited effect on the overall damper performance, while it secures the mechanical
centering of the damper during operation. In practice, it is therefore recommended to
install a k0-spring in parallel with the dashpot, which by itself would create a damper
resonance (with m) a decade below the targeted natural frequency.

0 0.2 0.4 0.6 0.8 1 1.2

Re[ ]

0

0.2

0.4
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k0 = 0

k0 = 0.05ω2
1m

k0 = 0.10ω2
1m

Figure 10. Root loci for mode 1 for k0 = 0 (blue), k0 = 0.05 ω2
1m (magenta) and k0 = 0.1 ω2

1m (red).

4.5. Frequency Response Analysis

The present resonant tuning of the viscous inerter damper hinges on the creation of
a bifurcation point in the complex root diagram; see Figures 8–10 in the previous section.
Thus, the initial validation in Section 4.4 investigates the root loci for the target mode 1 for
the pure viscous inerter damper (k0 = 0) and for sufficiently small values of the restoring
spring’s stiffness k0. However, in structural dynamics, the tuning of resonant dampers is
most commonly assessed by the reduction in frequency amplitudes, i.e., by the inspection
of the frequency response curves (or FRFs).

The ideal frequency response curves for the present resonant damping device are
obtained from the sdof FRF in (21), in which the optimal damper ratio β = βopt is contained
in η = iρβ. These sdof FRF curves are shown in Figure 11. From the frequency displacement
curve in Figure 11a it is seen that the equal damping calibration used in Section 3.3
to determine the optimal mass ratio will not provide a flat plateau in the FRF for the
displacement variable. Instead, the curve is slightly inclined, with a larger low-frequency
peak. However, the equal damping calibration yields a flat plateau for the structure
velocity amplitude in Figure 11a. Although not shown, the acceleration amplitude will
then have an opposite inclination to that for the displacement in (a), whereby the present
tuning (with a flat velocity amplitude curve) might be a decent compromise between
minimizing displacement to optimize load-carrying capacity and minimizing acceleration
to optimize comfort.
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Figure 11. Frequency response functions for idealized sdof model from (21): (a) modal displacement
amplitude and (b) modal velocity amplitude.

Figure 12 shows the frequency response curves for the full 20-story building model
with the viscous inerter damper placed between the ground and first floor, as shown in
Figure 1. The curves are obtained by solving the frequency equation of motion in (45) with
evenly distributed forcing by

fext = fext[ 1, 1, . . . , 1 ]T

where the scalar fext denotes the loading intensity. Since the response curves in Figure 12
are normalized by the corresponding static deflection q0 = K−1fext, the actual value of fext

is irrelevant in the present linear analysis.
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Figure 12. Frequency response functions for mode 1: (a,b) Top-floor motion qtop, (c,d) damper motion
v, (a,c) displacement amplitude, and (b,d) velocity amplitude.

Figure 12a shows the top floor displacement amplitude, while (b) shows the corre-
sponding velocity amplitude. The two bottom subfigures (c) and (d) show the displacement
and velocity amplitudes for the damper stroke v = u − y across the damper dashpot. The
blue curves are for vanishing damper stiffness (k0 = 0), while the red curves represent
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k0 = 0.1 ω2
1m (red), as in the previous root locus diagrams. The solid-line curves represent

the optimal damper parameter β = βopt from (42), while the dashed curves are obtained
for the bifurcation-point damping at β = βopt/

√
2. The response amplification associated

with the dashed curves (for maximum damping) explains why a slightly increased damper
ratio β (compared to βbi f ) is typically chosen in a damper tuning that aims at minimizing
response amplitudes.

It is seen by comparing the blue-solid top-row curves in Figure 12a,b with the ideal
sdof-curves in Figure 11 that the curves for the full 20-story model are practically identical
to the idealized curves, with a slight inclination for the displacement amplitude and an
almost perfectly flat curve around resonance for the velocity amplitude. This comparison
shows that the present tuning procedure, relying on the iterative scheme in Table 1, is very
accurate for the present case with the inerter damper placed between ground and the first
floor of the 20-story building model in Figure 1.

5. Conclusions

In the tuning and design of inerter-based vibration absorbers, the inclusion of cor-
rection for residual modes is important, as inerter dampers have the ability to impose
sufficiently large changes in the expansion mode shape(s) to influence the tuning accuracy.
In the present case, the very simple viscous inerter damper is introduced, for which the
residual-mode inertia correction adjusts the effective mass ratio, while the corresponding
stiffness corrections enable resonant tuning by modal interaction between the fundamental
structural vibration modes. An iterative tuning procedure is derived for the optimal iner-
tance based on the requirement of inverse clamped roots relative to the free (undamped)
natural frequency. The present tuning—in its current form—directly hinges on the balanced
pole placement calibration that secures equal modal damping, which means it must be
altered if alternative tuning expressions or principles are to be used.

A 20-story building model is used as an example. The root locus and frequency
response analysis show that the resonant damping characteristics are almost perfectly
realized by the proposed tuning method. The bifurcation point is not entirely obtained,
and a small inclination—relative to the optimal case—is noted for the frequency response
curves. However, the resonant tuning of the non-resonant viscous inerter damper is a novel
concept that (to the author’s knowledge) has not been explored before.

For the present civil engineering application, the optimal mass ratio of μ = 0.1051 is not
extraordinarily large. However, it results in an extremely large inertance m = 919.4× 106 kg
because the modal mass m1 = 8746 × 106 kg for the first vibration mode is almost 100 times
larger than the total translational mass of the building itself (20× 5× 106 kg = 100× 106 kg).
Note that the modal mass in (14) is much larger than the actual building mass because the
normalization of the mode shape in (10) enforces a unit deflection at the bottom floor and
not at the top floor, where the deflection is otherwise largest for mode j = 1. However,
the inerters can be constructed with enormous gearing ratios, and although the present
inerter can be placed on the ground, its size seems enormous, and it may require some
development to make the concept feasible. However, if it can be constructed, the large mass
ratio implies large attainable damping, which may reduce the construction material needed
for reinforcement against vibrational loading. Finally, the robustness of the proposed
damper tuning should be investigated in further detail, especially addressing the damper’s
sensitivity to changes in the inertance m, which for the present damper configuration must
be chosen precisely to achieve the desired resonant damper characteristics.
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Abstract: This paper aims to extend a previously developed probabilistic model for simulating
extreme response scenarios to include congested traffic flow on long-span bridges, addressing the
challenge of accurately modeling traffic loads under changing conditions. While the model was
initially designed for free-flow traffic, this study demonstrates how it can be adapted for congested
conditions, with the objective of improving the accuracy of traffic load models. To overcome the
limitation of traditional Weigh-in-Motion (WIM) systems in capturing congested traffic, congested
flow characteristics were inferred from available free-flow data. The cellular automata (CA) method
was applied to generate realistic congested traffic scenarios, which were used as input for the
probabilistic model. Key simulation parameters, such as cell length and vehicle weight distribution,
were adjusted to reflect congested conditions. The results validate the model’s flexibility, showing
how, with the adaptation of some parameters, it can simulate both free-flow and congested traffic
patterns effectively. This research provides a basis for improving traffic load models used in the
design and assessment of long-span bridges, addressing the current limitations in existing codes
and standards.

Keywords: traffic simulation; congested traffic; extreme response scenario; long-span bridges; traffic
load models

1. Introduction

The aging of bridge infrastructure is a global issue. In the US, bridges are, on av-
erage, 50 years old, with over 46,000 in poor condition, requiring major rehabilitation
or replacement [1,2]. North American bridges, largely built between 1960 and 1980, are
also showing significant signs of wear [3,4], while European bridges constructed between
1970 and 2001 face similar challenges [5,6]. Meanwhile, the increasing freight demands,
with the USDOT projecting a 40% rise in freight volume by 2045, are further stressing
these aging infrastructures, which were not designed to handle such heavy traffic [7]. In
China, the rapid growth of the transportation sector, with a freight traffic increase of 6%
annually, has exacerbated vehicle overloading issues, pushing traffic loads beyond design
capacities [8–15]. Overloading has become a leading cause of bridge failures worldwide, as
revealed by surveys of over 4500 bridge failures from 2010 to 2016 [16–20]. This situation
highlights the urgent need for structural reassessments to ensure the safety of existing
bridge infrastructure under modern traffic demands [2,6].

In this context, the issue of traffic loading on long-span bridges becomes particularly
pronounced. As a critical loading traffic situation for long-span bridges, congested flow traffic
is important in the design and assessment of bridge structural safety. Most of the current load
codes, which are primarily developed for short- and medium-span bridges, are not suitable
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for the design and assessment of long-span bridges [11,21,22]. Additionally, the increasing
volume of traffic often leads to severe congestion on long-span bridges, posing threats to
both human safety and structural performance. For short-span bridges, maximum traffic
load effects are typically governed by one single heavy vehicle or several heavy vehicles
side-by-side. However, for long-span bridges, as the span length increases, the number of
vehicles that can be accommodated on the bridge deck also significantly increases, thereby
complicating vehicle load management and safety assessments [11,23,24]. Numerous studies
have indicated that traffic congestion constitutes the most critical scenario for long-span
bridges [25–27]. However, the majority of WIM systems that are utilized globally to gather
traffic data are unreliable when congestion appears [28]. In the research of Micu et al. [28],
the free-flow traffic of WIM data are used to modeling congested flow traffic by collapsing
the inter-vehicle gaps to minimum values.

Traditional congested traffic modeling methods can simulate the congestion on bridge
decks very well [29–31]. However, not all congestion scenarios can cause structural effects
to reach extreme values. Based on common sense, congested traffic with many stationary
vehicles on the span is the critical situation to find the maximum traffic load on the bridge.
However, this cannot be the case for maximum traffic effects, as these will depend on the
shape of the influence line of the considered load effect. The congested traffic situation
also applies traffic load in the areas of the influence line with an effect opposite to the one
under analysis. It should be noted that to find the worst loading scenarios for a specific
load effect, the term “long-span bridge” is not always equivalent to a “long-loaded length”,
where the latter is defined as the part of the bridge that should be loaded to find the worst
load effect. As an example, regarding the maximum tensile force in the main cable of a
suspension bridge, the worst traffic condition will be congestion over the whole length (in
this case “long-span” and “long-loaded length” are equivalent). However, in looking to the
maximum positive bending moment at the mid-span of a cable-stayed bridge and taking
into account the shape of the influence line, as shown in Figure 1, scenarios where vehicles
are only present near the mid-span may lead to the worst effect. In this case, a long span is
not equivalent to a long-loaded length from the point of view of the worst loading effect.

Figure 1. Influence line of bending moment at mid-span of cable-stayed bridge.

The filtering effect of the influence line may convert a long-span bridge into a short-
loaded length bridge from the point of view of deriving the maximum load effects. In
this sense, it is relevant to cite one of the conclusions from the thesis of Lipari [32]: “The
queue of vehicles at a standstill, widely used in previous research, is not always the most
critical congested state for long-span bridge loading (Section 2). This is due to the fact that
full stop queues involve only one realization of vehicles per congestion event, which may
actually reduce the probability of finding an extreme loading scenario”. Therefore, there
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exists a research gap for the simulation of extreme loading scenarios of congested traffic on
long-span bridges.

To address this research gap, this study investigated and simulated extreme response
scenarios of congested traffic on long-span bridges using an extreme scenario simulation
probabilistic model previously developed by the authors for free-flowing traffic [33]. In
fact, effectively simulating extreme scenarios of congested traffic first requires a substantial
number of extreme scenario samples, which need to be selected from a larger pool of normal
congested traffic scenarios. As WIM (Weigh-in-Motion) traffic data are not representative of
congested traffic scenarios, currently, congestion traffic data are typically obtained through
bridge-mounted camera systems. Due to the slow flow speed of congested traffic, this
method of data acquisition often results in low efficiency and limited samples. According
to the research of Micu et al. [28], congested traffic can be obtained from jammed traffic
images. In this study, the inherent correlation between congested and free-flow traffic at
the same location was explored, and the characteristics of congested flow from those of
free flow were deduced, allowing the relevant information contained in the WIM data to
be fully explored. Then, the congested flow was modeled using the cellular automata (CA)
approach, providing the simulated samples of the previous proposed extreme response
scenario [33].

The framework of this paper is as follows: Section 2 provides a detailed review of
the methodologies employed to develop the probabilistic model for simulating extreme
response scenarios, outlining its theoretical foundations; Section 3 deals with an exploration
of how the CA method is utilized to simulate congested traffic, detailing the process
and the adaptations made for accurate representations of traffic congestion; Section 4
analyzes the application of the extreme response scenario method to model the impact
of congested traffic loading on infrastructure, particularly focusing on the process and
results of simulating these conditions; Section 5 provides a focused discussion on the key
findings of the study, emphasizing the practical implications of the probabilistic model
for evaluating extreme response scenarios on long-span bridges under varying traffic
conditions; and Section 6 summarizes the key findings of the research, discussing the
effectiveness and adaptability of the extreme response scenario simulation method and
highlighting potential areas for future research to enhance the accuracy and efficiency of
traffic simulations to obtain maximum load effects in long-span bridges.

2. Review of Probabilistic Model of Extreme Response Scenarios in Long-Span Bridges

A probabilistic model was derived and fully explained in a previous publication by
the authors [33]. The application to the case of free-flow traffic can also be found in [33].
The present study demonstrates how the model can also be applied to the case of congested
traffic. Therefore, only the main characteristics of the model are described here as the full
description can be obtained in [33].

When obtaining extreme values of load effects on long-span bridges, the possible
vehicle distribution on the bridge deck can vary significantly. To simulate the vehicle
distribution pattern on the bridge deck during these extreme scenarios, the bridge deck was
divided into cells of a certain length. Given that the number of vehicles on the bridge deck
during extreme scenarios is relatively high and that lighter vehicles contribute minimally
to the extreme effect values, they were omitted in the modeling process to simplify the
simulation and more clearly study the distribution characteristics of heavy vehicles. To
further facilitate the simulation, it was assumed that the centroid of each heavy vehicle
was located at the center of the nearest bridge deck cell in the same lane. The details of the
extreme response scenarios simulation method were already explained in [33]. Moreover,
the driving habits of heavy vehicles also significantly impact their distribution, where
heavy vehicles tend to cluster in the outer lanes. Therefore, the distribution of heavy
vehicles across different lanes should be simulated during the modeling process. Two key
factors needed to be considered when modeling the extreme response scenarios on the
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bridge deck: heavy vehicle weights and positions within the deck. They are described in
the following subsections.

2.1. Heavy Vehicle Weights and Correlations

Since the distribution levels of heavy vehicle weights vary across different lanes,
parameter fitting and simulation were conducted separately for the outer lanes and the
inner lanes during the extreme scenario modeling process. The vehicle weight distribution
shows clear multimodal characteristics that cannot be described with typical unimodal
probability distribution models [27,34]. To better fit the multimodal characteristics of the
weights, the Gaussian Mixture Model (GMM), which can accurately capture multiple peak
attributes, was applied in this study [35].

The clustering of consecutive heavy vehicles in the same lane is a key factor contribut-
ing to extreme load effects, posing a threat to the structural safety of bridges. To simulate
this clustering effect, it was assumed that there was a certain correlation between the
weights of heavy vehicles in adjacent cells. The Nataf transformation method, combined
with the GMM distribution, was introduced to simulate this correlation [36]. The Nataf
transformation utilizes the marginal probability density functions of the variables, the cor-
relation coefficient matrix, and the multivariate standard normal distribution to construct
a joint probability density function through the Gaussian Copula function. This process
converts correlated non-normal variables into independent standard normal variables. In
this method, the weight correlation over a certain length is characterized by the Pearson
correlation coefficient:

ρj,k =
αj,k

λj·λk
(1)

where ρj,k represents the correlation coefficient of the total weights of heavy vehicles at
positions j and k, while αj,k corresponds to the covariance between the total weights of
the two heavy vehicles. λj and λk denote the standard deviations of the total weights of
heavy vehicles at positions j and k, respectively. It is evident that the correlation coefficient
ρj,k between the total weights of two heavy vehicles weakens as the distance between
them increases.

2.2. Heavy Vehicle Positions

Stochastic process models have been widely used for modeling vehicle positions,
such as compound Weibull processes and compound Poisson processes. In the study
of extreme response scenarios, a suitable probability distribution needs to be chosen to
simulate the occupancy state of cells occupied by heavy vehicles on specific lanes. The
Poisson distribution, commonly used in statistics, describes the number of expected events
occurring within a specific period or area and is used to simulate the number of occurrences
of a specific event within a specific area [33].

Based on the statistical results of the number of cells occupied by heavy vehicles on
each lane, a simple and reasonable single-lane heavy vehicle spatial distribution model was
established using the Poisson point process. In assuming that the number of cells occupied
by heavy vehicles within the loading length L, the probability of t can be determined as
follows:

P(TL = t) =
(λL)texp(−λL)

t!
, t = 0, 1, 2, . . . (2)

where P(·) represents the probability of the event occurring, and λ denotes the average
occurrence rate of vehicle occupancy in the cells. For a stationary heavy vehicle distribution
process, λ remains constant over the entire loading length.

In addition to the stationary process, the position distribution of heavy vehicles can
also be considered a non-stationary process, where the occurrence rate λ varies along the
loading length. For a given load effect, the occurrence rate of heavy vehicles occupying a
cell can be represented by the Poisson parameter λ(l). This parameter is assumed to vary
continuously with the loading position, and this variation is directly related to the shape of
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the influence line for the effect being considered (loading vehicles near the region of the
influence line’s maximum value tends to yield extreme effects, thus the probability of a cell
being occupied by a heavy vehicle in extreme scenarios is correlated with the shape of the
influence line). Since the occurrence probability is determined by the position of the cells
along the loading length, λ(l) can be calculated using the following equation:

λ(l) = λ0(l)·θ (3)

where λ0(l) represents the average occurrence rate of a cell being occupied by a heavy
vehicle, and θ reflects the variation in this parameter along the loading position. The
observation of maximum load effects in long-span bridges has shown that the positions of
the heavy vehicles are better reflected with the non-stationary Poisson process. Therefore,
this process is considered in the probabilistic model of extreme response scenarios.

2.3. Simulation of Extreme Response Scenario

According to Chen et al. [37], the average total axle length of heavy vehicles in China
is 15.13 m (from the first axle to the last axle). Considering the length of the front and rear
trailers and the necessary following distance during driving, the bridge deck cell length in
the authors’ previous study was set to 20 m for free-flow traffic.

The specific simulation process was as follows: (1) The bridge deck is divided into cells
of 20 m within lanes. (2) Based on WIM data and specific load effects (influence lines) of the
investigated bridge, extreme scenario samples are obtained. (3) The heavy vehicle weight
distribution parameters of the sample scenarios and the parameters of the non-stationary
Poisson process of heavy vehicle positions are calculated. (4) For each lane, a heavy vehicle
weight is assigned to each cell using the Nataf transformation and GMM fitting methods.
(5) Based on the Poisson process and the non-stationary characteristics of the uneven
distribution of heavy vehicles, whether each cell on the lane is occupied by a heavy vehicle
or not is simulated. (6) if the cell is occupied, the heavy vehicle weight is that weight
obtained from step (4); if the cell is not occupied, the weight is 0. (7) Repeat the above steps
for each lane to obtain a set of extreme response scenarios. In applying the Monte Carlo
method, multiple sets of simulated extreme response scenarios can be obtained.

3. Congested Traffic Simulation Based on CA Method

For a certain bridge, the site-specific traffic is dynamic, the traffic volume, percentage
of heavy vehicles and other characteristics are constantly changing. Disregarding special
factors such as lane maintenance, car accidents, etc., it is suggested that congested flow and
free flow at the same specific site are interchangeable and somehow intrinsically related as
a free-flow situation can automatically result in congestion because of an increment in the
traffic volume. In this section, the intrinsic correlation between congested and free flow
at the same site is discussed, and the traffic characteristics of congested flow are inferred
based on free flow. The congested flow is then modeled based on the CA approach [38].

To simulate the congested traffic flow on long-span bridges, the traffic flow WIM data
at the site of a real operational long-span cable-stayed bridge in China, with a span length
of 1088 m, was investigated, as shown in Figure 2. From the WIM measurement of 423 days
of free-flow traffic, 423 daily extreme response scenarios (i.e., the maximum-per-day event
of the effect of the cable force of the investigated bridge) of free flow were obtained from
WIM data as the sample for the further simulation of extreme response scenario in free-flow
conditions. The point in time at which these 423 samples achieved the maxima (i.e., the
response extremes achieved at the points of the day, on a 24 h basis) were further counted,
as shown in Figure 3. It can be seen that most of the extreme response scenarios occurred
between 20:00 pm and 7:00 am the next day, and only a small number of extreme response
scenarios (86 in total) occurred during the daytime hours. Common sense dictates that
trucks tend to travel at night. At the same time, almost all large cities in the vicinity of
the WIM site are closed to truck traffic during daytime hours, even though there are no
restrictions on truck travel times on highways where the WIM station is located. For
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example, in Shanghai, trucks are banned from the roads in the city area from 07:00 am to
20:00 pm daily. It can be seen that for the daily state free traffic flow, the daily extremes
tend to occur more often at night (i.e., with a higher proportion of heavy vehicles and lower
traffic volume), when traffic is less likely to be congested.

Figure 2. Longitudinal layout of the investigated bridge (m).

Figure 3. Histogram of occurrence times of free-flow extreme response scenarios.

The 86 extreme response scenario samples that achieved extreme response values
during the daytime mentioned above were further analyzed. For these samples, the ratio
of extreme traffic response to the modeled traffic load in the Chinese D60 code were
calculated, and simultaneous hourly traffic volumes were counted, as plotted in Figure 4.
The attributes of each extreme response scenario sample are identified with a marked shape.
For example, circles indicate that the samples belong to holidays and weekends. The results
reveal that extreme response scenarios with high hourly traffic flow typically have low
ratios. The highest hourly traffic flow is 4083 veh/h, with a ratio of the response value
to the Chinese code D60 of only 0.165. Nonetheless, higher hourly traffic volumes pose a
potential risk for congestion in a free traffic flow scenario.

To examine the traffic composition in the case of higher hourly traffic volumes, the
gross vehicle weight (GVW) information associated with the extreme response scenarios
of hourly traffic volumes above 3000 veh/h was obtained. For each high-traffic-volume
extreme response scenario, the GVW information within one hour before and after the
moment of extreme values was examined, as shown in Figure 5a. For comparison, Figure 5b
shows the histogram of the GVW when the extreme response values are high. It can be
seen that the GVW tends to concentrate in vehicles weighing less than 4 tonnes for high-
traffic-volume extreme response scenarios (Figure 5a). Meanwhile, the number of vehicles
weighing between 4 and 66 tonnes are relatively rare for high-traffic-volume extreme
response scenarios but very important for high extreme responses (Figure 5b). It should be
noted that the histograms in Figure 5a,b correspond to the GVW distribution for extreme
response scenarios with different traffic volumes. The histogram of the GVW distribution
of all the vehicles of the WIM data can be seen in Figure 5c. In comparing histograms in
Figure 5b,c, it can be noticed that when the value of the daily extreme response is larger,
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the level of the GVW distribution in the extreme response scenario is significantly higher
compared to the GVW of the global WIM data. On the other hand, when the daily extreme
response is obtained with a larger traffic volume, the level of GVW distribution in the
extreme response scenario is significantly smaller compared to the GVW of the WIM data
(compare Figure 5a and Figure 5c).

Figure 4. The average hourly traffic and ratio of response to D60 for extreme response scenarios
during daytime.

Figure 5. GVW distribution of (a) high hourly traffic volume extreme response scenarios; (b) high
response value extreme response scenarios; and (c) WIM data.
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According to this, the congestion-prone free-flow traffic is characterized by a high
volume of traffic and low percentage of heavy vehicles. Therefore, in the event that traffic
flow becomes congested due to excessive traffic volume, the percentage of heavy vehicles in
the congested situation must be lower than the actual percentage in the original WIM data.

In order to obtain enough extreme congestion response scenarios for the comparison
with free-flow extreme response scenarios, a micro-simulation model can be used to pro-
duce the congested flow traffic suitable for critical long-span bridge-loading scenarios, as
presented by Enright et al. [39]. The CA method has been used in several fields. With
the aid of the CA method, complex movements of vehicles, such as speed changes, lane
changes, etc. [35], can be simulated successfully and the generated long-term traffic flow
maximum effects can be obtained. Traffic micro-simulation based on CA is applied to
obtain the detailed information associated with vehicle load, vehicle velocity, headway
distance, and lane position [38]. After a vehicle is produced, its movement is controlled by
the local rules that determine the driving modes (i.e., acceleration, cruising, coasting, and
braking). The accuracy and efficiency of the CA method has been verified, as presented by
Tian et al. [40]. Thus, the congestion traffic data used in this study were obtained using the
CA model.

An input flow rate of 12,000 vehicles per hour was used for the six lanes of the
bridge. A total of 24 h of congested traffic was generated. To implement the bottleneck,
each vehicle’s desired velocity was changed to 15–20 km/h. This arrangement lead to
homogeneous congested traffic, which is characterized by a low average velocity. However,
unlike fully jammed traffic, it still maintains a relatively high traffic flow [39]. The average
speed histogram, traffic flow histogram for each hour, and GVW histogram of the generated
congested traffic are shown in Figure 6. It can be seen that the level of vehicles with a GVW
less than 10 tonnes is magnified in the simulated congested flow.

Figure 6. The (a) average speed histogram; (b) traffic flow histogram for each hour; and (c) GVW
histogram of the generated congested traffic.
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4. Extreme Response Scenario of Congested Traffic Loading

The extreme response scenarios of congested flow are calculated for five representative
load effects of the investigated bridge: the axial force of the longest cable (AFC, effect 1);
the vertical deflection at the mid-span of the main span (VDMS, effect 2); the longitudinal
displacement at the top of the pylon (LDTP, effect 3); the bending moment at the mid-
span of the main span (BMMS, effect 4); and the bending moment at the bottom of the
pylon (BMBP, effect 5). For each effect, the extreme response scenario is obtained every
second, and the top 100 extreme response scenarios with the largest response are selected
as simulation samples for further validation of the probabilistic model proposed by the
authors [33] under congested flow traffic.

For the extreme response scenarios of the congestion flow, the probability of occurrence
of vehicles in each cell on the outer lanes was counted, as shown in Figure 7. It can be
seen that in the extreme response scenarios of congestion, the distribution of vehicles
along the longitudinal direction of the bridge, which varies according to the load effect,
is not uniform, and the vehicles tend to concentrate in the zones of the influence lines
where the maximum appears depending on the load effect. Therefore, the simulation of
the location of vehicles on the bridge deck can still be performed using a non-stationary
Poisson distribution as in the free-flow case [33].

Figure 7. The probability of occurrence of vehicles in each cell on the outer lanes.

Subsequently, the probabilistic model of extreme response scenario was applied to
simulate the extreme response scenarios of congestion, taking effect 1 as an example.
Figure 8 depicts the probabilities of a cell being occupied by a vehicle in an extreme
response scenario for the congested situation. The non-stationary characteristic of the outer
lane is more pronounced than that of the inner lane. For congested traffic, the proportion of
heavier vehicles is not high. Their tendency to drive in the outer lane is more pronounced.
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Also, the data and the GMM fitting of GVWs for the extreme congestion response scenarios
are given in Figure 9, which is the basic information for simulating GVW.

Figure 8. Probabilities of a cell to be occupied by a vehicle in an extreme response scenario and
congested flow for load effect 1. (a) Inner lane, (b) outer lane.

Figure 9. Data and fitting of GVW in (a) inner lanes and (b) outer lanes.

Figure 10 depicts several extreme response scenarios of effect 1 for congested traffic.
As mentioned before, in the case of free-flow conditions, the dimension of the cell occupied
or not by a vehicle was set to 20 m based on the normal dimensions and inter-gaps of heavy
vehicles. Also, as shown in [33], the effect of light vehicles (less than 10 tonnes) could be
neglected. In the simulation of the extreme response scenario under congestion, it had to
be verified if these two conditions still applied. A comparison of ignoring or considering
light vehicles in the congestion scenario is presented in Figure 11. If the lighter vehicles
are ignored, the effect loss is in the range of 8% to 24% with a median of 15%. As shown
before, during congestion, the proportion of light vehicles is higher, and the GVW of heavy
vehicles is lower compared to the level of normal traffic scenarios in the free-flow situation.
Therefore, the effect of light vehicles should not be ignored when performing simulations
of extreme congestion response scenarios.
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Figure 10. Samples of extreme response scenarios of congestion flow (effect 1).
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Figure 11. Comparison of ignoring light vehicles and not ignoring light vehicles in a congestion
scenario.

Based on the fact that light vehicles should be considered in the simulation, then
the length of the cell should be adjusted. The length of small vehicles for domestic use
is generally greater than 4.5 m, and the relevant Chinese regulations recommend a safe
following distance of 10 m when the speed is below 20 km/h. Therefore, the cell length is
chosen as 10 m when simulating extreme congestion response scenarios. Then, the extreme
response scenarios were simulated 104 times using the proposed model. Several samples
of simulations for effect 1 are shown in Figure 12. The results of the proposed model show
a good comparison with the extreme response scenarios obtained in the CA simulation, but
at a much lower time and computation cost, therefore demonstrating the capability of the
model to simulate congested-flow conditions, by just adapting some basic parameters to
this new traffic situation, namely the length of the cell and the consideration of all vehicles
and not only the heavier ones.
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Figure 12. Samples of simulated congestion scenarios using the probabilistic model (effect 1).
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In summary, this section extends the application of the extreme response scenario
model previously proposed by the authors, discussing its suitability for simulating extreme
response scenarios on long-span bridges in the case of congested-flow traffic. It provides
an analysis of the necessary parameter selection when applying the model to this traffic
condition, such as cell size and the range of vehicle weights to be simulated. In clarifying
the significance of congested traffic in the structural safety assessment of long-span bridges,
it demonstrates the wide applicability and flexibility of the proposed extreme response
scenario model to accommodate to all traffic conditions.

5. Discussion

This study extended the probabilistic model of extreme response scenarios to account
for congested traffic conditions, demonstrating its flexibility and broad applicability to
various traffic situations on long-span bridges. A key finding is the necessity of adjusting
key parameters when applying the model to congested traffic. For instance, the cell
size used for the vehicle distribution on the bridge deck was reduced from 20 m, as
used in free-flow scenarios, to 10 m to reflect the shorter inter-vehicle gaps in congested
conditions. Moreover, while the contribution of light vehicles is typically negligible in
free-flow conditions, they play a significant role in congested traffic. The study shows that
neglecting light vehicles in congested traffic can result in a load effect loss of up to 24%,
making their inclusion essential for accurate simulation and safety evaluation.

The comparison of extreme response scenarios under free-flow and congested condi-
tions reveals that heavy vehicles are less frequent in congested traffic but tend to cluster
in outer lanes, especially under extreme loading conditions. This behavior necessitates
the continued use of a non-stationary Poisson distribution for vehicle location modeling.
Additionally, this study confirms that the probabilistic model remains capable of efficiently
simulating extreme response scenarios under congested traffic at a significantly lower
computational cost compared to direct micro-simulation using the CA method.

In summary, the model demonstrates its robustness and adaptability to different traffic
conditions, providing accurate predictions of extreme response scenarios with minimal
computational effort. These findings underscore the model’s potential for use in real-time
traffic monitoring and bridge safety assessments under varying traffic conditions, especially
as congested traffic becomes increasingly common on long-span bridges. Future work
could focus on refining the model to account for additional factors influencing the bridge
response under congested conditions, such as vehicle type and load distributions over
time. Furthermore, the practical implications and contributions of the simulation results
to the design and structural safety evaluation of bridges were demonstrated through a
practical application of the model in a comparative analysis between observed extreme
response scenarios under actual traffic conditions and model loading scenarios specified in
representative international codes. The results highlight the inadequacy of the applicability
of existing codes in assessing the response to highway traffic for long-span cable-stayed
bridges, being too conservative in some cases and under-conservative in others [41].

6. Conclusions

The following conclusions can be drawn from the obtained results:

1. This study conducted a comprehensive investigation into the characteristics of traffic
congestion on long-span bridges. Due to the lack of actual congestion traffic data for
the bridge in question, a calibrated CA model was utilized to simulate congested traffic
flow, creating samples for modeling extreme response scenarios. The data analysis
revealed that during congestion periods, the vehicle weight composition is generally
lighter than that observed under normal traffic conditions, and these events occur at
a relatively low frequency. Because of this, it may happen that extreme load effects
under free-flow traffic may be comparable or even higher than under congested-flow
conditions. In fact, the higher presence of heavy vehicles and probability of occurrence
of extreme situations (due to the shape of the influence lines of the load effects) in
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the case of free-flow conditions can result in this possibility for some load effects on
long-span bridges. This issue is now under investigation thanks to the simulation
capabilities provided by the proposed model, valid for both free- and congested-flow
traffic. It also emphasizes the need of models for free-flow traffic on long-span bridges,
which almost does not exist currently because congested traffic has been considered
the critical situation by most researchers in the field.

2. The application of the extreme-response-scenario probabilistic model previously pro-
posed by the authors for free-flow traffic to the case of congested traffic demonstrated
its flexible applicability and broad utility. By accurately modeling extreme response
scenarios of congested flow, this approach has proven to be an effective tool for sim-
ulating extreme conditions under various traffic conditions on long-span bridges.
This significantly contributes to the assessment of the safety performance of long-
span bridges under traffic loads, highlighting the model’s potential to enhance the
understanding and management of bridge safety.

3. Through the refined simulation of extreme congestion response scenarios, this study
not only corroborates the robustness of the proposed probabilistic model but also
underscores its relevance and significance in facilitating accurate safety evaluations by
obtaining the maximum load effects in a simpler and cheaper (in terms of computing
time) way. This opens the feasibility of using the proposed model in the automatic
and on-line management of existing long-span bridges in operation, giving the pos-
sibility of obtaining an expected response of the bridge in actual traffic conditions
and comparing it with the experimentally obtained response measured in certain
locations. The differences in both responses can warn about possible deficiencies in
the normal operation of the bridge, therefore becoming a key aspect of the bridge’s
preventive maintenance.

Future research will aim to integrate real congestion data as advances in detection
and monitoring technologies permit to further validate and refine the model’s parameters,
ensuring that the simulated traffic scenarios closely mirror real-world conditions and
thereby enhancing the predictive accuracy essential for the structural health monitoring of
long-span bridges.
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Abstract: Tuned mass dampers (TMDs) are commonly used to mitigate vibrations in civil structures.
There is a growing demand for new solutions that offer similar effectiveness as TMDs but with
reduced mass. In this context, this paper investigates active (ATMD) and semi-active (STMD) tuned
mass dampers with relative displacement and velocity feedback. The control force of the ATMD is
assumed to be the sum of viscous damping and either positive or negative stiffness forces. This control
force is calibrated for a specific parameter K such that the effectiveness of the ATMD in reducing
harmonic vibrations matches that of the TMD with K times larger mass. The optimal calibration
is derived based on the mathematical reformulation of an existing optimal acceleration feedback
control algorithm. The control approach for the ATMD is then applied to the STMD. Subsequently,
the sub-optimal STMD is analyzed, with a focus on its limitations arising from the clipping of active
forces. Finally, the paper presents a calibration of the STMD using a numerical optimization method.
It is demonstrated that the maximum achievable performance of the numerically optimized STMD
matches that of the TMD with three times larger mass.

Keywords: vibration; damping; tuned mass dampers; active; semi-active; control; negative stiffness;
equivalent linearization; optimization

1. Introduction

The mitigation of vibrations of civil structures is vital for ensuring the safety and
comfort of their users. Passive tuned mass dampers (TMDs) are commonly employed to
reduce vibrations of buildings [1,2], bridges [3], and other structures. A notable example
is the 660-ton TMD installed in the Taipei 101 Tower [4], which also serves as a popular
attraction, offering visitors a chance to observe its operation.

The classical TMD [5] consists of a moving mass, a spring, and a viscous damper, all
tuned to a single vibration mode of the structure. The effectiveness of the TMD depends
on its mass, more specifically, the mass ratio which defines the TMD’s mass in relation to
the modal mass. Using a sufficiently large TMD mass ensures that vibrations are reduced
to levels compliant with both technical standards and occupant comfort requirements [6].
The mass of TMDs installed in tall buildings typically amounts to about 1%, or less, of
the modal mass. While this percentage may seem small, it translates to a TMD mass that
is often in the order of hundreds of tons [1]. Installing large TMD masses is not only
expensive but also difficult due to the limited space available for installation. One example
is the 432 Park Avenue residential tower in New York, USA, where the required TMD mass
of 1200 tons had to be split into two 600-ton TMDs with an innovative design to fit into
two narrow spaces available on each side of the tower core [7].

As a result, there is a significant demand for innovative solutions that can provide the
required vibration damping efficiency with less mass than a standard TMD. This challenge
also serves as the primary motivation for the research presented in this work.
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Achieving the desired level of vibration reduction using less mass than a traditional
TMD is possible through the application of active and semi-active tuned mass dampers
(ATMD and STMD, respectively). ATMD systems are essentially TMDs of varying de-
signs that incorporate an active actuator. On the other hand, STMDs employ semi-active
dampers. The exploration of these systems in civil engineering was initiated roughly
50 years ago by the structural control concept of Yao [8] and pioneering research activities
of Kobori [9]. One of the earliest ATMD designs was presented by Chang and Soong in
1980 [10]. Pioneering implementations of ATMDs took place in Japan, with the world’s first
application of two ATMDs in a ten-story office building in Tokyo in 1989 [11]. Two decades
later, in 2009, the list of implementations in buildings in Japan included 40 active and
13 semi-active control systems of various designs [12]. Research progress worldwide
has been reviewed in, e.g., [13,14]. Most recent studies have demonstrated the effective-
ness of ATMDs in mitigating the dynamic response of tall buildings subjected to strong
winds [15,16]. Although numerous ATMDs have been implemented, further research into
their design, control algorithms, and performance continues.

For passive TMDs, increasing their mass naturally results in a change in the force
exerted on the structure. To achieve an efficiency for ATMD or STMD comparable to that of
a heavier TMD, it is evident that the total force (comprising both the control force generated
by actuating elements and the force from the passive elements) in the ATMD or STMD
system must act on the structure in a manner similar to a larger-mass TMD. This principle
was first applied in Kobori’s research group, by Nishimura [17]. They introduced an
optimal acceleration feedback control for ATMD using the classical H∞ synthesis method
(the so-called equal-peak design), consistent with the approach used in the optimal TMD
tuning [5,18–20]. It is noticeable that their optimal ATMD exhibits a frequency response
characteristic like that of a TMD with a larger mass.

Subsequent research indicated that a similar ATMD performance can be achieved
using a different set of feedback signals. Chatterjee [21] presented an analytical solution for
H∞ tuning of the ATMD utilizing state feedback from the ATMD mass. Cheung et al. [22]
employed the H∞ design to an ATMD with absolute displacement feedback and, in another
variant, also with relative displacement feedback. Brodersen et al. [23] used absolute
displacement and relative velocity feedbacks in their optimal ATMD design. However,
none of the existing studies present the optimal equal-peak design of ATMD using only
internal feedback, specifically from relative displacement and relative velocity, without
relying on absolute displacement or acceleration. In this work, the control approach by
Nishimura et al. will be adapted to implement an ATMD using exclusively a relative
displacement and velocity feedback. This concept will also be applied to the STMD.

Regarding STMDs, a significant advantage of these systems is their substantially
lower power consumption compared to ATMDs. Additionally, STMDs are inherently
stable. The STMDs consist of a mass, a passive spring, and a semi-active damper, for
example a magneto-rheological (MR) damper. A salient feature of MR dampers is their
short response time [24,25]. Various designs and operational principles of MR dampers
are well-documented [26]. Rotary MR dampers have been successfully implemented in
12 STMDs, each weighing 5200 kg, to mitigate bridge vibrations [27,28]. MR damper-based
STMDs have also been employed in vibration reduction systems for tall buildings [29,30].
Numerous semi-active control approaches for STMDs have been developed. In the context
of harmonic vibrations, effective STMD concepts are based on the semi-active emulation of
positive or negative dynamic stiffness, aiming to tune the STMD’s operation to the actual
frequency of vibration [31,32]. The semi-active control force of STMDs can be determined
using a clipped linear quadratic regulator (LQR) [33]. Other methods include ground hook
control schemes [34,35], on-off phase control algorithms [36,37], linear quadratic Gaussian
control (LQG) [38], nonlinear optimal-based control [39,40], PID control [41], and more.

In previous work [42], the principles of the optimal active control by Nishimura
et al. [17] are utilized to formulate a semi-active control approach for the STMD with
absolute acceleration and relative motion (displacement and velocity) feedback. As a result,
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an optimized STMD was proposed, denoted as STMD-K, in which the parameter K defines
the efficiency of STMD in such a way that for a given K value, the damping efficiency
for STMD-K is the same as for TMD with a mass K times larger. In [43], a preliminary
experimental validation of the STMD-K concept is presented. It was observed that the
efficient implementation of the STMD-K concept requires a high-quality acceleration signal.
In practice, while the acceleration signal is easily accessible, it may contain high-frequency
components that make proper control implementation challenging.

The purpose of this paper is to adapt the optimal acceleration feedback control by
Nishimura et al. for its alternative implementation in both ATMD and STMD, using
only relative displacement and relative velocity feedback, without relying on acceleration
feedback. Simultaneously, following the approach in [42], for a specified design parameter
K, we aim to calibrate the control force parameters for both ATMD and STMD such that the
efficiency of both systems matches that of a TMD with a K-times larger mass.

The subsequent section provides an essential introduction to Den Hartog’s TMD,
viewed as a reference mass damper. In Section 3, a control algorithm for ATMD is pre-
sented. The section starts with the definition of its control force, then introduces the control
objective and the equations of motion. This is followed by a reformulation of Nishimura’s
acceleration feedback control, aiming for its alternative implementation without accelera-
tion feedback and using only relative displacement and velocity feedback. The performance
of the new ATMD is illustrated at the end of this section.

Section 4 deals with the sub-optimal STMD. This section is crucial for the understating
of the limitations of the STMD and encompasses a detailed analysis of the clipped viscous
damping–stiffness force. Subsequently, the equivalent linearization method of Krylov and
Bogoliubov is employed to find the equivalent viscous damping and stiffness resulting
from the clipped control force of the STMD. The frequency responses of the sub-optimal
STMD are then discussed.

Finally, in Section 5, a calibration of the STMD using numerical optimization is intro-
duced. To facilitate this optimization, the control force of the STMD is adjusted to incorpo-
rate correction factors aimed at minimizing the deteriorating effects of force clipping. Both
the optimization procedure and the resulting outcomes are detailed. A comprehensive
analysis of the STMD at its performance limits follows. Section 6 summarizes the primary
findings and concludes the paper.

2. Den Hartog’s TMD as a Reference Mass Damper

In this section, the Den Hartog’s TMD is introduced as a reference point against
which the active and semi-active mass damper solutions presented later in this work will
be compared. Although the theory behind TMD is well-established and described in
mechanics textbooks, the essential formulas for Den Hartog’s design are provided for their
subsequent use in this study.

2.1. Den Hartog’s TMD Tuning

The classical Den Hartog’s TMD [5] consists of a mass m2 connected to the primary
structure by a parallel configuration of a passive spring k2dh and a passive viscous damper
c2dh. The primary structure is characterized by its mass m1 and stiffness k1, and represents
the single-degree-of-freedom model of one targeted mode of a vibrating structure with its
natural frequency ω1 =

√
k1/m1 and a negligible small damping.

The passive spring stiffness of the Den Hartog’s TMD [5] is defined as:

k2dh = k1
μ

(μ + 1)2 (1)

where:
μ =

m2

m1
, (2)

is a mass ratio.
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The viscous damping coefficient of the TMD is given by:

c2dh = 2ζ2dh
√

m2k2dh, (3)

where:

ζ2dh =

√
3μ

8(μ + 1)
, (4)

is the optimum damping ratio.

2.2. Equations of Motion and Frequency Response to Harmonic Excitation

The equations of motion for the primary structure equipped with the Den Hartog’s
TMD under harmonic force excitation can be written as follows:

m1
..
x1 + k1x1 + c2dh

( .
x1 − .

x2
)
+ k2dh(x1 − x2) = fexc,

m2
..
x2 − c2dh

( .
x1 − .

x2
)− k2dh(x1 − x2) = 0,

(5)

where
..
x1,

.
x1, and x1 are the absolute acceleration, velocity, and displacement of the primary

structure with its mass m1 and stiffness k1, while
..
x2,

.
x2, and x2 are the absolute acceleration,

velocity, and displacement of the TMD with mass m2, passive spring stiffness k2dh (1), and
passive viscous damper c2dh (3), and fexc is a harmonic force excitation of amplitude Fexc
and varying angular frequency ω:

fexc = Fexcsin(ωt). (6)

The relative displacement of the mass m2 with respect to the structural mass m1 is:

xd = x1 − x2. (7)

The frequency response to harmonic excitation can be obtained by representing the
response as harmonic components, x1 = X1eiωt, xd = Xdeiωt. Based on the equations of
motion (5), the amplitude X1 of forced response of the primary structure displacement, and
the amplitude Xd of relative displacement, can be expressed as follows [44]:

X1(ω)

Fexc
=

∣∣∣∣∣ k2dh − ω2m2 + iωc2dh

(k1 − ω2(m1 + m2)) (k2dh − ω2m2 + iωc2dh)− ω4m2
2

∣∣∣∣∣, (8)

Xd(ω)

Fexc
=

∣∣∣∣∣ ω2m2

(k1 − ω2(m1 + m2)) (k2dh − ω2m2 + iωc2dh)− ω4m2
2

∣∣∣∣∣. (9)

The above equations will be later used in numerical examples.

2.3. Dynamic Amplification Factor

The passive spring (1) and viscous damper (3) of Den Hartog’s TMD are optimally
tuned to minimize the maximum steady-state dynamic amplification factor (DAF) of
primary structure displacement:

DAF =
X1(ω)

X1static
, (10)

where X1static = Fexc/k1 is a static deflection of the primary structure mass.
A crucial aspect of TMD design is the selection of its mass ratio μ (2). The maximal

amplification factor, and thus the effectiveness of the TMD, is defined by μ:

DAFmax =

√
μ + 2

μ
. (11)
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Using the TMD of a specified mass allows for limiting the maximum amplitude of
vibrations to a level defined by (11). In many cases, installing the TMD of the required
mass to ensure proper efficiency is challenging due to site-specific constraints. Active and
semi-active mass dampers offer a solution that can provide the required level of vibration
damping efficiency while using a smaller mass.

In the subsequent section, an ATMD will be discussed that is calibrated for the given
design parameter K to provide the same level of efficiency as the TMD with a mass that is
K times larger.

3. Calibration of ATMD with Viscous Damping–Stiffness Control Force

The considered ATMD is illustrated in Figure 1a. It comprises a mass m2 attached to
the primary structure through a passive spring k2dh of the classical Den Hartog’s TMD,
coupled with an ideal active actuator that applies the active control force fa. Using the
same spring k2dh as in the passive TMD allows for the replacement of the active actuator in
the ATMD with a viscous damper to form a TMD, without the need to tune its frequency.
Conversely, the viscous damper in an existing TMD can be replaced with an active actuator
to upgrade it into an ATMD of the same mass but with enhanced efficiency.

   
(a) (b) (c) 

Figure 1. Primary structure with mass dampers under consideration: (a) Optimal ATMD with a
viscous damping–stiffness force; (b) Sub-optimal STMD with a clipped viscous–stiffness control force;
(c) optimized STMD with an adjusted clipped viscous–stiffness control force to compensate, as much
as possible, for clipping.

The active control force fa under consideration takes the form of a sum of two compo-
nents: the viscous damping force and the stiffness force, as depicted in Figure 1 by symbols
indicating a controllable spring and a controllable viscous damper.

3.1. Active Control Force

The active control force to be applied by the active actuator of the ATMD is assumed
to be calculated using the relative displacement xd and velocity

.
xd signals. In practice, the

relative displacement can be directly measured using a single displacement sensor. The
relative velocity can be then obtained from the measured relative displacement signal.

The active control force is thus expressed as:

fa = ca
.
xd + kaxd, (12)

where the viscous damping coefficient ca and the positive or negative stiffness ka represent
the feedback gains. These gains require calibration to satisfy a specific control objective.
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3.2. Control Objective

The control objective for the ATMD with mass m2 and control force (12) is to achieve
the same efficacy in reducing the steady-state displacement amplitude of the primary
structure under harmonic excitation as can be obtained using a TMD with mass Km2,
where K > 1 is introduced here, like in [42], as a control algorithm parameter.

According to this control objective, the maximum value for the dynamic amplification
factor (10), for the ATMD with the mass ratio μ = m2/m1 and the given K should be:

DAFmax−goal =

√
Kμ + 2

Kμ
. (13)

3.3. Equations of Motion and Dynamic Amplification

The equations of motion of the two masses in Figure 1a are:

m1
..
x1 + k1x1 + k2dh(x1 − x2) = fexc − fa,

m2
..
x2 − k2dh(x1 − x2) = fa.

(14)

where
..
x1,

.
x1, and x1 are the absolute acceleration, velocity, and displacement of the pri-

mary structure with its mass m1 and stiffness k1, while
..
x2,

.
x2, and x2 are the absolute

acceleration, velocity, and displacement of the ATMD with its mass m2 and passive spring
stiffness k2dh (1), fexc is the harmonic force excitation of amplitude Fexc and varying angular
frequency ω, and fa is the control force (12).

After accounting for the control force (12), we can express these equations as:

m1
..
x1 + k1x1 + ca

.
xd + (ka + k2dh)xd = fexc,

m2
..
x2 − ca

.
xd − (ka + k2dh)xd = 0.

(15)

Based on this system of equations, the steady-state displacement amplitude of primary
structure mass and the relative displacement amplitude of the ATMD can be expressed in a
similar way as previously for the case of the TMD, see (8) and (9), but after replacing k2dh
with ka + k2dh, and c2dh with ca:

X1(ω)

Fexc
=

∣∣∣∣∣ ka + k2dh − ω2m2 + iωca

(k1 − ω2(m1 + m2)) (ka + k2dh − ω2m2 + iωca)− ω4m2
2

∣∣∣∣∣, (16)

Xd(ω)

Fexc
=

∣∣∣∣∣ ω2m2

(k1 − ω2(m1 + m2)) (ka + k2dh − ω2m2 + iωca)− ω4m2
2

∣∣∣∣∣. (17)

Later in this paper, (16) and (17) will be used to determine the frequency responses for
the primary structure with the ATMD.

3.4. Calibrating Viscous Damping–Stiffness Control Force to Mimic the Optimal Acceleration
Feedback Control by Nishimura et al.

To determine the optimal parameters for the control force (12) that fulfill the stated
control objective, we can use the well-established theory of the so-called equal peak design
of TMDs [5,18–20] that has also been adopted to ATMDs [17,21–23]. In the work by
Nishimura et al. [17], this approach was applied to derive the optimal acceleration feedback
control law, with a variant that also includes relative velocity feedback. The approach
presented here aims to calibrate the parameters of the control force (12) so that it mimics
the optimal control force outlined by Nishimura et al.

Let us consider the control force fNis discussed in [17], which takes the form of a sum
of inertial and viscous damping forces:

fNis = −gNism1
..
x1 + cNis

.
xd, (18)

where gNism1 and cNis are the negative acceleration and relative velocity feedback gains.
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Our goal is to find ca and ka such that the control force (12) is equal to the force (18).
Since we assume that both forces should be equal, we can substitute (18) into the equation
of motion for the ATMD mass in (14):

m2
..
x2 − k2dhxd = −gNism1

..
x1 + cNis

.
xd. (19)

Considering that the acceleration of the ATMD mass can be expressed as
..
x2 =

..
x1 − ..

xd,
we arrive at the following:

..
x1(m2 + gNism1) = m2

..
xd + cNis

.
xd + k2dhxd. (20)

In harmonic motion, the acceleration is proportional to the displacement, as expressed
by

..
xd = −ω2xd. Substituting this into (20) allows us to represent the absolute acceleration

of the primary structure as a function of both relative displacement and relative velocity:

..
x1 =

(
cNis

m2 + gNism1

)
.
xd +

(
k2dh − ω2m2

m2 + gNism1

)
xd. (21)

Thus, for harmonic excitation, the control force (18) can be alternatively calculated
using only relative displacement and relative velocity signals. After substituting (21) into
(18), we could directly determine the parameters ca and ka for the control force (12), but
only if the ATMD configurations in this study and in [17] are identical.

At this point, it is important to note that the ATMD configuration presented in [17]
differs from the one in Figure 1a. Specifically, Nishimura et al. determine the optimal
stiffness of the passive spring, denoted below as k2Nis−opt, in contrast to the k2dh selected
in this work. Additionally, they introduce a passive viscous damper that is connected in
parallel with both the passive spring and the active actuator. Considering these differences
in ATMD configurations, the parameters we are seeking for the control force (12) can be for-
mulated to ensure full compatibility with the optimal ATMD proposed by Nishimura et al.:

ca =
cNism2

m2 + gNism1
, (22)

ka = −gNism1

(
k2Nis−opt − ω2m2

m2 + gNism1

)
+
(
k2Nis−opt − k2dh

)
, (23)

where
(
k2Nis−opt − k2dh

)
is added to eliminate a small discrepancy between the spring

stiffness k2dh and the optimal value k2Nis−opt, and the gain gNis determined in [17] is:

gNis =
2 + μ − μ · DAF2

max
DAF2

max + 1
, (24)

with DAFmax which expresses the resulting maximum dynamic amplification factor that
can be achieved with the ATMD.

Considering the control objective and the desired maximal dynamic amplification
factor given by (13), the expression for the gain (24) can be simplified to a concise form,
dependent on the parameter K:

gNis =
Kμ − μ

Kμ + 1
. (25)

The spring stiffness k2Nis−opt in (23) is:

k2Nis−opt = k1
μ

(1 + μ)2 (1 − gNis), (26)

and can be expressed as a function of K as:

k2Nis−opt = k2dh
1 + μ

1 + Kμ
= k1

μ

(1 + Kμ)(μ + 1)
. (27)
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The viscous damping coefficient in (22) equals:

cNis = 2ζNism2ω2, (28)

where:

ω2 = ω1

√
1 − gNis

1 + μ
=

ω1√
(1 + μ)(Kμ + 1)

, (29)

and

ζNis =

√
3(μ + gNis)

8(1 + μ)
=

√
3
8

Kμ

Kμ + 1
. (30)

After substituting (25), (27) and (28) into (22) and (23), we obtain the sought feedback
gains conveniently expressed as functions of the primary structure parameters m1, ω1,
the mass ratio μ, the control parameter K, and, in the case of ka, the actual frequency of
vibration ω:

ca = m1ω1

√
3μ3

2K(1 + μ)3 , (31)

ka = m1
Kμ − μ

Kμ + K

(
ω2 − ω2

1
μ + 1

)
. (32)

The ATMD with the viscous damping–stiffness control force defined by (12) and
the parameters (31) and (32), represents a new ATMD that is calibrated to replicate the
performance of the ATMD by Nishimura et al. under harmonic excitation. Despite their
different feedback signals, both ATMD designs, the one presented in [17] and the one
introduced here, are fully equivalent. Depending on the actual frequency, the active
control force (12) consists of a viscous damping force combined with either a negative,
for ω2 < ω2

1/(μ + 1), or positive, for ω2 > ω2
1/(μ + 1), stiffness force. The case of

ω2 = ω2
1/(μ + 1) results in a pure viscous damping force.

3.5. Numerical Demonstration

Figure 2 presents the frequency responses of the primary structure equipped with the
ATMD with mass ratio μ = 1%, which was designed using the feedback gains (31) and
(32). These results are presented for two distinct values of the control parameter K, namely
K = 2 and K = 4. To provide a more comprehensive evaluation of the ATMD’s performance,
its characteristics are compared with those for the TMD with mass ratios μ = 1%, 2%, and
4%. All the characteristics are normalized by X1static = Fexc/k1.

Figure 2a confirms that the maximum displacement amplitude of the primary structure
for the ATMD with a mass ratio of μ and design parameter K matches that of the TMD
with a larger mass ratio of Kμ. The peak value of the structure’s displacement amplitude is
effectively governed by the ATMD’s design parameter K.

In the case of Den Hartog’s TMD, the peak response of the primary structure is solely
dependent on the mass ratio μ, as described by (11). A larger mass ratio results in a smaller
maximum relative displacement, as shown in Figure 2b. For the ATMD, its maximum
relative displacement does not exceed that of the TMD with the same mass ratio, and this
maximum value remains the same for any K, as depicted in Figure 2b.

Since the frequency responses in Figure 2 are normalized, the specific parameters used
in this numerical example are not crucial. However, for the sake of completeness, note
that the sample parameters used in this work (also in subsequent sections) are as follows:
f1 = 0.5 Hz, m1 = 500,000 kg, Fexc = 8 kN.
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(a) (b) 

Figure 2. Frequency responses of the primary structure with the ATMD with mass ratio μ = 1%, for
K = 2 and K = 4, in comparison to the frequency responses for the TMD with μ = 1%, 2%, and 4%:
(a) Dynamic amplification of primary structure displacement amplitude; (b) dynamic amplification
of relative displacement amplitude.

Appendix A contains the MATLAB code that allows for reproducing the calculations
of the frequency responses.

4. Sub-Optimal STMD with Clipped Viscous Damping–Stiffness Control Force

In accordance with the terminology used in the literature on semi-active control, see,
for example, [45], the term “sub-optimal” or “clipped-optimal” STMD refers to a type of
STMD where a semi-active damper is used to realize, to the extent that it is possible, an
optimal active control strategy.

It is evident that implementing the active control force (12) in an STMD using a semi-
active damper requires the clipping of the non-dissipative forces. This limitation inherently
results in inferior performance compared to an ATMD equipped with an active actuator.
Despite this, no modifications to the control force are introduced in the sub-optimal STMD
system to compensate for the adverse effect of clipping.

The sub-optimal STMD is separately depicted in Figure 1b to distinguish it from the
optimized STMD examined later in this paper. Both STMDs, shown in Figure 1b,c, have the
same structure. They consist of mass m2, the same passive spring k2dh, as in Den Hartog’s
TMD, and a semi-active damper to apply a semi-active force. However, the semi-active
force is calibrated differently in each of the two STMD concepts.

In this section, an analysis of the sub-optimal STMD is provided, with a focus on its
clipped control force. Examples of force characteristics are described, and a clipping coefficient
is introduced to analytically quantify the degree of clipping. The increase in energy dissipation
due to the clipping is also calculated. Most notably, the Krylov–Bogoliubov method of
equivalent linearization is employed to derive an equivalent model for a clipped viscous-
damping control force. This model is useful for demonstrating the influence of force clipping
on both the resulting damping and stiffness. These analyses are essential for understanding
the limitations of the sub-optimal STMD and for its subsequent optimization.

4.1. Semi-Active Control Force of Sub-Optimal STMD

The semi-active force for the sub-optimal STMD is considered in the same form
as it was for the ATMD (12), but with the non-dissipative forces clipped to zero. The
clipping operation is crucial as it ensures that the resulting semi-active control force is fully
dissipative, thereby making it possible to realize this force using a semi-active damper.
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Accordingly, the control force of the sub-optimal STMD can be formulated as:

fa−clipped =

{
fa : fa

.
xd > 0

0 : otherwise
, (33)

where fa is the active control force defined by (12) with the optimal control gains (31) and (32).
From (33), it is evident that the clipping deactivates the semi-active damper in

some parts of a vibration cycle, as graphically represented by the on-off switch symbol
in Figure 1b,c.

4.2. Examples of Force Characteristics

Figures 3 and 4 show example characteristics of the control force fa and its clipped
form fa−clipped (33) as functions of time, relative displacement, and relative velocity.

The force characteristics in Figure 3 are presented for the case of positive stiffness ka,
under conditions of moderate clipping. Figure 4 presents these characteristics for the case
of negative stiffness ka, for a relatively small degree of clipping. Capital letters are used
to label characteristic points in the figures to facilitate tracing the effect of force clipping
simultaneously in terms of time, displacement, and velocity.

In Figures 3a and 4a, the time intervals are marked where the force fa satisfies the
condition fa

.
xd > 0, indicating that it has a dissipative character and can therefore be

realized by a semi-active damper. The width of these intervals is not constant and depends
on the frequency of vibrations ω as well as the parameters ka and ca.

For ka > 0, the clipping necessitates an abrupt reduction of the semi-active damper
force to zero whenever the sign of the relative velocity changes (points C and F in
Figure 3). The clipping is then maintained until the control force fa, whose absolute
value is decreasing, crosses zero (points D and G).

 
(a) 

  
(b) (c) 

Figure 3. Example of viscous damping—positive stiffness force characteristics before and after
clipping: (a) Force, displacement and velocity versus time; (b) force versus displacement; (c) force
versus velocity. Clipping coefficient: α = 0.5.

In the case of ka < 0, the clipping occurs from the moment the control force fa crosses
zero (points J and M, Figure 4) and initially does not require abrupt change of the force.
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However, resuming operation of the semi-active damper requires a sudden change in force
from zero to the instantaneous value of fa (points K and N). More about the clipped viscous
damping with negative stiffness can be found in [46,47].

The clipping operation represents a significant constraint and, if the active control
force fa in (33) is optimal, then the clipped force (33) is no longer optimal. However, it is not
obvious how exactly the clipping affects the resulting stiffness and damping, depending on
the degree of clipping. This issue will be addressed below.

 
(a) 

  
(b) (c) 

Figure 4. Example of viscous damping—negative stiffness force characteristics before and after
clipping: (a) Force, displacement and velocity versus time; (b) force versus displacement; (c) force
versus velocity. Clipping coefficient: α = 0.7.

4.3. Description of Force Clipping Degree Using the Clipping Coefficient

A description of the clipping should begin with the introduction of a clipping coeffi-
cient, which will allow for an assessment of how much the clipped force differs from the
unclipped force. For the purposes of this work, the clipping coefficient will be introduced
based on the analysis of the force as a function of displacement.

Figures 3b and 4b show an ellipse representing the force fa as a function of the relative
displacement xd. For ka > 0, this ellipse can be described by:

fe1 = caω
√

X2
d − x2

d + kaxd, (34)

fe2 = −caω
√

X2
d − x2

d + kaxd, (35)

where fe1 and fe2 denote the parametric representation of the higher and lower branches of
the ellipse, respectively.

The positive root of fe2, that is, the positive displacement at which the force fe2 becomes
zero (see point D in Figure 3b) is:

xd0 = Xd
caω√

k2
a + c2

aω2
. (36)
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Based on (36), the clipping coefficient α is introduced as follows:

α =
xd0
Xd

=
caω√

k2
a + c2

aω2
. (37)

The clipping coefficient ranges from 1 (no clipping, the case of pure viscous damping,
ka = 0), through a middle value of 0.5 (moderate clipping, for ka =

√
3caω), to 0 (maximal

clipping, for ca = 0).
Figure 5 presents α as a function of normalized frequency for the sub-optimal STMD

with mass ratio μ of 1% and 2%, for three selected values of K. Due to their presentation
in terms of normalized frequency, the plots are independent of the structural parameters
(m1, ω1). They depend solely on μ and K, which determine the values of ka and ca. The
degree of clipping, described by α, is also independent of the forcing amplitude. Figure 5
indicates small and moderate degree of clipping for the sub-optimal STMD for typical
values of μ and K in the considered frequency range. In Figure 5a, the two values of α are
marked, corresponding to the cases of force characteristics in Figures 3 and 4.

 
(a) (b) 

Figure 5. Clipping coefficient versus normalized frequency of vibration calculated for the sub-optimal
STMD for different K: (a) For μ = 1%; (b) for μ = 2%.

4.4. Energy Dissipation Resulting from Clipping

Another aspect in the analysis of the clipping operation concerns its impact on the
energy dissipation during a vibration cycle. As illustrated by the force-displacement loops
in Figures 3b and 4b, the clipping augments cycle energy dissipation. This is evident
from the enlargement of the area enclosed by the force-displacement plot. This area is
quantitatively equal to the cycle energy.

The total cycle energy resulting from the clipped force (33) is represented by the
dashed area in Figure 3b and can be expressed as:

Eclipped = Eunclipped + ΔE, (38)

where Eunclipped = πωcaX2
d is the cycle energy due to the active control force fa, and ΔE

denotes the increase in cycle energy due to the clipping. This additional energy ΔE is
represented by the shaded areas in Figure 3b and, for ka > 0, can be calculated as:

ΔE = 2
∫ Xd

xd0

fe2dxd. (39)

where fe2 and xd0 are given by (35) and (36), respectively.
Evaluating the integral in (39) yields an analytical expression for the increase in cycle

energy due to the clipping that is valid for both positive and negative stiffness ka:

128



Appl. Sci. 2023, 13, 11645

ΔE = X2
d

(
caω

(
α
√

1 − α2 + arcsin(α)− π

2

)
− |ka|

(
α2 − 1

))
. (40)

After substituting (40) into (38), the total cycle energy resulting from the clipped force
(33) is expressed as ((40) with the sign before the π/2 term changed):

Eclipped = X2
d

(
caω

(
α
√

1 − α2 + arcsin(α) +
π

2

)
− |ka|

(
α2 − 1

))
. (41)

The above expression can be employed to derive the energy-equivalent viscous damp-
ing coefficient, ceq, by equalizing Eclipped = πωceqX2

d. However, to establish a full equiva-
lent model for the clipped force (33), an adequate equivalent linearization method must be
employed to also derive an equivalent stiffness.

4.5. Calculation of Equivalent Viscous Damping and Equivalent Stiffness for the Clipped Viscous
Damping–Stiffness Force Using Harmonic Balance Method

The method of equivalent linearization by Krylov and Bogoliubov [48] is a well-
established analytical technique based on the harmonic balance method for linearizing
non-linear systems. It can be used to replace a non-linear function of strongly non-linear
systems, see e.g., [49], with an equivalent linear function. In the context of semi-active
vibration control systems, a good example can be found in [50].

Using this method, the equivalent damping and stiffness are determined by multiply-
ing the force (33) by cos(ωt) and sin(ωt), respectively, and then integrating the resulting
expressions over a full vibration period:

ceq =
1

Xdπ

∫ 2π/ω

0
fa−clippedcos(ωt)dt, (42)

keq =
ω

Xdπ

∫ 2π/ω

0
fa−clippedsin(ωt)dt. (43)

Detailed analytical calculations for integrals (42) and (43) are provided in Appendix B.
As an outcome of these calculations, the following expressions are derived:

ceq =
ca

2
+

caarcsin(α)
π

+
casin(2arcsin(α))

2π
− |ka|

(
α2 − 1

)
πω

, (44)

keq =
ka

2
+

kaarcsin(α)
π

− kasin(2arcsin(α))
2π

− sgn(ka)caω
(
α2 − 1

)
π

. (45)

It should be noted that although the amplitude of relative motion Xd appears in
(42) and (43), the resulting equivalent model is independent of the amplitude Xd. Conse-
quently, the equivalent model is independent of the amplitude of force excitation. This
feature holds true only for harmonic motion. The equivalent model, represented by equa-
tions (44) and (45), will be used later to analyze the frequency responses of the STMD.

In Figure 6, sample calculations of the equivalent viscous damping and the equivalent
stiffness are presented for the sub-optimal STMD with μ = 1% and K = 3. The calculations
were conducted using the sample parameters listed in Section 3.5.

The greater the difference between ω and ω1, the more the degree of clipping increases.
Consequently, both the amount of additional energy dissipated and the resulting equivalent
viscous damping coefficient ceq rise. As an effect, ceq significantly exceeds ca (Figure 6a). In
the case of stiffness (Figure 6b), the resulting equivalent stiffness, keq, is noticeably smaller
in magnitude than ka. Furthermore, the difference between ka and keq becomes larger as
the difference between ω and ω1 increases.

The cumulative impact of clipping on both damping and stiffness adversely affects
the performance of the sub-optimal STMD, as will be demonstrated in the following.
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(a) (b) 

Figure 6. Force parameters before clipping and their equivalent counterparts after clipping versus
normalized frequency of vibration for the sub-optimal STMD with μ = 1% and K = 3: (a) Viscous
damping coefficient ca and equivalent viscous damping coefficient ceq; (b) stiffness ka and equivalent
stiffness keq.

4.6. Numerical Analysis of Sub-Optimal STMD

Figure 7 presents the frequency responses calculated for the sub-optimal STMD with
μ = 1%, for six different values of K from 2 to 20, in comparison to the frequency responses
obtained for the TMD. These results clearly indicate that the performance of the sub-
optimal STMD is noticeably worse than that of the ATMD (Figure 2). This is attributed to
the described increase in damping and reduction in stiffness as the result of clipping.

  
(a) (b) 

Figure 7. Frequency responses of the primary structure with the sub-optimal STMD with μ = 1%,
for six different K ranges from 2 to 20, in comparison to the frequency responses due to the TMD
with μ = 1%, 2% and 4%: (a) Dynamic amplification of primary structure displacement; (b) dynamic
amplification of relative displacement.

For normalized frequencies ω/ω1 close to 1, the control force (33) is minimally affected
by clipping. As a result, in this frequency range, the sub-optimal STMD operates as
intended, and the resulting vibration amplitude X1 is consistent with that for the TMD with
an enlarged mass ratio Kμ (Figure 7a). Specifically, when ω = ω1/

√
μ + 1, the stiffness ka

becomes zero, making the control force of the STMD purely dissipative. At this central
frequency, the performance of the STMD is equivalent to that of the ATMD.
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The numerical analysis revealed that the sub-optimal STMD has a clear limit in effec-
tiveness, determined as the smallest achievable value of maximum dynamic amplification
factor (DAFmax). For μ = 1%, the calculations show that the minimum DAFmax of 10.27 is
achieved for K = 4.04, as indicated by the red line in Figure 7a. Increasing K beyond 4.04
can only result in an increase in DAFmax, with a slightly higher right peak.

Additional significant limitations of the sub-optimal STMD are evident in Figure 7b.
The maximum relative displacement for the sub-optimal STMD far exceeds that of a TMD
with the same mass. Such performance from STMD is considered unacceptable. In practice,
constraining the relative motion is crucial due to spatial limitations at the installation site
of the mass damper. Active and semi-active solutions are expected to fit within the same
space as a TMD with the same mass. This consideration is also taken into account in the
subsequent numerical optimization of the STMD.

Note that the frequency responses shown in Figure 7 were calculated using (16) and (17),
as previously in Section 3.5. However, in these calculations, ca and ka were substituted
with the equivalent model ceq (44) and keq (45), respectively. To assess the accuracy of
the equivalent model, analogous steady-state frequency responses were also determined
through simulations in MATLAB/Simulink. Based on this comparison, it was determined
that regardless of the amplitude of force excitation, the maximum discrepancy between
the calculated and simulated amplitude X1 in the steady state does not exceed 0.58% for
K = 3, 0.93% for K = 4, and 2.7% for K = 20. Therefore, the equivalent model (44) and (45) is
assumed to be sufficiently accurate and useful in predicting the frequency responses of the
primary structure equipped with the STMD.

Appendix A provides the MATLAB code for calculating the frequency responses for
the sub-optimal STMD.

5. Calibration of STMD Using Numerical Optimization

The control force of the sub-optimal STMD, as previously discussed, lacks adjustments
to mitigate the effects of force clipping. In this section, an optimized STMD featuring
necessary modifications to its control force is presented. These modifications are aimed
at compensating for the effects of clipping to the extent possible, thereby improving the
calibration and overall performance of the STMD.

A modified semi-active control force with two incorporated correction factors is sub-
sequently introduced, designed to scale the control force before clipping occurs. The
numerical optimization procedure used to calibrate these correction factors are then out-
lined. Finally, the optimization results as well as an analysis of the optimized STMD at its
performance limit are presented.

5.1. Semi-Active Control Force

The semi-active control force fsa for the STMD depicted in Figure 1c is defined as:

fsa =

{
csa

.
xd + ksaxd :

(
csa

.
xd + ksaxd

) .
xd > 0

0 : otherwise
, (46)

where csa and ksa are the modified force parameters, formulated similarly as before, see
(31) and (32), but incorporating correction factors Kcor and ccor:

csa = ccorm1ω1

√
3μ3

2KcorK(1 + μ)3 , (47)

ksa = m1
KcorKμ − μ

KcorKμ + KcorK

(
ω2 − ω2

1
μ + 1

)
. (48)

The adoption of the modified control force in the form (46) is based on an analysis of
the operation of the sub-optimal STMD. The introduction of Kcor is necessary to achieve
the proper effectiveness, which is defined for the design parameter K in the same manner
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as for the ATMD (see (13)). The parameter ccor allows for adjustment of damping, which
will enable control of the frequency response of the STMD around the central frequency
between the two peaks.

It should be noted that the introduction of the correction factors in the notations of
relative velocity and displacement feedback gains for the control force of STMD was previ-
ously presented in [42]. The method used in [42] is very similar; however, it was applied to
a differently defined control force with an additional feedback loop from acceleration.

5.2. Objective and Procedure of Optimization

In the case of the sub-optimal STMD, a clear performance limit was observed and
manifested as the smallest achievable value of DAFmax (Figure 7a). Therefore, the first natural
objective of optimizing the STMD was to determine the best calibration of the STMD force
parameters for the highest possible efficiency, exceeding that of the sub-optimal STMD.

The main objective of optimization was to determine the STMD force parameters for
various K and μ, in such a way as to minimize the differences in efficiency between the
STMD and the ATMD for a given K. It was also assumed that the optimized STMD must
satisfy the condition concerning the amplitude of relative displacement Xd, which cannot
exceed that for a TMD with the same mass and for the same excitation.

The numerical optimization was carried out in MATLAB using the unconstrained
minimization method implemented as the fminsearch function. The objective function
J(v) to be minimized using the fminsearch function was defined based on the dynamic
amplification of the primary structure displacement, as introduced in [42]. This objective
function consists of the sum of squared differences between the local peaks, and the local
minimum between those peaks, for both the STMD with specific μ and K, and the Den
Hartog’s TMD with mass ratio Kμ:

J(v) = (Psa(v)− P)2 + (Qsa(v)− Q)2 + (Ssa(v)− S)2, (49)

where v = [Kcor ccor] is a vector of the optimization variables; Psa(v), Qsa(v) and Ssa(v) are,
respectively, the left and right local peaks and the local minimum in between those peaks
of the frequency response X1/X1static of the primary structure with the STMD of mass ratio
μ and control parameter K; while P, Q and S are the corresponding quantities for the TMD
with mass ratio Kμ.

Specifically, the objective function (49) assumes a zero value when the two peaks of
the frequency response for the STMD are equal and match the value given by (13), and
when the local minimum is as for the TMD with mass ratio of Kμ.

The fminsearch function was run with an initial estimate of the optimization variables
v = [1 1]. The maximum number of iterations allowed was set to 400. In each iteration of the
optimization, the actual feedback gains csa (47), ksa (48) and the corresponding equivalent
model ceq (44), keq (45) are calculated for the current estimate of optimization variables Kcor,
ccor. Then, the frequency response of the primary structure with the STMD is determined,
as well as the current value of the objective function (49). The frequency responses are
calculated using (16), but with ceq and keq instead of ca and ka. This approach allows
for rapid frequency response calculations in each iteration, leading to quickly obtained
optimization results even for large number of iterations.

The optimization was conducted for the sample model parameters listed in Section 3.5,
for various K, and for μ ranging from 0.4% to 3%.

5.3. Optimization Results

An important observation from the optimization is that the optimized STMD reaches
a clear efficiency limit around K = 3. For K > 3, the optimization yields disproportionately
large values of Kcor and ccor without achieving further improvement in the STMD efficiency.

The optimized correction factors Kcor and ccor are plotted in Figure 8a,b versus K from
1 to 3 and for various μ from 0.4% to 3%. Within the range of values presented in these
figures, both Kcor and ccor increase with K in a similar manner for each mass ratio μ.
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(a) (b) 

(c) 

Figure 8. Results of the numerical optimization for different mass ratios μ ranging from 0.4% to 3%
versus design parameter K: (a) Correction factor Kcor; (b) correction factor ccor; (c) resulting difference
between maximum dynamic amplification factors for the optimized STMD with mass ratio μ and the
TMD with mass ratio Kμ.

Figure 8c shows the difference between the maximum DAF (10) values calculated for
the optimized STMD with mass ratio μ and the reference TMD with mass ratio Kμ. This
difference serves as a straightforward measure for assessing the results of optimization.
The maximum value in Figure 8c is 0.148, obtained for K = 3 and μ = 0.4%. This value
implies that the peak response of the STMD exceeds the target DAFmax = 12.95 by 1.14%.
Similarly, when K = 3 and μ = 3%, the maximum difference is 0.125, indicating that the
STMD’s peak response is 2.6% above the targeted value of 4.82. Given that the maximum
percentage error is under 3%, the optimization outcomes are considered acceptable.

Table 1 lists the optimized values of Kcor and ccor for selected K ranging from 1.5 to 3,
and for three typical μ of 0.5%, 1%, and 2%. It is noticeable that the values for K = 3 are
exceptionally high compared to the rest of the results. When K is slightly reduced to 2.98,
these values become significantly smaller. This is because, for K = 3, the optimized STMD
is already at its performance limit.

Table 1. Optimized parameters Kcor and ccor for μ = 0.5%, 1%, and 2% and for different K.

K
Correction Factor Kcor Correction Factor ccor

μ=0.5% μ=1% μ=2% μ=0.5% μ=1% μ=2%

1.5 1.0585 1.0582 1.0582 1.0285 1.0283 1.0283
2 1.3336 1.3331 1.3321 1.1546 1.1539 1.1530

2.4 2.0131 2.0058 1.9934 1.4201 1.4177 1.4129
2.6 2.9001 2.8751 2.8307 1.7085 1.7019 1.6891
2.8 5.6752 5.5289 5.2808 2.3970 2.3679 2.3161
2.9 11.715 10.991 9.8577 3.4490 3.3446 3.1709
2.98 106.41 62.555 35.590 10.407 7.9897 6.0348

3 1239.4 890.90 106.90 35.534 30.165 10.463
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5.4. Analysis of the Optimized STMD at Its Performance Limit
5.4.1. Frequency Responses

Figure 9 presents the frequency responses for the optimized STMD with mass ratio
μ = 1% and the highest achievable efficiency at K = 3. The results for the optimized STMD
are compared with those for the sub-optimal STMD and the ATMD (both with the same μ
and K). For additional context, this figure also includes results for the TMD with μ = 1%
and 3%.

  
(a) (b) 

Figure 9. Frequency responses for the optimized STMD in comparison to those for the sub-optimal
STMD and ATMD, all with μ = 1% and K = 3 and TMD with μ = 1% and 3%: (a) Dynamic
amplification of primary structure displacement; (b) dynamic amplification of relative displacement.

Figure 9a confirms that the optimized STMD performs significantly better than the sub-
optimal STMD and nearly as well as the ATMD with the same K. More precisely, while the
shapes of the responses for the STMD and ATMD are slightly different, the left peak of the
STMD response is 2.4% higher and the right peak is slightly smaller than that of the ATMD.

Significantly, the maximum amplitude of relative displacement for the optimized
STMD is not greater than that for the TMD and ATMD with the same mass ratio. In fact,
the relative displacement for the optimized STMD is lower than that for the ATMD across
the entire frequency range, as shown in Figure 9b.

5.4.2. Characterization of the Control Force

It is underlined that the enhanced efficiency of the optimized STMD is not associated
with extensive control force demands. In Figure 10a, the force demands for the semi-active
damper in the STMD are compared with those for the active actuator in the ATMD and
the viscous damper in the TMDs. The figure displays the maximum force requirements at
steady-state as a function of frequency, assuming a force excitation of Fexc = 8 kN.

Figure 10a reveals that the maximum control force of the optimized STMD is only 6%
greater than that of the ATMD and 9% greater than that of the sub-optimal STMD. This
occurs even though the optimized STMD at K = 3 is operating at its performance limit
and the correction factors are significantly high. The only slight increase observed in the
control force of the optimized STMD can be attributed to its dependency on relative motion,
which is considerably reduced compared to both the sub-optimal STMD and ATMD, as
previously explained. Note that the results in Figure 10a are not normalized. The actual
force demands will depend on the assumed worst-case excitation force and the specific
model parameters.

Figure 10b provides further insights into the control force characteristics of the op-
timized STMD by comparing the clipping coefficients α for both the optimized and sub-
optimal STMDs. Throughout the entire frequency range, the degree of force clipping for

134



Appl. Sci. 2023, 13, 11645

the optimized STMD is noticeably higher (α is smaller) than for the sub-optimal STMD.
This difference arises because the optimized stiffness ksa used in the calculations of the
control force (46) is significantly greater than its corresponding value ka in the sub-optimal
STMD. The active force component, ksaxd, consequently intensifies, leading to a higher
degree of clipping. In the following, we discuss how this increased stiffness force enhances
the efficiency of the optimized STMD, despite the higher degree of force clipping.

  
(a) (b) 

Figure 10. Characterization of the control force of the optimized STMD: (a) Maximum control force
versus normalized frequency for the optimized and sub-optimal STMDs and ATMD, all with μ = 1%
and K = 3, and for TMD with μ = 1% and 3%; (b) force clipping coefficient for the optimized and
sub-optimal STMDs.

5.4.3. Analysis of the Force–Displacement Characteristics at Crucial Frequencies

Figure 11a,b provide a comparison of the force–displacement characteristics between
the optimized STMD and the sub-optimal STMD at two specific frequencies. These fre-
quencies correspond to the left and right peaks of the STMD response, as indicated by the
red dotted lines in Figures 9 and 10.

The force plots in Figure 11 are supplemented with values for relevant parameters:
ka (the optimal controlled stiffness of the ATMD, also used in force calculation for the
sub-optimal STMD), keq (the resultant equivalent stiffness after force clipping achieved
for the sub-optimal STMD), ksa (the stiffness used in force calculation for the optimized
STMD), and keq−opt (introduced here to denote the equivalent stiffness resulting from
the semi-active force of the optimized STMD, calculated using (45) but for ksa and csa).
These parameters clearly demonstrate that the resultant equivalent stiffness keq−opt for the
optimized STMD is approximately equal to the optimal stiffness ka of the ATMD, for both
positive and negative stiffness ka.

For a better illustration of this effect, Figure 11a,b include plots of the linear stiffness
force kaxd of the optimal ATMD, as well as the equivalent linear stiffness forces keqxd and
keq−optxd for both the sub-optimal and the optimized STMD, respectively. Additionally,
a comparison of the optimal stiffness ka, with the resulting equivalent stiffnesses keq and
keq−opt, is presented as a function of frequency in Figure 11c. Based on these results, it can
be concluded that the presented calibration method for the STMD enables precise control
of both positive and negative stiffness. Around crucial frequencies of both peaks, the
resulting equivalent stiffness for the optimized STMD is closely aligned with the optimal
stiffness of the reference ATMD with the same mass ratio and K parameter. However, it
should be emphasized that as the value of K increases, the absolute value of the optimal
stiffness ka also increases (at a given frequency), while the demanded viscous damping
ca decreases. According to the previous analysis, increasing ka leads to a higher degree
of clipping. This, in turn, results in greater cycle energy dissipation, as well as increased
the resultant equivalent viscous damping. As a result, it is not possible to satisfy both the
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demands for increased stiffness and decreased damping simultaneously. This leads to an
inherent performance limit of the STMD.

  
(a) (b) 

(c) 

Figure 11. Further characterization of the control force of the optimized STMD in comparison to
that of the sub-optimal STMD: (a) Force–displacement loops at the frequency corresponding to the
left peak of the frequency response; (b) force–displacement loops at the frequency corresponding to
the right peak; (c) comparison of the optimal controlled stiffness of the ATMD with the equivalent
stiffnesses resulting from control forces of both STMDs. All results for μ = 1% and K = 3.

6. Conclusions

This paper investigated both active and semi-active tuned mass dampers with relative
displacement and velocity feedback. Following the approach in [42], both mass dampers
were calibrated for the specific parameter K, ensuring that their effectiveness in reducing
harmonic vibrations is comparable to that of the Den Hartog’s TMD with K times larger
mass. The key conclusions drawn from this work are as follows:

1. The optimal ATMD with acceleration feedback proposed by Nishimura et al. [17]
can alternatively be realized based on a relative displacement and velocity feedback,
without relying on acceleration feedback.

2. Both the sub-optimal STMD and the optimized STMD with the clipped viscous
damping–stiffness control force have a clearly defined efficiency limit.

3. The application of the numerically optimized correction factors in the semi-active con-
trol force (46)–(48) allowed us to achieve an enhanced performance of the optimized
STMD compared to the sub-optimal STMD.

4. The highest effectiveness of the optimized STMD in reducing harmonic vibrations
corresponds to the TMD with roughly three times greater mass.

Although the results presented in this work are promising, they should be treated
as primarily theoretical due to the assumptions made regarding the use of an ideal semi-
active damper in the STMD and an ideal active actuator in the ATMD. In practice, the
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effectiveness of both systems will be limited, in part, due to the force tracking errors, which
are discrepancies between the ideal control force and its actual value. These aspects require
further investigation in future research.
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Appendix A. MATLAB Code

For the reader’s convenience, the MATLAB code comparing the frequency responses
for the ATMD, sub-optimal STMD, optimized STMD, and TMD is provided. The main
script, responsible for calculating and plotting the responses, can be found in Table A1.
This script utilizes the following functions:

• ‘mm_FRF.m’ (Table A2): Calculates the frequency response;
• ‘mm_fa_gains.m’ (Table A3) and ‘mm_fsa_gains.m’ (Table A4): Compute the parame-

ters for active and semi-active control forces, respectively;
• ‘mm_DH_tuning.m’ (Table A5): Implements the Den Hartog tuning;
• ‘mm_equiv_linear.m’ (Table A6): Performs the equivalent linearization of the clipped

viscous damping–stiffness force.

For each formula implemented in the code, the corresponding equation number from
the paper is provided.

Table A1. MATLAB script comparing the frequency responses for the ATMD, STMD, and TMD.

% Paper_demo.m
% Calculations and plots of the frequency responses for the ATMD, STMD, and TMD
close all, clear all
%% Design parameters (adjust, see Table 1 for Kcor and ccor)
K = 3; mu = 1/100; Kcor = 890.90; ccor = 30.165;
% K = 2.8; mu =1/100; Kcor = 5.5289; ccor = 2.3679;
% K = 2.6; mu = 1/100; Kcor = 2.8751; ccor = 1.7019;
% K = 2; mu = 1/100; Kcor = 1.3331; ccor = 1.1539;
%% Model parameters
f1 = 0.5; % natural frequency, Hz
om1 = 2*pi*f1; % natural frequency, rad/s
m1 = 500e3; % structure mass, kg
Fexc = 8e3; % amplitude of force excitation, N
k1 = om1^2*m1; % structure stiffness, N/m
m2 = m1*mu; % mass, kg
om = om1*[0.7:2e-3:1.3]; % frequency of excitation vector, rad/s
%% TMDs design and frequency responses for mass ratio mu and K*mu
[k2dh, c2dh] = mm_DH_tuning(m1, om1, mu);
[k2dhK,c2dhK] = mm_DH_tuning(m1, om1, K*mu);
[TMD1_DAFX1,TMD1_DAFXd] = mm_FRF(m1, om1, m2, k2dh, c2dh, om, Fexc);
[TMD2_DAFX1,TMD2_DAFXd] = mm_FRF(m1, om1, K*m2, k2dhK, c2dhK, om, Fexc);
%% ATMD design and frequency responses for mass ratio mu
[ca, ka] = mm_fa_gains(K, m1, om1, mu, om);
[ATMD_DAFX1, ATMD_DAFXd] = mm_FRF(m1, om1, m2, (k2dh+ka), ca, om, Fexc);
%% Sub-optimal STMD - frequency responses for mass ratio mu
[keq, ceq, alpha] = mm_equiv_linear(ka, ca, om);
[STMD_DAFX1sub,STMD_DAFXdsub]=mm_FRF(m1,om1,m2,(k2dh+keq),ceq,om,Fexc);
%% Optimized STMD design and frequency responses for mass ratio mu
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Table A1. Cont.

[csa, ksa] = mm_fsa_gains(K, m1, om1, mu, om, Kcor, ccor);
[keqopt, ceqopt, alphaopt] = mm_equiv_linear(ksa, csa, om);
[STMD_DAFX1,STMD_DAFXd]=mm_FRF(m1,om1,m2,(k2dh+keqopt),ceqopt,om,Fexc);
%% Plots
figure
plot(om/om1, TMD1_DAFXd,’–k’), hold on
plot(om/om1, TMD2_DAFXd,‘k’)
plot(om/om1, ATMD_DAFXd,‘g’)
plot(om/om1, STMD_DAFXdsub,‘b’)
plot(om/om1, STMD_DAFXd,‘r’)
xlabel(‘omega/omega1’), ylabel(‘Xd/X1static’), xlim([0.7 1.3])
figure
plot(om/om1, TMD1_DAFX1,‘--k’), hold on
plot(om/om1, TMD2_DAFX1,‘k’)
plot(om/om1, ATMD_DAFX1,‘g’)
plot(om/om1, STMD_DAFX1sub,‘b’)
plot(om/om1, STMD_DAFX1,‘r’)
xlabel(‘omega/omega1’), ylabel(‘X1/X1static’), xlim([0.7 1.3])
legend([‘TMD,\mu=’,num2str(100*mu),‘%’],[‘TMD,\mu=’,num2str(100*K*mu),‘%’],. . .
[‘ATMD,\mu=’,num2str(100*mu),‘%,K=’,num2str(K)],. . .
[‘STMD-sub,\mu=’,num2str(100*mu),‘%,K=’,num2str(K)],. . .
[‘STMD-opt,\mu=’,num2str(100*mu),‘%,K=’,num2str(K)])

Table A2. MATLAB function for the frequency response calculation.

function [DAFX1, DAFXd] = mm_FRF(m1, om1, m2, k2, c2, om, Fexc)
% Frequency response
% Outputs: DAFX1, DAFXd - dynamic amplifications of disp. amplitudes X1 and Xd
k1 = om1^2*m1; % structure’ stiffness, N/m
% Complex amplitudes of harmonic response:
num = k2-om.^2*m2 + 1i*om.*c2;
den = (k1-om.^2*(m1 + m2)).*(k2-om.^2*m2 + 1i*om.*c2) - om.^4*m2^2;
x1 = Fexc * num./den; % structural mass complex amplitude, Equation (8)
xd = Fexc * om.^2*m2 ./den; % relative complex amplitude, Equation (9)
% Displacement amplitudes:
X1 = abs(x1); % absolute amplitude X1 of mass m1, m
Xd = abs(xd); % relative amplitude Xd, m
% Dynamic amplification factors:
X1static = Fexc/k1; % static deflection due to the excitation force, m
DAFX1 = X1/X1static; % dynamic amplification of X1, Equation (10)
DAFXd = Xd/X1static; % dynamic amplification of Xd

Table A3. MATLAB function for calculation of the control force parameters of ATMD.

function [ca, ka] = mm_fa_gains(K, m1, om1, mu, om)
% Viscous damping–stiffness force parameters
% Outputs: ca, ka - parameters of the control force given by Equation (12)
ca = m1*om1*sqrt(3*mu^3/(2*K*(1 + mu)^3)); % Equation (31)
ka = m1* (K*mu-mu)/(K*mu + K) * (om.^2 - om1^2/(mu + 1)); % Equation (32)

Table A4. MATLAB function for calculation of the control force parameters of STMD.

function [csa, ksa] = mm_fsa_gains(K, m1, om1, mu, om, Kcor, ccor)
% Clipped viscous damping–stiffness force parameters
% Outputs: csa, ksa - parameters of the control force given by Equation (46)
csa = ccor*m1*om1*sqrt(3*mu^3/(2*K*Kcor*(1 + mu)^3));% Equation (47)
ksa = m1*(K*Kcor*mu-mu)/(K*Kcor*mu + K*Kcor)*(om.^2-om1^2/(mu + 1));% Equation (48)
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Table A5. MATLAB function for calculation of the TMD parameters.

function [k2dh, c2dh] = mm_DH_tuning(m1, om1, mu)
% Den Hartog tuning, Equations (1) and (3)
% Outputs: k2dh - stiffness, N/m; c2dh - viscous damping, Ns/m
m2 = mu*m1; % mass, kg
om2 = om1/(1 + mu); % frequency, rad/s
k2dh = om2^2*m2; % spring stiffness, N/m
dzeta2 = sqrt(3/8*mu/(1 + mu)); % damping ratio
c2dh = 2*dzeta2*m2*om2; % viscous damping coefficient, Ns/m

Table A6. MATLAB function for the equivalent linearization of the clipped control force.

function [keq, ceq, alpha] = mm_equiv_linear(ka, ca, om)
% Equivalent linearization of the clipped viscous damping–stiffness control force
% Outputs: keq, ceq - equivalent stiffness and equivalent viscous damping,
% alpha - clipping coefficient
alpha = ca.*om ./sqrt(ka.^2 + om.^2.*ca.^2);% Equation (37)
ceq = ca/2 + ca.*asin(alpha)/pi + ca.*sin(2*asin(alpha))/(2*pi) -. . .
sign(ka).*ka.*(alpha.^2 -1)./(pi*om); % Equation (44)
keq = ka/2 - sign(ka).*ca.*om.*(alpha.^2 -1)/pi + ka.*asin(alpha)/pi -. . .
ka.*sin(2*asin(alpha) )/(2*pi); % Equation (45)

Appendix B. Analytical Calculations of Integrals in the Equivalent Linearization for a

Clipped Viscous Damping–Stiffness Force

We calculate the integrals in (42) and (43) as the sum of the definite integrals in
those time intervals where the force is not clipped to zero. For harmonic displacement
xd = Xdsin(ωt), and velocity

.
xd = ωXdcos(ωt), (42) and (43) can be expressed as:

ceq =
1

Xdπ

∫ 2π/ω

0
(caωXdcos(ωt) + kaXdsin(ωt))cos(ωt)dt, (A1)

keq =
ω

Xdπ

∫ 2π/ω

0
(caωXdcos(ωt) + kaXdsin(ωt))sin(ωt)dt. (A2)

To facilitate the description, let us assume:

keq = A + B, (A3)
ceq = C + D, (A4)

where for the harmonic motion, the integrals A, B, C, D become independent of the
amplitude Xd:

A =
caω2

π

∫ 2π/ω

0
sin(ωt)cos(ωt)dt, (A5)

B =
kaω

π

∫ 2π/ω

0
sin2(ωt)dt, (A6)

C =
caω

π

∫ 2π/ω

0
cos2(ωt)dt, (A7)

D =
ka

π

∫ 2π/ω

0
sin(ωt)cos(ωt)dt. (A8)

Integrals (A5)–(A8) will be calculated in the three intervals marked in Figure 4a,
for the case of negative stiffness ka. The interval 1 is defined from 0 to the time instant
corresponding to point J in Figure 4a and can be given by (0, arcsin(α)/ω), where α is the
clipping coefficient (37). Integration over the time interval 1 yields:

A1 =
caω2

π

∫ arcsin(α)/ω

0
sin(ωt)cos(ωt)dt =

α2caω

2π
, (A9)
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B1 =
kaω

π

∫ arcsin(α)
ω

0
sin2(ωt)dt =

kaarcsin(α)
2π

− kasin(2arcsin(α))
4π

, (A10)

C1 =
caω

π

∫ arcsin(α)
ω

0
cos2(ωt)dt =

caarcsin(α)
2π

+
casin(2arcsin(α))

4π
, (A11)

D1 =
ka

π

∫ arcsin(α)
ω

0
sin(ωt)cos(ωt)dt =

α2ka

2πω
. (A12)

The interval 2, from point K to M in Figure 4a, is given by ( π
2ω , π+arcsin(α)

ω ). By
calculating the integrals within this interval, we obtain:

A2 =
caω2

π

∫ π+arcsin(α)
ω

π
2ω

sin(ωt)cos(ωt)dt =
caω

(
α2 − 1

)
2π

, (A13)

B2 =
kaω

π

∫ π+arcsin(α)
ω

π
2ω

sin2(ωt)dt =
kaarcsin(α)

2π
− kasin(2arcsin(α))

4π
+

ka

4
, (A14)

C2 =
caω

π

∫ π+arcsin(α)
ω

π
2ω

cos2(ωt)dt =
caarcsin(α)

2π
+

casin(2arcsin(α))
4π

+
ca

4
, (A15)

D2 =
ka

π

∫ π+arcsin(α)
ω

π
2ω

sin(ωt)cos(ωt)dt =
(
α2 − 1

)
ka

2πω
. (A16)

Similarly, we compute the integrals in interval 3, which is defined in Figure 4a from
point N to the end of the period. This interval is given by ( 3π

2ω , 2π
ω ). The integrals are:

A3 =
caω2

π

∫ 2π
ω

3π
2ω

sin(ωt)cos(ωt)dt = − caω

2π
, (A17)

B3 =
kaω

π

∫ 2π
ω

3π
2ω

sin2(ωt)dt =
ka

4
, (A18)

C3 =
caω

π

∫ 2π
ω

3π
2ω

cos2(ωt)dt =
ca

4
, (A19)

D3 =
ka

π

∫ 2π
ω

3π
2ω

sin(ωt)cos(ωt)dt = − ka

2πω
. (A20)

The sums of the integrals in the respective intervals are:

A = A1 + A2 + A3 = caω

(
α2 − 1

)
π

, (A21)

B = B1 + B2 + B3 =
kaarcsin(α)

π
− kasin(2arcsin(α))

2π
+

ka

2
, (A22)

C = C1 + C2 + C3 =
caarcsin(α)

π
+

casin(2arcsin(α))
2π

+
ca

2
, (A23)

D = D1 + D2 + D3 =
α2ka

2πω
+

(
α2 − 1

)
ka

2πω
− ka

2πω
. (A24)

Ultimately, for ka < 0, we obtain:

ceq = C + D =
ca

2
+

caarcsin(α)
π

+
casin(2arcsin(α))

2π
+

ka
(
α2 − 1

)
πω

, (A25)

keq = A + B =
ka

2
+

kaarcsin(α)
π

− kasin(2arcsin(α))
2π

+ caω

(
α2 − 1

)
π

. (A26)
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After conducting the same calculations for ka > 0, for the three intervals marked in
Figure 3a, we can derive ceq and keq in the same form but with an opposite sign for the last
term in both (A25) and (A26). Considering this change of the sign allows us to present the
final expressions, for both positive and negative ka, as follows:

ceq =
ca

2
+

caarcsin(α)
π

+
casin(2arcsin(α))

2π
− |ka|

(
α2 − 1

)
πω

, (A27)

keq =
ka

2
+

kaarcsin(α)
π

− kasin(2arcsin(α))
2π

− sgn(ka)caω
(
α2 − 1

)
π

(A28)
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Abstract

This paper comprehensively reviews structural vibration control systems for earthquake
mitigation in civil engineering structures. Structural vibration control is vital for enhancing
the resilience and safety of infrastructure subjected to seismic activity. This study examines
various control strategies, including passive, active, and hybrid methods, with a focus on
the advantages of semi-active systems, which offer a balance of energy efficiency and adap-
tive capabilities. Semi-active devices, such as magnetorheological dampers, are highlighted
for their ability to offer adaptive control without the high energy demands of fully active
systems. The review discusses challenges like time delays, sensor placement, and model
uncertainties that can impact the practical implementation of these systems. Experimental
studies and real-world applications demonstrate the effectiveness of semi-active systems
in reducing seismic responses. This paper emphasizes the need for further research into
optimizing control algorithms and addressing practical challenges to enhance the reliabil-
ity and robustness of these systems. It concludes that semi-active control systems are a
promising solution for enhancing structural resilience in earthquake-prone areas, offering a
practical alternative that strikes a balance between performance and energy requirements.

Keywords: structural control; semi-active control; seismic control; earthquakes; dampers;
control algorithms

1. Introduction

1.1. General

Structural vibrations in civil engineering have a significant impact on the performance,
safety, and serviceability of various infrastructures, including buildings, bridges, and tow-
ers. Seismic vibrations pose a significant threat to the safety and performance of civil
structures, particularly in regions prone to earthquakes. Structural vibration control has
recently emerged as an effective technology for earthquake mitigation. Over the years,
extensive research has been conducted to develop effective approaches for mitigating
seismic vibrations and minimizing the adverse effects of earthquakes on structures. Re-
searchers have studied different passive, active, semi-active, and hybrid control methods
for the seismic response control of structures. Comprehensive, state-of-the-art reviews on
structural control in general [1–4] and specific controls [5–7] are presented, providing an
overview of the various control strategies and their applications. A list of all state-of-the-art
review papers is presented in Table 1. Housner et al. [8] presented an in-depth review
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covering diverse control systems, sensors, and research requirements from 1990 to 1996.
Notably, this study pioneers the Physical Design Problem (PDP) concept, subsequently
becoming a fundamental principle in various research endeavors. The authors advocate
for prioritizing specific topics, including energy-efficient strategies for control devices and
algorithms, integrating intelligent sensors for distributed sensing and control in dispersed
systems, and addressing concerns related to near-field strong earthquake ground motion
that influences structural control applications. Their recommendations set the stage for sub-
sequent research, shaping the trajectory of advancements in the field during the specified
period. Regarding active structural control, recent influential papers by Soong [4,9,10] offer
a comprehensive overview of the various active structural control systems developed up to
1990. Additionally, Datta [11] provides a thorough review of the active control of structures
subject to earthquake excitations. This review discusses different types of active control
and their theoretical foundations, highlights key findings from parametric studies on vari-
ous control strategies, addresses the limitations and practical challenges of active control
systems, briefly examines the more promising semi-active control methods, and concludes
with an outline of several active control strategies implemented in practice. Korkmaz [12]
provides a comprehensive review of active control, delving into the challenges posed by
engineering informatics. The review emphasizes the imperative for multi-objective control
strategies, highlighting their dual focus on ensuring the structure’s safety and serviceability
while enhancing the robustness of the control system. Reviews on semi-active control are
also reported [13,14]. Other notable review papers include state-of-the-art reviews on the
base isolation of structures [15–17].

Table 1. List of publications on the state of the art of structural control.

List (40) Publications

General (13) [4,8,10,12,14,18–23]
Passive (4) [15,16,24,25]
Active (3) [11,12]

Active and Semi-active (3) [2,26–28]
Semi-active (3) [13,28–30]
MR Damper (7) [6,31–36]

Hybrid (2) [3,5]
Control Strategies (5) [27,29,32,37,38]

The development of active, hybrid, and semi-active control systems has reached the
stage of full-scale applications in actual structures. Nevertheless, every structural control
system and its applications encounter challenges and limitations across various aspects. The
challenges in implementing control strategies have hindered their expected applications.

To maximize effectiveness, the controller must be designed with consideration for the
issues and should be robust, stable, reliable, and simple to design and implement. This
paper presents a comprehensive examination of these challenges and limitations, providing
insights into future research requirements and directions.

Structural control constitutes a vast and interdisciplinary research domain within civil
engineering systems, making it impractical to discuss or reference all relevant publications
and applications comprehensively. Therefore, the initial section of this paper provides
an overview of various structural control systems, outlining their general limitations and
challenges. Upon reviewing the literature, it becomes evident that semi-active control
systems have emerged as promising techniques, offering the versatility and adaptability of
active control systems without the need for a substantial energy supply while retaining
the reliability characteristic of passive control systems. The following section provides a
comprehensive examination of various semi-active control devices and their associated
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advantages. The practical implementation of a semi-active control system crucially de-
pends on the chosen control strategy, presenting a foundational challenge. The following
section provides a systematic review of the control theories and algorithms for semi-active
control systems.

This section summarizes the advantages and disadvantages of each control algorithm,
highlighting efforts to address the distinct challenges associated with each. In discussions
related to control theory, emphasis is placed on issues directly tied to the physical behavior
of civil structures, rather than delving into intricate developments in control system theory.
The subsequent section explores the ongoing efforts of various researchers to refine control
strategies tailored to specific issues and requirements, outlining different approaches
to modify algorithms for enhanced system performance. The final section consolidates
the research findings, offering a conclusion and outlining potential avenues for future
research. This structured approach thoroughly explores the diverse aspects of structural
control, ranging from devices to theories and strategies, and provides valuable insights for
researchers and practitioners.

1.2. Research Significance

Numerous surveys have explored vibration control strategies for civil structures, with
a predominant focus on distinct control system categories. Most of these review papers
emphasize the limitations of control systems, impeding their anticipated implementation.
Unfortunately, none comprehensively address the experimental challenges of implementing
semi-active control for structures. This study presents a state-of-the-art review paper to
address this research gap, offering a broader perspective on research efforts to overcome
practical implementation challenges in semi-active control systems.

The contributions of this review include studying and summarizing the various types
of semi-active control devices and control algorithms in civil structures, identifying key
challenges and limitations in the application of control systems, and reviewing emerging
trends in semi-active control strategies to address these challenges and ensure robust perfor-
mance. This paper provides a realistic evaluation of semi-active control systems, discussing
practical issues such as delays, uncertainties, algorithm selection, and system integration.
It emphasizes methods to mitigate these undesirable effects and highlights the advantages
of semi-active systems in seismic applications. Additionally, it highlights the increasing
importance of multi-objective adaptive control algorithms, which address multiple chal-
lenges, such as optimizing control parameters, mitigating uncertainties, managing sensor
and actuator configurations, facilitating decentralized control, and minimizing time delays.

2. Overview of Structural Control Systems

It is crucial to recognize that the control system and the structure do not operate as
isolated dynamic entities; instead, they significantly interact and mutually influence each
other. The control system, integrated with the structure, manages seismic forces by provid-
ing counteracting forces or dissipating seismic energy, thereby preventing a catastrophic
failure of the structural system. Structural control class selection depends on various factors,
including budget constraints, desired performance, specific structural characteristics, and
project requirements. Each class has its advantages and limitations, and informed choices
are to be made based on the type of structure, control goals, and constraints. This section
presents the classification of the control systems and their critical features.

Structural control can be broadly classified based on the amount of external energy
required; the different control systems can be categorized as passive, active, semi-active,
hybrid, and passive control systems (Figure 1) [13]. Based on the mathematical modeling
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of the control systems, active and semi-active systems are further classified according to
their mathematical modeling [11], as shown in Figure 2.

Figure 1. Classification of control systems.

2.1. Passive Control System

Passive control systems are the basic structural control systems that do not need any
external power to operate. The passive systems do not generate energy within the structure,
thereby maintaining the stability of the control system. Passive energy-dissipating systems
are external add-on damping devices commonly used to dissipate energy from structural
vibrations. Passive devices generate control forces in response to the structure’s motion.
Passive control devices are broadly classified into two categories: passive isolation devices
and energy-dissipating devices [22]. Some of the most widely used passive devices are
viscoelastic dampers, viscous fluid dampers, friction dampers, metallic dampers, tuned
mass dampers, liquid column dampers, and base isolators. Researchers have conducted
state-of-the-art reviews on the application of passive isolation [15–17]. Rahimi et al. [7]
presented a critical review of the application of tuned mass dampers for the structural
vibration control of structures subjected to wind and earthquakes, providing a comparison
of their efficiency and the comparative advantages and disadvantages. The potential of
TMDs for improving the wind and seismic behaviors of prototype civil structures was also
reviewed by Elias et al. [24]. The review highlights the dynamic characteristics and unique
features of different systems, namely single-tuned mass dampers (STMDs), multiple-tuned
mass dampers (MTMDs), and spatially distributed MTMDs (d-MTMDs), which have been
explored both theoretically and through experimental investigations.
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Figure 2. Classification of control systems based on mathematical modeling.

2.2. Active Control System

Active control systems are more sophisticated and require a significant power source
for operation. These control systems use sensors to measure structural responses. Based
on feedback from the sensors, the control forces are computed according to a prescribed
controller and are then applied to the structure through actuators. These systems have the
advantage over passive systems in adapting to varying load conditions [8]. However, it
can also destabilize the structure if the control forces are not applied in the proper position
and at the appropriate time. Some control devices are active mass dampers, active tuned
mass dampers, and active tendon systems. Fisco et al. [2] presented a review of active and
semi-active devices for structures since 1997 and identified that research in recent years has
moved toward semi-active and hybrid control systems. Ikeda [28] provided a report on
the application of active and semi-active devices in Japan, which discusses the practical
application of active control devices in structures.

2.3. Semi-Active Control System

These systems require low power supplies for their activation compared to typical
active control systems. These systems generate counteracting forces by reactive devices
with variable damping and/or stiffness characteristics. These systems are also referred to as
controllable passive systems. These systems can operate during large earthquakes, as they
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require a minimal magnitude of external energy, which can be supplied with the help of
battery power. Semi-active systems do not impart energy into the structure and therefore do
not cause structural instability. The semi-active control devices include hydraulic dampers,
electrorheological and magnetorheological dampers, semi-active stiffness control devices,
friction control devices, semi-active tuned mass dampers, and tuned liquid dampers [13].
It is noted that these control systems are adaptable to active systems and possess fail-
safe features similar to those of passive systems. A detailed review of dynamic models
of MR dampers and control algorithms is presented by Jung et al. [6]. The MR-fluid-
based dampers are shown to be highly effective for full-scale civil engineering structures.
Gkatzogias et al. [30] presented a current state-of-the-art review of semi-active control in
bridges, focusing on some full-scale applications of semi-active control devices and relevant
benchmark studies. Among the semi-active control devices, the MR damper is suggested
to be a promising alternative due to its reduced adaptability and reliability compared to
passive and active devices.

2.4. Hybrid Control System

Hybrid control systems are developed by combining a passive system with an active
or semi-active one. Hybrid systems employ multiple control devices, meaning both active
control devices and passive devices are installed within the same structure. Hence, combin-
ing the systems can eliminate some of the limitations and disadvantages of each system
that arise when they are used separately, thereby achieving better performance. Some of the
combinations studied include base isolation and active actuators, tuned mass dampers and
base isolation, and viscoelastic dampers and base isolation, among others. Fisco et al. [3]
provided a review of the hybrid control systems and the control algorithms for the struc-
tures. The authors also noted that most research on smart structures is concentrated in the
US, Japan, Taiwan, China, and Korea, with lesser attention given to Europe.

Passive and semi-active controls have better preference than active control due to
their reliability and inherent stability. An active control system may develop asynchronous
control forces due to time delays, which can render the structure unstable. Out of semi-
active, passive, and hybrid control, semi-active control has garnered more attention because
it can offer a more effective reduction in seismic responses. Therefore, this paper reviews the
advancement in semi-active control applications for earthquake mitigation. The following
section presents a review of semi-active control systems for structures.

3. General Limitations of Structural Control Systems

Although the structural control of civil engineering structures has emerged as a
notably efficient method to mitigate the potentially devastating effects of earthquakes,
most papers report that the limitations of the control system have hindered the expected
implementation of the systems. Jiang and Wang [5] state that while structural control has
advanced significantly, three major concerns still impede the application of active or hybrid
control techniques to full-scale structures: system complexity, reliable measurements,
and the capacity of the actuators. One of the most challenging aspects of active control
research in civil engineering is its interdisciplinary nature [4]. It requires integrating
knowledge from various fields beyond traditional civil engineering, including computer
science, data processing, control theory, material science, sensing technology, stochastic
processes, structural dynamics, and wind and earthquake engineering.

The successful implementation of structural control systems is not without its intricate
challenges that demand careful consideration and resolution. For the practical implementa-
tion of structural control systems, aside from the availability of ample power sources for
implementing control schemes, several intricate real-time application challenges require
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careful consideration. These challenges encompass a broad spectrum of issues that engi-
neers and researchers face when designing and deploying effective strategies to mitigate
structural vibrations and enhance the resilience of buildings and infrastructure. This section
discusses the challenges associated with implementing structural control.

3.1. Modeling Errors

The accuracy of structural control depends on the ability to model the actual struc-
ture effectively. However, limitations in modeling, often arising from a reduced number
of degrees of freedom, can introduce errors. Consequently, control algorithms based on
idealized models may struggle to effectively manage the actual structure’s dynamic be-
havior. The modeling errors are classified into four types: parameter errors, model order
errors, neglected disturbances, and neglected nonlinearities. No controller can treat all
four at once [8]. Disregarding various errors and concentrating solely on one category may
result in inaccurate conclusions. Most hardware and design suggestions and results are
based on satisfactory computer simulations. It is challenging to draw clear conclusions
about hardware and design recommendations because the research papers heavily rely
on numerous referenced hardware tests. The available results predominantly stem from
computer simulations, which are effective in conservative systems where errors in design
parameters cannot destabilize the system. However, active feedback control can introduce
instability or suboptimal performance if significant modeling errors and control energy are
substantial. Relying solely on computer simulations may not offer sufficient evidence for a
robust design. Simulations may or may not encompass enough modeling errors to assess
the stability of the actual system. The lack of addressing the interdependency between
modeling and control design is one of the severe issues in control systems. The study by
Housner et al. [8] stated that robust control theories, such as adaptive control and H∞ can
treat the errors and stabilize the system if the unbounded error is known. However, such
systems usually trade performance for robustness.

3.2. Time Delay

A standard structural control system for civil engineering structures comprises mul-
tiple components, including sensors, filters, controllers, and control devices. Since each
element requires a finite amount of time to function, there is always a delay between
measuring response quantities and applying control forces. In seismic control systems,
these delays stem from the time required to measure state vector responses during earth-
quakes and to process this data using digital computer units. Furthermore, time delays are
introduced when calculating active forces through control algorithms, activating control
devices, and applying them to the plant or system.

Experimental studies have shown that time delay is inevitable in operating control
systems, which can deteriorate control performance. The existence of a time lag between
sensing structural responses and applying control forces is a critical issue. From previous
studies [39–41], it is observed that time delay can cause degradation in control performance.
These time delays can occur in control system inputs, outputs, or states, and their char-
acteristics can vary from being discrete to distributed, constant, time-varying, known, or
unknown, and from deterministic to stochastic, depending on the specific features of the
system [42].

Study [39] demonstrated that the decentralized output feedback polynomial controller,
the Lyapunov controller, and the simple passive controller are highly robust to time delay
issues, even without implementing any compensation to mitigate the effects of the delays.
Also, various compensation methods have been proposed to address the instability and
performance degradation caused by these delays. Extensive real-scale semi-active tests and
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simulations were conducted [43] to estimate the time delay effects in the control electronics
and the mechanical and electrical parts of the MR damper within a closed control loop
using a Bingham model of 50 kN MR dampers. They identified three distinct time delays
in the real-scale 50 kN MR damper: Control Electronics Time Delay, which included signal
acquisition, processing of the acquired signal, and power supply operations; Electrical
Time Delay, which pertains to the electrical part of the damper or its electromagnetic circuit;
and Mechanical Time Delay, which is the interval between the moment the current to the
device starts changing and the moment the device begins to adjust its mechanical behavior.

3.3. Sensor and Controller Placement

The practical constraints of installing sensors at all critical points for comprehensive
feedback collection are formidable. Balancing the optimization of sensors and controller lo-
cations with limited resources can be a complex task, and using observers to construct a state
vector from sparse measurements may introduce additional challenges. The strategic posi-
tioning of actuators and sensors not only enhances energy efficiency and cost-effectiveness
but also plays a crucial role in influencing the stability and reliability of a control system.
The methods for designing optimal damper placement can be categorized into three pri-
mary groups: evolutionary, analytical, and heuristic. A review of these methods has been
outlined by Kookalani et al. [44]. The authors recommend that more studies be conducted
on damper placement for algorithms such as the artificial bee colony algorithm (ABCA)
and the firefly algorithm (FA). Soto and Adeli [45] presented a review of placement control
devices for structural control techniques, stating that most of the available literature on
semi-active control focuses on MR dampers. The study also states that the research on the
optimal placement of control devices in semi-active and hybrid control systems remains
largely unexplored. While structural control systems show promise in effectively mitigating
external dynamic forces, such as those induced by winds and earthquakes, the precise
optimization of device placement has not received extensive investigation.

3.4. Parametric Uncertainties

Structural parameters, such as material properties and nonlinear behaviors, often
exhibit uncertainties. Additionally, online identification complicates the management
of time-dependent degradation and further complicates maintaining the effectiveness of
control schemes in the face of evolving structural conditions. The mathematical model of
a system is typically an approximation of its actual dynamic behavior, with differences
arising from unmodeled and uncertain parameters. These uncertainties can significantly
affect the performance and stability of the control system. These uncertainties can be
classified into structured and unstructured categories.

Navigating these multifaceted challenges is crucial for successfully implementing
structural control systems, ultimately enhancing the safety and resilience of civil infrastruc-
ture. In summary, the structural control of civil engineering structures presents a promising
solution for earthquake mitigation. However, it encompasses intricate challenges related to
control strategy, mathematical modeling, sensor networks, input variables, and parameter
uncertainties. Successfully addressing these challenges is crucial for designing effective
control systems that safeguard structures and enhance their resilience against seismic
events. These efforts are crucial in enhancing the overall safety and longevity of critical
infrastructure. Experimental studies form the basis for studying these challenges. This
paper emphasizes the significance of experimentally assessing semi-active control systems.
It illustrates how numerous issues that may arise in real-world applications are also ev-
ident during the experimental testing of these systems. The following section presents
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experimental studies on the semi-active control of structures and discusses how the issues
related to these studies are addressed.

4. Semi-Active Control Systems

The introduction of structural control in civil engineering is widely acknowledged
on a global scale, attributed to the groundbreaking article authored by Yao [46] and the
subsequent promotion of its implementations by Kobori [47]. Despite the successful ap-
plication of numerous structural control strategies, their widespread adoption has been
hindered by challenges related to cost, dependence on external power sources, and the
complexity of mechanical aspects throughout the structure’s lifespan. Although active
control effectively reduces structural responses, its requirement for an extensive external
power source and its potential to destabilize the structure are significant concerns regard-
ing its applicability. Semi-active control systems offer the advantages of versatility and
adaptability of active control systems, without requiring an ample energy supply, while
maintaining the reliability of passive control systems [41]. Comprehensive state-of-the-art
reviews on active and semi-active control [2,26–28] and MR are notable [6,13,29,31,32].
Symans and Constantinou [13] conducted an extensive literature review that examined
dynamic characteristics and distinctive attributes of various semi-active systems. The
review presents the control systems experimentally tested at the component level and
within scaled-down structural models, and it considers semi-active systems, including
stiffness control devices, electrorheological dampers, magnetorheological (MR) dampers,
friction control devices, fluid viscous dampers, tuned mass dampers (TMDs), and tuned
liquid dampers. Table 2 lists the different semi-active control devices and their salient
features.

Table 2. Critical features of semi-active control devices.

Control Systems Key Features

Stiffness control devices

• Used to alter the stiffness and, consequently, the
natural vibration properties of the structure to which
they are connected.

• The system mainly regulates the rigidity of a structure
to achieve a non-resonant state during earthquakes.

• The semi-active stiffness devices are activated or
deactivated to incorporate or remove, respectively, the
stiffness of the structure’s bracing system.

Electrorheological
dampers

• Comprise a hydraulic cylinder that holds micron-sized
dielectric particles dispersed in a fluid (typically oil).

• In a strong electric field, the particles align and
polarize, thereby providing greater resistance to flow.

• Altering the electric field can adjust the dynamic
performance of an ER damper.

Magnetorheological (MR)
dampers

• MR dampers generally comprise a hydraulic cylinder
filled with micron-sized, magnetically polarizable
particles dispersed in a fluid (commonly oil).

• The behavior of MR fluid is managed by applying a
magnetic field to the fluid.

• Without a magnetic field, the MR fluid moves freely;
however, when subjected to a magnetic field, it
behaves like a semi-solid.

• MR fluids can withstand a maximum yield stress in
the range of 50–100 kPa [35,43]
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Table 2. Cont.

Control Systems Key Features

Friction control devices
• Employed either as energy dispersers in the lateral

bracing of a structure or as elements in sliding
isolation systems.

Friction-controllable
sliding bearing

• The pressure between the two sliding surfaces can be
adjusted to manage the friction between the bearing
and the ground.

Tuned mass dampers

• Tuned mass dampers essentially comprise a
single-degree-of-freedom mass–spring–damper
arrangement usually positioned on the uppermost
floor of a multi-story building.

• The dynamic traits of the system are adjusted to
manage the movement of the structure to which it is
connected.

Tuned liquid dampers • An effective control approach for managing a variety
of dynamic loading scenarios.

Semi-active slip bracing
system

• Commonly used when the lateral force-resisting
consists of braces.

• It slips at the interface when the brace’s axial forces
reach a predetermined threshold (the friction
coefficient multiplied by the clamping force).

• Installing this type of device allows for the adjustment
of a brace’s strength without changing its stiffness.

• Another benefit of this device over a passive one is its
ability to operate effectively under minor forces (such
as small earthquakes or winds) while still delivering
effective performance under greater demands.

Electro-inductive device

• Key factors in utilizing electro-inductive devices
rather than fluid dampers include the following:

• The behavior is essentially unaffected by outside
temperature, as the device’s operating temperature
consistently exceeds the air temperature and is
achieved in just a few seconds.

• Maintenance of the device is minimized due to the
absence of aging or leakage issues, which are present
in fluid dampers.

Air-jet actuators

• They were introduced as an effective solution to the
traditional concern that power would not be available
when needed unless it was stored in advance.

• The flow of compressed air supplies the actuator force,
to be transmitted to the structure through the
principle of momentum preservation.

SMA actuators

• They are commonly adopted to realize passive
devices, while the different (and long) reaction times
for cooling and heating prevent their adoption in
semi-active devices.

Semi-active systems offer a strong alternative to both passive and active systems, as
they outperform the former in terms of structural performance and the latter in terms of
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power consumption. This has been demonstrated in several scaled-down experimental
investigations involving bridges and framed structures, e.g., [44–49]. Table 3 lists publica-
tions on semi-active control for buildings and bridges. It has been observed that most of
these studies focus on the controller’s efficiency in mitigating seismic vibrations. However,
little attention is given to addressing the practical issues in implementing the systems.

Table 3. List of publications on the semi-active control of structures.

List Publications

Buildings [29,35,36,39,45,48,50–120]
Bridges [20,41,49,55,96,121–157]

Experimental studies with controllable devices demand focused efforts to address
distinct aspects within the three stages of the semi-active control loop: acquisition, process-
ing, and command. Additionally, the control system’s efficiency is dramatically dependent
on the control algorithm. Dyke et al. [158] examined the effectiveness of different con-
trol strategies for MR dampers, illustrating that the performance of the control system is
significantly influenced by the algorithm selected for implementation. The subsequent
section offers a comprehensive overview of the control algorithms employed in semi-active
vibration control.

5. Control Algorithms Used for Different Semi-Active Control Systems

Semi-active control systems employ various control algorithms to achieve their in-
tended purposes. These control algorithms are designed to adaptively regulate the damping
or stiffness properties of structural components, thereby mitigating vibrations and enhanc-
ing the overall performance of structures. Creating an accurate mathematical model of
the structure–controller system for real-world structures, while accounting for the various
uncertainties associated with process parameters, is a challenging endeavor. Nonetheless,
these issues must be addressed to create and develop controllers that operate effectively in
these complex systems. Various control strategies have been documented in the literature,
including fuzzy logic, neural networks, instantaneous optimal control, the sliding mode
technique, linear quadratic Gaussian (LQG) controllers, and linear quadratic regulators
(LQRs). Jansen and Dyke [29] examined and assessed the effectiveness of different semi-
active control techniques for MR dampers, including the Lyapunov controller, decentralized
bang-bang controller, modulated homogeneous friction algorithm, and a clipped optimal
controller. Numerous recognized algorithms in control engineering have been applied to
manage systems, including optimal control, LQR or LQG, pole placement, sliding mode
control, the H2 and H1 methods, fuzzy control, and various additional techniques. Soong [4]
and Casciati et al. [159] detail the most appropriate algorithms for structural applications
and the practical factors that need consideration. The selection of a control algorithm relies
on the unique features of the semi-active control system, the type of structural vibrations,
and the goals of control. Engineers and researchers select the most suitable algorithm based
on the application and desired performance outcomes.

Classification of Control Algorithms

The key factor in determining the overall performance of an innovative adaptive
structure is the implementation of a control algorithm that can effectively counteract both
known and unknown external excitations by providing additional force input through
control devices. This control algorithm should be robust, versatile, and easy to design and
implement. Furthermore, it should allow flexibility in selecting performance objectives
to ensure a comprehensive and effective response reduction. The issue of modeling for
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controllers is a complex and ongoing challenge because no established theory offers a model
ideally suited for control design, primarily due to the complexity of modeling the system
and designing the controller. After all, no established theory offers a model ideally suited
for control design, primarily because modeling the system and designing the controller
are inherently interconnected problems. The optimal choice of a control algorithm may
hinge on factors such as the specific nonlinearity exhibited by the semi-active device,
the accessibility of the feedback measurements, or the number of devices intended for
incorporation into the structure. Furthermore, the specific structural feedback data, such
as acceleration, velocity, and displacement, are of great importance in determining the
control strategy for a feedback control system. Control algorithms are classified based
on various factors or criteria in different literature sources. Control algorithms can be
classified as linear and nonlinear based on the measured response and the control signal.
Additionally, control algorithms can be classified as open-loop, closed-loop, or open–closed-
loop, depending on the type of information used to determine their output control signals
(Figure 3). Another common practice among researchers in classifying control algorithms is
to categorize them as optimal, stochastic, adaptive, intelligent, and hybrid. Figure 4 shows
this classification and the sub-classification for this type.

Some of the commonly used algorithms and their features are discussed below. The
linear quadratic regulator (LQR) and linear quadratic Gaussian (LQG) algorithms are the
most widely used optimal control algorithms, appreciated for their simplicity [29]. Neither
of these control approaches require prior knowledge of the external excitation, as they
are based solely on the system’s state variables. However, they are primarily suitable for
linear systems [160]. Additionally, the LQG control requires accurate feedback or structural
models, and its primary flaw is that the uncertainty is modeled as white noise, which is not
ideal [161].

Sliding mode control (SMC) is a form of nonlinear control that generates intermit-
tent control signals to modify a system’s dynamic behavior. Sliding mode control (SMC)
operates on the concept of switching between various independent structural configu-
rations. The control approach drives the system to follow a trajectory along predefined
behavioral surfaces. The design ensures that system trajectories are continually directed
toward a nearby region of this surface, with varying control intensities, rather than remain-
ing confined to a single control regime [162,163]. As a result, the system navigates the
boundaries of different control structures while minimizing errors. SMC stands out for
its robustness and ability to handle both linear and nonlinear systems without requiring
precise models [164], although it suffers from issues like the chattering effect and limited
optimization capabilities.

A robust control algorithm is a frequency-domain strategy designed to effectively
handle uncertainties. These uncertainties—arising from external excitations or inaccuracies
in structural response measurements—can degrade control system performance. Robust
control addresses these challenges during the design phase to maintain reliable operation.
Among the prominent methods are the H∞ and H2 controllers. The H∞ controller uses a
combination of time- and frequency-domain approaches to tackle a wide range of control
problems. It excels in disturbance rejection and guarantees system stability under diverse
operating conditions [165]. Its popularity stems from its flexibility—performance goals can
be incorporated as weighting functions during the design process. The H∞ framework also
includes process and measurement noise, making it robust to model uncertainties. It is
suitable for both single-input single-output (SISO) and multi-input multi-output (MIMO)
systems. The H2 controller is a specific subset of the H∞ approach. It minimizes the
H2 norm, aiming for optimal performance while stabilizing the system. Like H∞, the
H2 controller typically follows a two-input, two-output configuration and is particularly
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effective for systems where the emphasis is on minimizing overall energy or variance in
the output. Robust control is favored for its ability to function without a structural model
and handle system uncertainties, but its complex design poses practical challenges. One
of the limitations of a robust control system is that time-domain constraints cannot be
integrated easily.

Adaptive control algorithms are designed to respond to changes, uncertainties, and
the random nature of control systems, whether in the controller itself or the feedback
and feedforward signals. In recent years, adaptive control strategies have been widely
explored both numerically and experimentally in the field of structural control for various
civil engineering applications [166–168]. Adaptive control demonstrates strong real-time
adaptability and robustness under both linear and nonlinear conditions by dynamically
responding to uncertainties, albeit at the cost of increased design complexity. This compari-
son underscores the importance of selecting control algorithms based on specific structural
needs, performance criteria, and implementation feasibility [169].

Figure 3. Classification of control strategies based on the type of input.
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Figure 4. Classification of control algorithms based on different factors.

The accuracy of nonlinear system modeling has a significant impact on the effective-
ness of traditional control algorithms. While conventional control strategies account for
uncertainties in measuring both input excitations and system responses, their success still
largely depends on the specific control law used. In contrast, intelligent control systems
enhance these algorithms by incorporating elements such as reasoning, computation, and
decision-making, while also addressing uncertainties in system identification and mod-
eling. This makes intelligent controls a more realistic approach, offering a wider range
of solutions. Intelligent systems are influenced by human input, which introduces the
potential for error due to reliance on the designer’s experience. Intelligent control methods
are typically classified into three main types: (a) fuzzy control, (b) neural network control,
and (c) genetic algorithms. Neural network control and fuzzy logic control both eliminate
the need for predefined structural models, relying instead on data-driven or rule-based
approaches [122,170–173]. While they offer flexibility for nonlinear systems, they face
challenges related to training complexity, stability, and design intricacy. These algorithms
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do not consider feedback from the actuator and rely solely on the structural responses,
which can be difficult to obtain during seismic events.

The effectiveness of a specific controller can vary for different structures, indicating
that the performance of control algorithms relies on the characteristics of the structural
system and the earthquake data it experiences. It is crucial to compare structural responses
using ground motions with the same hazard level. For example, the performance of a
controller on the first floor may decrease as the number of building stories increases, mak-
ing it more suitable for lower floors. Therefore, it is crucial to investigate the optimal
number and placement of dampers based on the specific structures. To achieve a more
robust performance evaluation for semi-actively controlled structures using MR dampers,
it is necessary to expand the dataset by including more seismic ground motions, building
more comprehensive models, and developing more advanced control algorithms. The
most effective way to demonstrate the robustness of the control algorithms is through
experimental testing. The review shows that several novel control algorithms have been de-
veloped to enhance the efficiency of the control systems [117,134,158–166]. However, most
of them are not tested experimentally. Experimental testing of semi-active control systems
in structures requires addressing specific aspects to achieve a more realistic evaluation of
their effectiveness in controlling earthquake-induced vibrations [174]. The practicality of a
semi-active control system in mitigating the seismic impact on structures is studied through
experimental testing at both the component level and with small-scale model structures
affixed to a shake table [165]. It has been observed from the literature that control systems
are developed to address specific challenges, such as uncertainty, time delay, and sensor
optimization. The following section reviews the controllers developed to address specific
issues.

6. Optimized Control System Designed to Tackle Practical
Implementation Challenges

Upon reviewing the literature, it becomes evident that each control algorithm exhibits
strengths and weaknesses. Researchers have consistently focused on enhancing control sys-
tem performance by taking various factors into account [28,39,42,56,61,122,169–171,175–183].
The overall effectiveness of the control system can be improved by considering a range of
factors, which are elaborated in this section.

To successfully apply control systems to structures, a balance must be found between
reliability and robustness. Reliability, as a crucial concept, depends on the control system’s
sustained efficiency over time, encompassing all aspects of frequent system use, regardless
of whether it is used for controlling minor, major, near-field, or far-field earthquake ground
motions. However, increasing the reliability of a system does not automatically ensure
optimal performance under varying earthquake conditions.

In contrast, system robustness is crucial for preventing failure, malfunction, or coun-
terproductive effects in structural response during exposure to a wide range of ground
motions, including extreme earthquakes. While enhancing reliability ensures consistent
system operation, enhancing robustness guarantees effective performance under more
substantial seismic events.

The subsequent section discusses research-driven strategies to elevate seismic control
performance. These strategies are tailored to enhance the robustness of semi-active control
systems. Notable approaches include minimizing the impact of uncertainty, time delay,
and the optimal placement of sensors and actuators. This paper aims to shed light on
how advancements in robustness can strengthen the effectiveness of active and semi-active
control systems under seismic conditions.
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6.1. Control Systems to Ensure Robustness to Uncertainties

This review observes that most control algorithms developed are investigated for
their robustness and stability in response to system uncertainties, such as stiffness and
mass. Conventional control algorithms rely on nominal models and may not work well
in uncertain models [42]. Various methods, including H∞, H2, H∞/H2, μ-synthesis, and
linear matrix inequalities, are employed for robust controller design. Table 4 presents a
comprehensive overview of advanced control algorithms specifically designed to address
various types of uncertainties commonly encountered in structural systems. These uncer-
tainties may include variations in structural damping, changes in frequency content due to
ground motion characteristics, the nonlinear behavior of materials and components, and
inherent time delays in sensing, computation, and actuation.

Table 4. Robust control algorithms for uncertainties.

Publication Method Used Issues Addressed

(Amini and Ghaderi) [184]
Discrete Wavelet

Transform and particle
swarm optimization

Uncertainty in structural
damping and earthquake

(Bagheri and Amini) [185] Wavelet analysis and
pattern search method

Uncertainty in the
frequency content of

earthquakes

(Amiri et al.) [186], (Bitaraf
and Hurlebaus) [187]

Fuzzy logic-based control
algorithm Nonlinearity

(Oliveira et al.) [188] Predictive control Uncertainty and time delay

(Nguyen et al.) [189]

New fuzzy sliding mode
controller

Adaptive neuro-fuzzy
inference system

Uncertainty and time delay

(Ghaderi and Amini) [190] Adaptive block
backstepping Unknown parameters

(Ramezani et al.) [104] Fuzzy type-1 and type-2 Uncertainties

(Shan et al.) [191]
Model reference adaptive

backstepping control
algorithm

Structural nonlinearity,
structural uncertainty, and

the influence of
actuator saturation

(Zabihi-Samani and
Ghanooni-Bagha) [101]

Adjustable cuckoo search
wavelet-based fuzzy logic
controller (ACSWBFLC)

Nonlinear modeling of
MR damper

Optimization of placement
and number of
MR dampers

(Darbanian et al.) [170] Fuzzy-LQR Algorithm Uncertainties of Structural
Parameters

To manage these complex and dynamic challenges, the following table highlights sev-
eral sophisticated control strategies that have shown promising results in both theoretical
and experimental studies. Among these, the Discrete Wavelet Transform (DWT) stands out
for its ability to decompose non-stationary signals and extract relevant features in both time
and frequency domains, making it suitable for real-time monitoring and adaptive control
during seismic events. Fuzzy logic control is another method, known for its effectiveness
in handling imprecise or ambiguous input data. This approach does not require a precise
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mathematical model of the system; instead, it relies on rule-based reasoning, making it
particularly suitable for systems that are uncertain or nonlinear in nature.

Additionally, Adaptive Neuro-Fuzzy Inference Systems (ANFISs) are employed as
a hybrid method, combining the learning capabilities of neural networks with the inter-
pretability of fuzzy logic. This approach enables the controller to adapt to changing system
dynamics by updating its rule base and membership functions over time, resulting in
enhanced control accuracy and robustness.

It is observed that the use of frequency domain control methods involves analyzing
and designing control systems in the frequency domain, where the behavior of a system
is examined in terms of its response to different frequencies. H∞ control is one such
method that is often used for robust control system design, particularly in the presence
of uncertainties and disturbances. Robust H∞ control seeks to minimize the impact of
disturbances on the controlled system while maintaining stability and optimal performance.
It provides a framework for handling uncertainties and disturbances to optimize the
system’s response in the presence of these factors. Studies have also shown that the use
of frequency-shaping filters incorporated into the control system influence or shape the
system’s frequency response. These filters allow us to tailor the system’s behavior at specific
frequencies, making it more responsive or less sensitive to specific input frequencies.
Narasimhan and Nagarajaiah [165] developed a novel control algorithm based on H∞

for a variable friction-based semi-active control system. The controller was designed
to determine the optimal control force for reducing responses to near-fault earthquakes.
The study’s results, considering stiffness uncertainty, indicate that both active and semi-
active H∞ controllers demonstrate robustness and effectiveness in reducing responses for
intelligent base-isolated structures in the face of near-fault earthquakes.

Loh et al. [192] conducted an experimental validation of wireless communications for
real-time structural control, assessing the control performance of the wireless system in
comparison to a conventional tethered control system. The efficacy of the wireless control
system is evaluated through a shaking table test performed on a three-story steel frame
equipped with an MR damper on each floor. The study demonstrates that wireless sensor
networks represent a promising technology capable of operating in real-time environments.
Additionally, the study highlights the advantages of decentralized control approaches due
to their robustness against failure, ensuring that the control system can still operate even if
one damper fails to function correctly.

Wang et al. [107] studied the mechanical performance of a piezoelectric ceramic friction
damper installed on a three-story structure. An adaptive fuzzy neural network controller
(FNNC) is proposed, and its performance is compared with the LQR optimal control. To
study the robustness and stability of the proposed controller in the presence of model
uncertainties, a stiffness adjustment of ±10% is considered. The results indicate that FNCC
exhibits good robustness and stability, particularly in the face of uncertainty, and can
effectively reduce the responses.

6.2. Control Systems to Handle Time-Delay Issues

The existence of a time lag between sensing structural responses and applying control
forces is a critical issue. Research focused on mitigating time delays in control systems
has been reviewed, and it is seen that control algorithms such as the time-delay compen-
sation method based on Newmark’s method decentralized output feedback polynomial
control (DOFPC), Lyapunov control, the Taylor series expansion of the control force, the
decentralized H1 controller, adaptive control, and the Proportional–Integral–Derivative
(PID) controller demonstrate robustness to time delay. Wang [40] conducted a study em-
ploying decentralized dynamic output feedback controllers to reduce the H∞ norm of the
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closed-loop system. The formulation of the problem considers the impact of feedback time
delay, which is consequently addressed in the design of the controllers. The controller’s
performance is found to be more efficient when compared to a time-delayed LQG controller.
Di Paolo and Pirrotta [193] studied the effect of time delay under random excitation. Com-
paring three approaches, the study suggests that the Taylor expansion method can serve
the dual purpose of assessing both the critical time delay at which control effectiveness
diminishes and of evaluating the response with variance. Cha et al. [39] studied the effects
of time delay on large-scale semi-active control strategies. This study explored the impact
of time delay on the performance of a structure equipped with a large-scale MR damper.
The study utilized numerical simulations for earthquakes occurring in both near-field
and far-field scenarios. The MR damper operates via four unique semi-active control
methods: simple passive control (SPC), decentralized output feedback polynomial control
(DOFPC), Lyapunov control, and clipped-optimal control (COC). The findings reveal that
all controllers, except for COC, exhibit significant robustness in the face of time delay. In
contrast, the clipped-optimal controller requires integration with a compensator to enhance
performance when dealing with time delays. An experimental verification of the adaptive
neuro-fuzzy inference system (ANFIS) and a novel fuzzy sliding mode controller (FSMC)
was demonstrated in the study by Nguyen et al. [189] to mitigate the effects of time delay
and uncertainties.

6.3. Control Systems for Optimal Placement and Number of Control Devices

Strategically positioning dampers optimally enhances control performance and re-
duces the system’s reliance on external power sources, thus lowering the overall cost of
the control system and creating additional available space. Furthermore, an optimally
placed, compact set of dampers can deliver the same level of performance as a complete set,
typically requiring less energy to generate control forces. Ideal locations for these dampers
may include the lower floors and other vulnerable areas of civil structures, where seismic
excitations often induce significant nonlinear deformations [51,194–196].

An overview of the optimal damper distribution as a passive energy dissipation
system for retrofitting structures against earthquakes is presented in [44]. Ribakov and
Agranovich [197] introduced an algorithm for determining damper locations based on their
maximum contribution to total seismic energy dissipation. Chat et al. [4,198] proposed
a multi-objective genetic algorithm to optimize the placement of control devices and
sensors, considering cost and seismic control performance when designing structural
control systems. To study the optimal placement of devices, the linear quadratic Gaussian
(LQG) algorithm emerges as the most employed in the studies reviewed, as seen in the
works of [4,5,197–199] and [44].

7. Research Gaps and Future Directions

Research in the field of structural control systems has made significant progress;
however, challenges to practical implementation require further investigation. In theory,
structural control offers significant potential for enhancing the performance and safety of
structures, particularly under dynamic loading such as earthquakes. However, its practical
implementation often presents challenges that are not fully addressed in academic research.
Therefore, greater emphasis should be placed on translating theoretical advancements into
practical solutions. Future research should prioritize the development of control systems
that are not only technically effective but also feasible and straightforward to implement
from the perspective of builders and engineers in the field. Bridging this gap between
theory and practice is essential to facilitate the broader adoption of structural control
technologies in real-world construction projects.
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Several significant gaps remain in the existing literature on adaptive control systems
for structural engineering applications. One key area lacking sufficient research is the
use of adaptive and intelligent controllers for mitigating seismic responses in structures
employing control systems. This topic warrants further study to develop robust strategies
suited for time-varying systems with inherent uncertainties. Another underexplored area
is the use of indirect adaptive control, which is especially useful when the system model
is either unknown or subject to change. Despite its potential to enhance performance
and seismic resilience, its application remains limited. Addressing these shortcomings is
crucial for advancing adaptive control technologies that aim to mitigate seismic impacts
on structures.

To address these challenges and close the existing research gaps, several directions
for future work can be considered. First, there is a need for the development of robust,
multi-functional control systems that combine intelligent and adaptive control strategies.
Such systems could offer more flexible and responsive solutions to structural vibrations.
Second, the formulation of multi-objective control schemes that optimize both vibration
mitigation performance and cost-efficiency would be highly beneficial, particularly for
practical implementation. Third, since ensuring a stable energy supply during earthquakes
is a significant challenge, future research should explore energy harvesting techniques
and their seamless integration with vibration control systems to enable autonomous or
semi-autonomous operation. Lastly, combining vibration control systems with structural
health monitoring technologies can create a more holistic and responsive approach to
managing structural performance, especially in post-earthquake scenarios.

8. Concluding Remarks

An overview of seismic vibration mitigation systems for structures has been provided
in this review. Based on the current research landscape, there is a preference for semi-active
control systems in structural vibration control over other control systems. Both numerical
and experimental studies consistently demonstrate the superior performance of semi-active
systems compared to passive systems, which require significantly less external energy
than active control systems. Amongst the semi-active control devices, MR dampers have
emerged as the most extensively studied.

Despite advancements in research on structural control strategies, their widespread
adoption has been hindered by practical implementation challenges. This paper outlines
the limitations and challenges of implementing control systems, identifies critical issues in
experimental execution, and proposes improved control systems tailored to address each
challenge. The careful selection of a control algorithm is crucial in ensuring the effective
and robust performance of these control systems. Various control algorithms have been
investigated in the pursuit of effective response control, revealing that no single algorithm
can be deemed optimal.

This paper makes a clear and valuable contribution by critically evaluating the current
state of seismic vibration mitigation systems, with a strong emphasis on the growing promi-
nence of semi-active control strategies. This paper highlights the advantages of semi-active
systems and addresses the significant gap between theoretical development and practi-
cal implementation. Key challenges in real-world applications, including experimental
limitations, algorithmic selection, and system integration, are identified. This paper offers
a comprehensive assessment of existing limitations. This paper also reviews improved
control strategies to address these challenges, emphasizing the importance of selecting the
appropriate algorithm. Notably, multi-objective adaptive control algorithms are gaining
increased attention in seismic control research. These algorithms target challenges such
as optimizing various parameters, minimizing uncertainties, optimizing the quantity and
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distribution of sensors and actuators, establishing decentralized control networks, and
reducing time delays. This paper provides an overview of existing structural vibration
control systems and enhances their practicality and robustness for mitigating seismic
vibrations.
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Abstract: This review article provides an in-depth exploration of the recent advancements
in the seismic analysis and design of steel–concrete composite structures, as reflected in
the literature from the last ten years. It investigates key factors, such as material behavior,
connection detailing, analytical modeling techniques, and design methodologies. The arti-
cle highlights the synergistic benefits derived from the combination of steel and concrete
components to improve seismic performance. Various composite systems, including com-
posite beams, beam-columns, frames, shear walls, foundations, and beam–column joints,
are analyzed through experimental studies to assess their dynamic response characteristics
under extreme earthquake conditions. The article evaluates advanced numerical modeling
methods, including finite element analysis and fiber-based models, for their capability to
predict the nonlinear behavior of composite buildings and bridges. A comparative analysis
of modern seismic isolation and energy dissipation techniques is also included. Further-
more, the optimization of composite structures in seismically active regions is discussed.
The article concludes by identifying areas where additional research is necessary to enhance
the seismic resilience of steel–concrete composite structures.

Keywords: steel–concrete composite structures; composite action; nonlinear behavior;
composite beams and columns; cyclic loading; seismic isolation; energy dissipation devices;
progressive collapse

1. Introduction

The seismic design and analysis of steel–concrete composite structures encounter
numerous significant challenges that necessitate in-depth exploration. Although these
structures are commonly utilized, considerable uncertainties persist regarding the intricate
interactions between steel and concrete elements when subjected to intense seismic forces.
Existing design codes frequently fall short in adequately addressing the nonlinear behavior
exhibited by composite systems, particularly at the junctions of the materials. Moreover, the
variety of composite configurations complicates the development of standardized design
methodologies, while the absence of extensive long-term performance data introduces
further uncertainty in durability assessments. Conventional analytical models may overly
simplify the dynamic response features of composite structures, which could result in
designs that are either excessively conservative or insufficiently robust. Additionally,
the construction industry grapples with challenges in evaluating the cost-effectiveness of
innovative composite solutions in comparison to traditional building methods, particularly
when factoring in life-cycle performance during seismic events. These critical concerns
highlight the necessity for a comprehensive review of the existing knowledge and practices
related to steel–concrete composite structures.
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As urban areas continue to expand and face increasing seismic risks, understanding
the behavior of these composite systems under earthquake loading has become crucial
for ensuring structural safety and resilience. This review paper seeks to offer a thorough
examination of the existing body of research concerning the seismic analysis and design
of steel–concrete composite structures. This article examines key research developments,
design methodologies, and practical applications that have emerged mainly over the past
decade. The paper covers various composite systems, including composite beams, columns,
connections, and innovative hybrid structural solutions. This review encompasses the
following areas:

• The fundamental principles of steel–concrete composite action under seismic loading
• Experimental studies on the seismic performance of composite elements and systems
• Analytical and numerical modeling techniques for predicting composite behavior
• Current design codes and standards for seismic design of composite structures
• Emerging technologies and novel composite systems for enhanced earthquake resistance
• Case studies of notable composite structures in seismic regions

By synthesizing the latest research findings and practical insights, this paper seeks to
identify knowledge gaps, highlight promising research directions, and provide valuable
guidance for engineers and researchers working on the seismic design and analysis of
steel–concrete composite structures. To provide a comprehensive review, the following
12 topics are examined in depth:

1. Beam–column joints of composite frames under seismic loads: the behavior of compos-
ite beam–column connections under seismic loading is examined, including moment-
resisting frames and various joint configurations. Research on load transfer mecha-
nisms and failure modes is discussed.

2. The seismic behavior of steel–concrete composite shear walls: composite con-
crete/steel shear wall systems, including steel-plate shear walls with concrete infill
and composite coupling beams, are reviewed. Their effectiveness in lateral load
resistance and energy dissipation is analyzed.

3. Modeling techniques for composite members and structures under earthquake excita-
tion: advanced numerical modeling techniques for composite structures, including
finite element analysis, multi-scale modeling approaches, and the challenges in accu-
rately representing composite behavior are discussed.

4. The behavior of composite beams under cyclic loads: the hysteretic response of
composite beams under repeated loading, including local buckling phenomena and
the influence of concrete encasement on steel beam performance, is investigated.

5. The behavior of composite beam-columns under cyclic loads: the performance of
composite columns under cyclic loading, considering various cross-section types
(e.g., concrete-filled steel tubes, encased steel sections) and their impact on ductility
and energy dissipation is analyzed.

6. The seismic performance of composite buildings: the advances in the seismic design
of composite building structures are analyzed. The review focuses on the inelastic
behavior of composite buildings where the evaluation of inelasticity at various levels
of seismic intensity is significantly enhanced by seismic design approaches that allow
for the control of structural deterioration at both the elemental scale (for instance,
crucial structural parts) and the overall building scale (such as individual floors).

7. Composite construction and foundation seismic design: seismic design consider-
ations for foundations supporting composite structures, including pile-to-pile cap
connections and soil–structure interaction effects, are discussed.

8. Seismic isolation and energy dissipation devices for composite structures: the inte-
gration of base isolation systems with composite structures, focusing on their effec-
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tiveness in reducing seismic demands and improving overall structural performance,
is examined. Additionally, the implementation of various damping devices (e.g.,
viscous dampers and friction dampers) in composite structures and their contribution
to energy dissipation during seismic events is reviewed.

9. The progressive collapse resistance of composite structures: the resistance of compos-
ite structures to progressive collapse under extreme loading conditions, including the
role of composite action in enhancing structural robustness, is evaluated.

10. Optimal design strategies for earthquake-resistant composite buildings: optimization
strategies for composite structural systems, considering both material usage and
seismic performance objectives is explored.

11. The seismic performance of steel–concrete composite bridges: the application of
composite construction in bridge engineering, focusing on the seismic performance of
composite deck systems, piers, and abutments, is explored.

12. Smart materials and sensors: new smart materials and sensors enhance the seis-
mic performance of steel–concrete structures, offering self-centering and real-time
monitoring capabilities.

The flowchart of the examined topics is shown in Figure 1.

Figure 1. Comprehensive flowchart illustrating the systematic review methodology and key research
topics in steel–concrete composite structural analysis.

The twelve key areas selected for this comprehensive review were carefully chosen to
address the critical challenges in understanding and improving the seismic performance of
steel–concrete composite structures. Beginning at the component level, the examination
of beam-columns, beams, and beam–column joints under cyclic loads is essential for un-
derstanding the fundamental behavior of composite elements during seismic events. The
analysis of composite shear walls complements this by addressing lateral load resistance
systems. Moving to a broader scale, the review of composite buildings and bridges allows
for the evaluation of system-level responses, while the inclusion of foundation design
ensures a complete understanding from the ground up. The sections on modeling tech-
niques and optimal design strategies address the crucial need for accurate prediction and
efficient design methodologies. The coverage of seismic isolation and energy dissipation
devices, along with progressive collapse resistance, tackles the critical aspects of enhancing
structural resilience. The smart materials and sensors section reflects the cutting-edge
developments in monitoring and adaptive response systems. This carefully structured
approach ensures that current practices and emerging technologies are thoroughly ex-
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amined, providing a comprehensive framework for understanding seismic behavior in
composite structures.

The methodological approach for this comprehensive review was carefully designed
to ensure both scholarly rigor and comprehensive coverage. Thus, 205 scholarly works
published over the past decade are systematically analyzed, employing a multi-stage selec-
tion process that prioritized peer-reviewed publications with demonstrable methodological
depth. The selection criteria focused on works that provided empirical insights, inno-
vative analytical approaches, or significant advancements in understanding the seismic
performance of steel–concrete composite structures.

By intentionally incorporating diverse research perspectives, we aimed to create a
narrative that captures the complexity of composite structural systems. This approach prior-
itizes a holistic representation of current research, acknowledging that scientific understand-
ing emerges from varied methodological traditions and nuanced investigative approaches.

2. Beam–Column Joints of Composite Frames Under Seismic Loads

2.1. Beam–Column Joints of Composite Frames Under Seismic Loads: State-of-the-Art

Beam–column joints play a crucial role in steel–concrete composite structures, par-
ticularly during seismic events, as they transfer forces between beams and columns and
affect the structure’s earthquake resistance. Composite structures have gained popularity
due to their combined strength, stiffness, and ductility. This scholarly paper provides a
comprehensive review of the seismic analysis and design of beam–column joints in these
structures. It covers recent advancements in experimental studies, analytical methods, and
design approaches, focusing on failure modes, influential parameters, experimental inves-
tigations, modeling techniques, existing guidelines and limitations, and emerging joint
configurations. By consolidating recent research and identifying gaps, this review aims to
offer valuable insights to earthquake engineering and structural design professionals.

Thus, Ataei et al. (2017) [1] examined a detailed finite element (FE) model for studying
the performance of deconstructable beam-to-column composite joints. Their model was
validated through experiments, and a parametric study was conducted to analyze various
parameters. Design models were proposed to predict performance parameters. Key
findings included the impact of shear connection ratio, reinforcement ratio, bolt size, slab
thickness, column flange thickness, and steel grade on joint behavior. It was found that the
design models could accurately predict performance parameters, even for joints with high-
strength steel components. Furthermore, Van-Long et al. (2015) [2] presented a solution
for connecting I-shaped beams to concrete-filled RHS columns using long bolts. The joint
configuration improved rigidity and resistance, making it suitable for seismic-resistant
moment frames, while experimental tests and analytical models were used to validate the
joint design. Moreover, the dynamic response and failure mechanism of a new assembly
of blind-bolted CFST composite structures under simulated seismic loading were studied
by Wang et al. (2017) [3]. The tests showed excellent seismic performance, including good
ductility, energy dissipation capacity, and damage control, while analytical modeling using
OpenSees software 3.7.1 (https://opensees.berkeley.edu/ accesed on 10 September 2024)
validated the results.

Peng et al. (2018) [4] presented a study on the seismic performance of an innovative
end-plate connection between T-shaped CFT columns and reinforced concrete beams.
Seven specimens were tested, one under monotonic loading and six under cyclic loading.
The proposed end-plate connections exhibited good seismic performance, achieving the
desired “strong column and weak beam” and “strong connection” objectives in seismic
design. Peng et al. (2018) [5] found that the diameter of the bolts and the length of
the (H-shaped) steel corbel influenced the yield strength, ultimate strength, and initial
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stiffness. A FEM model was also constructed and subsequently verified, and parametric
studies revealed the impact of beam reinforcement ratio and concrete strength on seismic
performance. Moreover, Peng et al. (2021) [6] examined the shear strength and seismic
damage performance of H-section beams with unequal-depth CFT column composite joints.
Four specimens with varying height ratios of the beams were subjected to lateral cyclic
loading. The findings indicated that shear failure occurred primarily in the joint core area,
with the joint core area reaching yield strain earlier as the beam height ratio increased.

A mathematical formula was developed to calculate the shear strength of the CFT
columns with a H-shaped beam joint. This equation takes into account the combined effects
of the restrained compression struts in the joint central region, concrete compression struts,
and steel tube web.

Mou et al. (2021) [7] explored a new type of joint between a reinforced concrete-
filled steel tube column and a beam. Four specimens with varying characteristics were
tested under cyclic loading. The results showed that slipping between the concrete and
steel caused pinch phenomena in the joint’s hysteretic curves. Increasing the size of the
middle steel tube improved stiffness and energy dissipation but had little effect on strength.
Transfer sleeves played a crucial role in limiting stiffness and strength degradation while
enhancing energy dissipation. Yu et al. (2022) [8] focused on evaluating the seismic
behaviors of different connections in steel residential buildings, including endplate, side
plate, and hot-rolled T-shaped connector (HTC) connections. The experimental findings
revealed that both the connections of lateral plate and HTC connections exhibited favorable
cyclic response characteristics. These included consistent force-displacement patterns, a
gradual reduction in rigidity, adequate ductility, and effective energy absorption capacity.
In contrast, the connection of the endplate suffered an untimely rupture at the welded
interfaces between the endplate and the side plates. Furthermore, the suggested HTC
connections not only demonstrated satisfactory seismic performance but also required
no additional stiffeners and had a minimal impact on indoor space, making them easily
concealable within partition walls.

Cheng et al. (2022) [9] presented an experimental study on the behavior of connections
between T-shaped CFT columns and U-shaped steel–concrete composite beams. Five
different connection details were tested, with all showing favorable seismic performance
with plastic hinge failure occurring at the beam-ends. The joints demonstrated good
ductility and energy dissipation capacity, meeting Eurocode 3 requirements for rigid joints
in braced frames. They concluded that their proposed joint design with vertical ribs is
seismically feasible and provides recommendations for practical applications. Li et al.
(2023) [10] introduced a new manufactured steel beam (H-shaped) to a CFT column joint
design. This system aims to improve construction efficiency and structural performance
by eliminating welding in column connections. The joint employs embedded threaded
steel bars for column segments and outer annular stiffeners for beam connections. They
tested four joint specimens under cyclic loading, examining parameters, such as column
tube thickness, sleeve distance, and steel strength, and their results showed good flexural
capacity, deformability, and energy dissipation.

Chen et al. (2014b) [11] examined the performance of a new through-beam connec-
tion between reinforced concrete beams and CFT columns. Tests showed different failure
modes and demonstrated good seismic performance, load capacity, and ductility. Finite ele-
ment modeling validated the results, and this new connection type simplifies construction
without sacrificing structural integrity and offers valuable considerations for future CFST
column-to-RC beam connections. Moreover, Jeddi et al. (2017) [12] introduced and tested a
novel moment-resisting connection called a “through rib stiffener beam connection” for
I-beams and concrete-filled circular steel tubular columns. Four cruciform specimens were
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experimentally examined to evaluate the behavior of the connections under seismic loading.
The new connection involved vertical rib stiffeners welded to the beam flanges, passing
through pre-slotted holes in the column. It was found that the new connection exhibited
rigid moment-resisting behavior, good ductility, and energy dissipation capacity. The con-
nection appears to satisfy seismic design requirements and is practical and cost-effective.

Amadio et al. (2017) [13] introduced a refined finite element model for predicting the
behavior of composite steel–concrete welded joints under earthquake loads. The model
underwent validation through comparison with experimental data, successfully depicting
both global and local behaviors, stress distributions, and failure mechanisms. This was
achieved by incorporating the Gurson model for steel, accounting for concrete behav-
ior and damage, and ensuring an accurate representation of connections. The validated
model can be used for extensive parametric studies and can lead to suggested improve-
ments to Eurocode 8 design provisions. Similarly, Liu et al. (2017) [14] investigated the
performance of special-shaped CFT columns—steel beam connections. Four specimens
were tested with different shapes and joint stiffeners. Different failure modes were ob-
served, and it was found that exterior diaphragms performed better than vertical ribs
in transferring forces. The study also developed finite element models and proposed
design formulas based on internal force transfer mechanisms. The findings suggest that
exterior diaphragm connections are suitable for engineering applications, while vertical rib
connections require improvement.

Li et al. (2021) [15] investigated concrete-encased CFST columns/steel beam joints
using experimental tests. An RC slab was installed for each joint, and an external diaphragm
design was used to connect the beam flange and the CFST tube. The joints were subjected
to constant axial load and reverse cyclic loading to provide test data for composite joints,
evaluate their seismic performance, and analyze the effects of key parameters, specifically
the joint type. Additionally, Wu et al. (2020) [16] designed three specimens of joints using
an integrated combination scheme and tested them with low-cycle reciprocating loading.
The results analyzed the strength degradation, stiffness degradation, failure modes, energy
dissipation, and ductility, clarifying the effect of the beam-to-column stiffness ratio on
seismic performance of modular composite joints.

Wang et al. (2016) [17] executed an experimental program on two blind-bolted com-
posite joints to CFTST columns in full-scale under short cyclic loading to understand their
seismic performance and failure modes. The results were used to assess various aspects,
like hysteresis, strength degradation, ductility, and energy dissipation capacity, with im-
plications for enhancing the design of composite joints in practice. Furthermore, Peng
et al. (2018) [4] introduced new connections, of a ring-bar-reinforced type, for connecting
reinforced concrete slabs, beams, and T-shaped CFST columns. They conducted tests on
34 columns and derived a formula to determine the axial compression bearing capacity.
Additionally, an improved composite column was presented, which is more cost-effective
and exhibits better seismic behavior. The connection between the T-shaped CFST column
and the RC beams is strengthened by the new ring-bar-reinforced connection, enhancing
the stiffness and bearing capacity.

The concept and benefits of an innovative prefabricated composite column–beam
joint, combining concrete-filled steel tubular (CFST) columns with reinforced concrete
(RC) beams, were first presented by Zhang and Li (2021) [18]. To evaluate the earthquake
resistance of these connections, which employ bolts and non-adherent post-stressed cables,
the researchers conducted alternating load experiments on eight reduced-scale prototypes
(one-third of full size). The study examined how various factors, including the vertical load
ratio, bolt size, steel tube thickness, and overall structural configuration, influenced the
seismic response characteristics of these joints. The resulting data were thoroughly analyzed
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and interpreted to draw meaningful conclusions about the connections’ performance under
simulated earthquake conditions. A novel joining technique for linking a steel–concrete
composite column (concrete-encased CFST) with a metallic beam was introduced by Wang
et al. (2020) [19]. This method utilizes concealed fasteners. The composite column, which
consists of a concrete-filled steel tube further encased in concrete, is manufactured off-
site in a controlled environment, with bolt-holes drilled in the steel tube and concrete
poured around it. Blind bolts are then installed, and the core concrete is poured on
site. Numerical models and experimental results were used to analyze the connection,
considering material models and contacts. Component models for stiffness and moment
resistance were developed, considering the load transfer mechanism.

The seismic behavior of vertical rib connections for the joint of an H-shaped steel beam
to a special-shaped CFT column was tested by Yang et al. (2021) [20]. Frames were tested
under vertical and horizontal loads to examine stiffness degradation, failure mode, energy
dissipation, strength-bearing capacity, and ductility. Finite element analysis was used to
investigate the plastic hinge formation and failure mode. Furthermore, Xu et al. (2021) [21]
explored the seismic and shear behavior of joints connecting U-shaped steel–concrete
composite beams to T-shaped concrete-filled steel tubular columns. A new joint design
with C-shaped slots allowing double-C channels to pass through the joint panel zone was
proposed and tested.

The seismic performance of composite steel–concrete frame systems using the URSP
(uplift-restricted/slip-permitted) connector was studied by Duan et al. (2022) [22]. A
numerical model was used to analyze the dynamic behavior of structures with URSP
connectors under seismic loads. The results were compared to traditional structures,
revealing that the arrangement of full-span URSP connectors had a significant impact on
the system’s behavior, increasing inter-story displacement and causing adverse effects. It
was also found that the partial arrangement of URSP connectors had little influence and
still maintained good seismic performance. On the other hand, Wang et al. (2022) [23]
analyzed the dynamic response of the beam to CFDST column joints for this connection,
using established analytical models and pseudo-dynamic tests. The tests explored the
effects of end plate type, column hollow ratio, and concrete slab on dynamic responses and
failure mechanisms. Seismic behavior, hysteresis curves, viscous damping coefficients, and
energy dissipation capacities were also examined, and analytical models of the joints were
developed using OpenSees software (https://opensees.berkeley.edu/).

Zhou et al. (2022) [24] conducted experiments on 3D beam to L-shaped steel–concrete
column joints subjected to dynamic loading, considering variables, such as encased steel
configuration, axial compression ratio, loading angle, and beam type, to provide test data,
evaluate seismic behavior, and analyze the effects of key parameters. Additionally, Chen
et al. (2023) [25] introduced a new approach to designing PC joints with distinct advantages,
including an efficient and eco-friendly assembly method, simple structure, concentrated
failure range, and satisfactory seismic performance. The tests were conducted on full-scale
joint specimens, considering various factors, like steel tube thickness and internal structure,
and analyzed using an ABAQUS (https://www.3ds.com/products/simulia/abaqus) finite
element model.

Gan et al. (2019) [26] developed a new joint system for RC beams and square-reinforced
concrete-filled steel tube (RCFST) columns. The system utilizes openings on the square
hollow section (SHS) for continuous beam reinforcement and interior diaphragms welded to
the cold-formed SHS. These diaphragms confine the steel tube and concrete and can be used
to position column reinforcement. The system eliminates the need for internal diaphragms
to transfer forces from the RC beam, resulting in improved seismic performance. This joint
system is shown in Figure 2.
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Figure 2. Detailed joint system configuration for a reinforced concrete-filled steel tube (RCFST)
column connected to reinforced concrete beams, highlighting interface characteristics (adapted from
Gan et al. (2019) [26]).

Additionally, Lai et al. (2019) [27] reviewed experimental research on composite
special moment frame connections and presented a database of 165 tests conducted on
these connections. They summarized connection behavior, evaluated them based on
standard requirements, and recommended different connection types for specific frame
configurations for seismic applications. Moreover, Fan et al. (2019) [28] examined the
mechanical behavior of connections between composite steel–concrete beams and concrete-
filled square steel tubular columns. Tests on six specimens under cyclic loading were
conducted to evaluate the damage patterns, hysteretic behavior, joint ductility, and energy
dissipation capacity. The result of joint geometries, connection details, and loading path on
connection behavior were also analyzed.

Wu et al. (2020) [29] analyzed the dynamic behavior of three modular composite joints
with various beam–column connections through quasi-static tests. Factors, such as failure
mode, strain distribution, hysteresis curve, strength degradation, and energy consumption,
were considered. Furthermore, Liu et al. (2020) [30] examined the seismic behavior of
steel beams in large-diameter composite column connections. They found that there are no
unified design provisions for these connections in high-rise buildings, while the pertinent
Chinese code GB 50936–2013 is inadequate for these connections. To investigate the seismic
behavior and validate the code-specified calculation method, they tested five connection
specimens, examining their energy dissipation stiffness, failure mode, deformation capacity,
and ductility.

Amadio et al. (2017) [31] discussed the effects of slab isolation on the structural
performance of joints. Properly isolating the slab from the column, even with a small
gap, prevents any over-strengthening outcome on the behavior of the joint, improving
control of the seismic response of the braced frame. They also found that under lateral
loads, the joint acts as a hinge and transfers loads to the bracing system, while under
gravitational loads, the continuity of longitudinal rebar leads to a mostly clamped joint
performance. Additionally, recent research on composite steel–concrete beam-to-column
joints was discussed by Demonceau and Ciutina (2019) [32]. They examined various
loading conditions, such as elevated temperatures, combined bending and axial loads,
sagging bending moments, and cyclic loading. They also proposed methods to characterize
the “concrete slab in compression” component for sagging moments and presented an
improved analytical procedure for M-N loading.
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2.2. Beam–Column Joints of Composite Frames Under Seismic Loads: Key Findings

The key findings regarding beam–column joints in steel–concrete composite frames
subjected to seismic loads are as follows:

• Composite action enhances the strength and stiffness of joints when compared to bare
steel joints.

• Proper reinforcement detailing in the joint area is essential for achieving ductile behavior.
• The presence of a concrete slab significantly affects the moment capacity and failure

mode of the joint.
• Panel zone deformation has a noteworthy role in the overall rotation of the joint.
• Under cyclic loading, concrete crushing and bond deterioration of reinforcement

can occur.
• The shear strength of joints is affected by the depth of the beam and the axial load on

the column.
• Incorporating through-beam details can enhance joint performance in comparison to

external beam–column connections.
• Composite joints generally demonstrate good energy dissipation capacity when sub-

jected to seismic loading.

3. Seismic Behavior of Steel–Concrete Composite Shear Walls

3.1. Seismic Behavior of Steel–Concrete Composite Shear Walls: State-of-the-Art

Steel–concrete composite shear walls are structural elements that leverage the strengths
of both steel and concrete to create efficient lateral force-resisting systems in buildings.
These walls are typically composed of steel plates or sections integrated within or attached
to reinforced concrete walls. The synergy between the two materials results in a system that
offers superior strength, stiffness, and ductility when compared to conventional reinforced
concrete or steel-only shear walls. Composite shear walls offer several advantages for
seismic loading. They have increased strength and stiffness, improved ductility, better
crack control, and can dissipate seismic energy. Additionally, they are lighter and have
quicker construction times compared to traditional reinforced concrete walls. The walls
also exhibit stable hysteretic behavior, and understanding failure modes is crucial for
assessing safety.

Mo et al. (2021) [33] reviewed the behavior of composite shear walls with different con-
nection configurations and loading conditions, highlighting the lack of previous research in
the field. They discussed the motivation, structural performance, and development of these
important structural elements. Furthermore, Lan et al. (2023) [34] examined a high-rise
structure with irregular components that utilizes a steel frame–shear wall system, with the
core wall using a double steel plate–concrete composite and the outer frame consisting
of steel columns and beams. This composite shear wall was tested under seismic condi-
tions and was proven to meet design requirements, while the structure could withstand
progressive collapse caused by removing a corner column.

Todea et al. (2021) [35] investigated the impact of openings, composite connections,
and steel fiber-reinforced concrete on the seismic behavior of composite steel–concrete
shear walls. They evaluated the performance of these walls, assessed the influence of
centrally aligned openings, and explored the use of steel fiber-reinforced concrete as an
alternative solution to common concrete. Additionally, innovative composite shear walls
with CFST columns and reinforced concrete walls embedded with multiple steel plates
were studied by Qiao et al. (2018) [36]. Seven specimens underwent cyclic loading tests
to analyze parameters, such as axial force ratio, number of steel plates, and CFT column
type. It was found that the embedded steel plates improved seismic behavior and strength.
Additionally, recent research by Najm et al. (2022) [37] investigated the seismic performance
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of steel–concrete composite shear walls compared to traditional RC walls under cyclic
loading. Using ANSYS finite element analysis, they examined how reinforcement ratio,
concrete strength, shear stud layout, and steel-plate yield stress affect the walls’ behavior,
particularly focusing on ductility and energy absorption capabilities. Figure 3 depicts the
simulation of local buckling phenomena using the finite element method for the composite
steel–concrete shear walls

Figure 3. Finite element method simulation demonstrating local buckling phenomena in composite
shear wall structures, showing stress distribution and deformation patterns (adapted from Najm et al.
(2022) [37]).

Rahnavard et al. (2016) [38] presented nonlinear numerical studies on steel–concrete
composite shear walls used in high-rise buildings. Five different finite element models were
developed to accurately represent the complex behavior of these structures. The findings
highlight the importance of parameters, such as concrete failure, hysteresis response,
displacement, drift, and energy dissipation. It was observed that a steel frame with concrete
on the shear plate on one side exhibited better energy dissipation. Additionally, increasing
the concrete thickness reduced shear plate buckling, and decreasing the connector distance
increased the energy dissipation. Furthermore, Zhang et al. (2016) [39] proposed an
innovative BLC-C composite wall consisting of connected lipped channels welded together.
Concrete was poured inside to enhance seismic behavior and reduce steel consumption. The
wall system resisted both vertical and lateral loads and was tested for energy dissipation,
failure modes, ductility, stiffness, deformation, strength, and hysteresis loops.

Hossain et al. (2016) [40] discussed the behavior of a double-skin composite wall
system under cyclic shear loading. They focused on the usage of profiled steel sheets,
steel sheet–concrete connections, and high-performance concrete to construct the walls.
They have also examined the performance of self-consolidating concrete and engineered
cementitious composite as infill materials. The latter was highlighted for its high strain
capacity and ability to enhance the structural performance of the walls. They also presented
data on stress–strain characteristics, failure modes, ductility, shear strength, and energy
absorption, with a focus on strength and stiffness degradation. Moreover, Polat and
Bruneau (2017) [41] used the finite element method to model the inelastic cyclic behavior of
concrete-filled steel sandwich panel walls. The calibrated model provided insights into the
design of these composite walls, addressing the lack of prescriptive guidance. The findings
included the distribution of wall-to-footing forces, shear force demands, cumulative plastic
strain, steel-plate yielding, and interface friction.

Zhao et al. (2016) [42] first recognized that the research on seismic behavior of steel–
concrete composite shear walls for safety-related nuclear facilities lacks reliable hysteretic
models for predicting structural performance near collapse. For this reason, they analyzed
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the experimental results of 32 specimens and developed associated hysteretic rules and a
quadrilinear backbone with negative post-peak stiffness. Additionally, to reflect plasticity
extension and damage accumulation, they proposed reduction factors for Young’s moduli
of concrete and steel. Additionally, Wang et al. (2019) [43] presented a design method
for concrete-filled double steel corrugated-plate walls with a T-section. The load-bearing
capacities of these walls were upgraded by the combination of infilled concrete and bolt-
connected steel corrugated plates. The failure mechanism and design process were analyzed
through experiments and numerical simulations, while design formulas for predicting the
sectional strength were proposed.

Luo et al. (2021) [44] examined the behavior of corrugated steel-plate composite
shear walls. Experimental research was conducted on six shear walls to study their failure
process, hysteresis diagrams, energy consumption capacity, and stiffness degradation. It
was found that the peak loads of the three shear walls increased significantly compared to
conventional shear walls. Moreover, Haghi et al. (2020) [45] developed a fiber-based macro
model in the PERFORM-3D program (https://www.csiamerica.com/products/perform3d)
to efficiently simulate the global response of steel–concrete composite walls. The model
has a simple system and decreases computational time. It was validated using test data
for seventeen composite walls with and without boundary elements, considering various
design variables and the presence of axial load.

Shafaei et al. (2021) [46] summarized the experimental results and discussed the
development of three-dimensional FEM models for large-scale specimens that have to do
with composite plate shear walls. Effective stress–strain relationships were proposed to
account for various behaviors, including steel yielding, concrete cracking, and composite in-
teraction. Two-dimensional FEM models and fiber-based FEM models were recommended
for simulating seismic response, while three-dimensional FEM models were recommended
for further parametric studies on structural behavior and design. Additionally, Chen et al.
(2015) [47] developed a novel lateral force-resisting system comprising high-strength con-
crete and a steel plate. Tests were conducted to analyze the response of this composite
shear wall to cyclic loading. The axial load ratio and tie bar spacing were investigated. The
specimens displayed high strength, deformation capacity, and flexure-dominated behavior.
The primary failure mode involved the local buckling of steel plates and compressive
crushing of concrete.

An LS-DYNA (https://lsdyna.ansys.com/) finite element model was created by Epack-
achi et al. (2015) [48] to model the cyclic behavior of flexure-critical steel-plate–concrete
composite shear walls. Validation was performed using data from tests on composite
wall piers. The damage to the walls included cracking, crushing of infill concrete, and
the buckling of steel faceplates. It was found that the model accurately predicted force-
displacement responses, damping ratio, and damage distribution. Moreover, Huang and
Liew (2016) [49] examined the behavior of composite sandwich walls, composed of two
steel plates filled with ultra-lightweight cementitious material. Compression tests on differ-
ent height composite walls revealed that J-hook connectors provided similar resistance and
unloading behavior as overlapped-headed studs. J-hook connectors improved composite
action, prevented local buckling, and showed a reasonable correlation with test results
when included in predictive methods.

Hu et al. (2014) [50], based on a fiber section analysis approach, developed a program
that analyzes the moment–curvature behavior of concrete-filled steel-plate composite shear
walls. The program’s accuracy was verified against test results, and a parametric study
was conducted on 6379 configurations. Simplified formulas were developed based on the
study’s results, which can be used to calculate the drift capacities and ductility of composite
shear walls. Furthermore, experimental and numerical analyses were conducted on low
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shear span ratio dovetailed profiled steel–concrete composite shear walls subjected to axial
and cyclic lateral loads by Huang et al. (2022) [51]. The results showed that all specimens
failed in a ductile manner with a flexure–shear mixed mode. The lateral stiffness increased
with higher thickness ratios, while deformability and energy dissipation capacity decreased.
It was found that simplified models accurately estimated the lateral resistance of these
composite walls.

Four full-scale experiments were conducted by Wang et al. (2022) [52] to evaluate the
seismic performance of double-skin composite walls under earthquakes. The experimen-
tal results showed that these specimens had similar damage and flexural failure modes.
Additionally, increasing boundary column thickness improved strength but decreased
displacement ductility, while increasing the axial compression ratio improved strength
but reduced ductility and energy dissipation cycles. Moreover, Shafaei et al. (2021) [46]
analyzed the behavior of concrete stiffened steel-plate shear walls with a reinforced con-
crete panel and a gap between the panel and steel frame. The reinforced concrete panel
thickness greatly affects the shear capacity and ultimate strength of these composite walls,
prevents elastic buckling, and allows lateral load through shear yield. The results showed
that these composite walls and steel-plate shear walls exhibit different behaviors since for
the latter type, the steel plate undergoes elastic buckling to resist lateral load. Furthermore,
concrete-stiffened steel-plate shear walls offered higher initial elastic stiffness, shear ca-
pacity, ultimate strength, ductility ratio, and energy absorption compared to steel-plate
shear walls.

Ji et al. (2016) [53] examined the seismic performance of a novel composite wall with
encased steel braces. This composite shear wall consists of a steel-braced frame embedded
in reinforced concrete, which increases flexural and shear strength. Two wall specimens
with different types of encased braces were tested, with both failing similarly with cracked-
diagonal cracking and crushing of the concrete. It was found that steel-plate braces could
potentially be more efficient and improve construction quality. Formulas for assessing the
shear strength of these walls were also proposed. Additionally, Kenarangi et al. (2021) [54]
examined the cyclic lateral load behavior of composite plate shear wall/concrete-filled
systems for core–wall structures in high-rise construction. Two large-scale walls were
tested, investigating their composite behavior and plastic hinge development. The results
will aid in the development of design guidelines for high-rise steel buildings with these
systems as the primary lateral force-resisting systems.

3.2. Seismic Behavior of Steel–Concrete Composite Shear Walls: Key Findings

The key findings regarding the seismic behavior of steel–concrete composite shear
walls are as follows:

• Composite shear walls typically demonstrate enhanced strength and stiffness when
compared to conventional reinforced concrete or steel-plate shear walls alone. This is
due to the combination of materials, such as steel and concrete, which work together
to provide increased structural integrity.

• Furthermore, the use of steel and concrete in composite shear walls often results in
improved ductility. This means that the structure is able to endure larger displacements
without failure during seismic events. This is crucial for ensuring the safety and
resilience of the composite building structures during earthquakes.

• Another advantage of composite shear walls is their ability to dissipate energy. This
enhanced energy dissipation capability is essential for seismic resistance, as it helps
to absorb and dissolve the energy generated by earthquake forces, plummeting the
potential for damage.
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• Composite designs also offer the advantage of reduced wall thickness. Compared to
traditional reinforced concrete walls, composite designs can often achieve the same
level of strength and stiffness with thinner wall sections. This not only saves space but
also reduces the amount of material required for construction.

• Additionally, the use of steel elements in composite shear walls can contribute to faster
construction. Compared to conventional reinforced concrete systems, the incorpo-
ration of steel elements can expedite the construction process, resulting in time and
cost savings.

• The presence of steel elements in composite shear walls also improves crack control.
Steel helps to control crack formation and propagation in the concrete, enhancing the
overall durability and longevity of the structure.

• Composite shear walls generally exhibit improved cyclic performance under cyclic
loading conditions, which are representative of seismic actions. This means that they
are better able to withstand repeated loading and unloading cycles without significant
damage or failure.

• Proper design of composite shear walls can also lead to more predictable and desirable
failure modes during extreme seismic events. By carefully considering the design
and configuration of the walls, engineers can ensure that the structure behaves in a
controlled manner, minimizing the risk of catastrophic failure.

• Furthermore, composite shear walls offer versatility in design. They provide various
configuration options, allowing designers to optimize the performance of the walls
for specific seismic demands. This flexibility enables engineers to tailor the design to
meet the specific requirements of each project.

4. Modeling Techniques for Composite Members and Structures Under
Earthquake Excitation

4.1. Modeling Techniques for Composite Members and Structures Under Earthquake Excitation:
State-of-the-Art

Accurate simulation of composite members and structures is essential for forecasting
performance and guaranteeing safety in seismic analysis. Critical elements encompass
material simulation, capturing nonlinear behavior, such as plasticity and cracking, and
interface simulation, to depict the interaction between steel and concrete. Member simu-
lation encompasses beams, columns, and floor systems, while joint simulation replicates
the behavior of connections. Global structural simulation integrates all elements, while
dynamic analysis applies suitable methods. It is also crucial to integrate damping mech-
anisms and realistic energy dissipation. The range of models varies from simple 2D to
complex 3D nonlinear models, depending on design requirements, building complexity,
and available computational resources. Thus, a concise and effective analytical simulation
for the strength capacity and cyclic behavior of circular CFTs was developed by Serras et al.
(2016) [55]. Finite element analysis was used to validate the model and create a database
of CFT behavior. Empirical expressions were developed to analyze the Ramberg–Osgood
model and to provide a representation of ultimate strength. The proposed comprehensive
model reliably captured the cyclic behavior of circular CFT columns.

Sahin et al. (2022) [56] explored the inelastic response of composite steel–concrete
beam members, focusing on cyclic degradation phenomena. A continuum simulation
was examined to model the hysteretic behavior of concrete slab and composite steel beam
assemblages. Parametric assessments were conducted to understand key response charac-
teristics, such as stiffness, capacity, and ductility. The results showed that the deterioration
effects depend on various factors, like composite beam depth and steel cross-section slen-
derness, and that generally, under cyclic loading, composite members show 20% additional
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deterioration compared to bare steel counterparts. Moreover, Liu et al. (2016) [57] pre-
sented a study on high-strength friction-grip bolts as shear connectors for steel–concrete
composite beams. A 3D FEM model was constructed to analyze the structural behavior of
these beams, including the material nonlinearities and interactions between components.
They also explored the differences in mechanical performance compared to traditional
headed stud connectors and examined the effects of various factors on beam behavior for
design purposes.

Katwal et al. (2018) [58] found that most of the finite element (FE) models simplified
complex interactions, limiting their ability to capture failure modes, and for this reason,
they developed a detailed FE model for composite beams, considering realistic component
interaction and concrete damage. Their model accurately predicted the load–deformation
curves and shear force–slip relationships of embedded studs.

Peng et al. (2022) [59] examined the seismic damage assessment process for recycled
aggregate concrete-filled square steel tube columns using test results from numerous
structures. By considering deformation, energy, and mechanical characteristics, a modified
Park–Ang model was proposed, and a performance-based seismic design index as well as
damage performance criteria for different failure states were suggested. The damage levels
were categorized as intact, slightly damaged, moderately damaged, severely damaged, and
collapsed, while by controlling the damage threshold, the assessment basis for different
performance levels was established. Moreover, Sahin et al. (2023) [60] modeled and assessed
the cyclic behavior of composite members with steel beams and concrete slabs. They
proposed nonlinear relationships to simulate their response, showing that degradation
is influenced by steel cross-section slenderness and composite beam depth. They also
provided important data for seismic design and proposed expressions for computationally
efficient frame-level analysis.

El Jisr et al. (2022) [61] presented a macro-model for modeling the response of com-
posite steel beams in completely restrained types of beam-to-column connections. The
proposed model accurately captured the asymmetric hysteretic response, cyclic deterio-
ration, and force transfer mechanisms and can be used to assess the seismic collapse risk
of composite steel buildings in Europe and to quantify slip demands. The results showed
a system over-strength, a low probability of collapse, and that beam–slab connections
with partial composite action experienced minimal damage. Additionally, Papavasileiou
(2017) [62] introduced a mathematical framework for simulating steel–concrete composite
columns using equivalent steel columns. Three simulation methods were presented for
circular and rectangular concrete-filled hollow sections and concrete-encased I-shaped
sections. The simulation was achieved by satisfying three equations for axial resistance
and flexural stiffness and the proposed methods provided the dimensions of equivalent
steel sections.

Skalomenos et al. (2015) [63] investigated the seismic performance of planar framed
structures made of CFT columns and I steel beams. The impact of modeling details, such
as panel zones, beam–column connections, steel I-beams, and composite CFT columns on
seismic response, was examined. Their modeling of panel zones of beam–column joints is
shown in Figure 4.

Skalomenos et al. (2015) [63] also created fragility curves for three composite frames
designed according to European codes, allowing for the selection of the appropriate model-
ing level for desired seismic behavior. Moreover, Lin and Zhang (2021) [64] highlighted the
importance of the slab spatial composite effect in the load-bearing capacity and load resis-
tance of composite frame structures. They modified existing material models in OpenSees
(https://opensees.berkeley.edu/) to capture this effect accurately. They found that the
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conventional fiber model overestimated the probability of the structure being in a specified
limit state, while their improved fiber model provided results that are more accurate.

Figure 4. Panel zone model (adapted from Skalomenos et al. (2015) [63]).

4.2. Modeling Techniques for Composite Members and Structures Under Earthquake Excitation:
Key Findings

Some of the key findings regarding the seismic analysis of steel–concrete composite
buildings are as follows:

• The seismic response of composite buildings is significantly influenced by the model-
ing of composite action, which alters the stiffness, strength, and energy dissipation
capacity of the structure compared to non-composite systems.

• Accurate modeling of interfaces, such as the steel–concrete interface behavior, is crucial
for overall structural performance, including slip and partial interactions.

• Nonlinear behavior, including inelastic deformations in steel and concrete components,
as well as their composite action, must be taken into account for realistic seismic analysis.

• The performance of beam–column joints, especially in moment-resisting frames, is
greatly influenced by connection details, affecting energy dissipation and overall ductil-
ity.

• The modeling of floor diaphragms is important, as composite floor systems affect
load distribution and structural dynamics, requiring careful consideration in the
modeling process.

• Material degradation due to cyclic loading should be considered, as it can lead to strength
and stiffness degradation in both steel and concrete, affecting the seismic response.

• Three-dimensional modeling is often necessary to capture effects, such as torsion and
bidirectional loading, which can be significant in composite structures.

• Utilizing sophisticated numerical techniques, like finite element analysis incorporating
intricate material models, has the potential to offer precise assessment of the local and
global performance of composite structures.

• Future research should focus on creating standardized protocols for assessing the
durability of composite structures under different seismic intensities and frequencies.

5. Behavior of Composite Beams Under Cyclic Loads

5.1. Behavior of Composite Beams Under Cyclic Loads: State-of-the-Art

Composite beams, which consist of steel beams and concrete slabs, are commonly uti-
lized in the construction industry due to their effectiveness. It is imperative to comprehend
how these beams behave when subjected to cyclic loads to ensure safe design practices. Im-
portant factors to consider include the transmission of loads via shear connectors, the level
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of ductility needed for seismic occurrences, the reduction in stiffness over time, the decrease
in strength after multiple cycles, the dissipation of energy through inelastic deformation,
the role of the concrete slab, the occurrence of local buckling in steel components, and
the residual deformations. This knowledge is essential for the development of composite
structures that are capable of withstanding seismic forces. Current research is concentrated
on enhancing design approaches and connection specifics to improve seismic performance.

Fa-xing et al. (2018) [65] investigated the seismic behavior of steel–concrete composite
beams through experiments. Parameters, such as shear connection degree, reinforcement
ratio, and section type, were examined. The results showed that composite beams had
favorable seismic performance, with a high displacement ductility and damping ratio.
Increasing the shear connection, reinforcement, and transverse reinforcement enhanced the
bearing and energy dissipation capacity. Transverse reinforcement ratio, shear connection
degree, and stud spacing were important considerations. Welding quality and additional
reinforcement were advised for practical engineering. Additionally, Han et al. (2015) [66]
investigated the bending behavior of large-scale concrete-encased concrete-filled steel tube
box members using experimental tests and finite element analysis. Variations in steel tube
diameter and sectional height were examined, comparing these composite box members
with reinforced concrete box members. A finite element analysis model analyzed the
flexural performance and a simplified model for predicting the capacity of composite box
members was proposed.

Based on previous tests, Suzuki and Kimura (2019) [67] showed that cyclically loaded
stud connections in composite beams degrade faster than in monotonic push-out tests
during earthquakes. Then, they used finite element analysis to assess the mechanical
performance of the composite connection, considering various factors, such as stud and
reinforcement sizes and configurations, material properties, slab widths, and loading
protocols. The results were compared with existing equations, and a new mathematical
model evaluated stud connection stiffness. Moreover, Zhu et al. (2023) [68] highlighted
the application of super-elastic NiTi shape memory alloy (SMA) bolts, and brass-based
friction-energy dissipation devices were utilized in self-centering connections. This study
involved the cyclic testing of connections between concrete-filled square steel tubular
columns and steel beams, showing that the SMA connection exhibited excellent recentering
ability and moderate energy dissipation. The pre-strain of the SMA bolt was also modeled,
and it was found that its increment improved self-centering capacity, while increasing the
pre-tension force in the friction bolts enhanced energy dissipation.

Huang et al. (2014) [69] discussed the behavior of reduced beam section connections
with composite beams in steel beam composite frames. A mathematical model was derived,
and an amplification factor was proposed to account for the increased potential of the
fracture at the beam bottom flange. Parametric analyses were conducted to investigate the
effects of beam dimension, reinforcement, and slab dimension. A simplified design formula
was proposed based on theoretical data, and the mathematical models were verified with
finite element models. Additionally, Di Cesare et al. (2023) [70] conducted experimental and
numerical analyses on ductile beam–column connections between composite reinforced
concrete truss beams and RC/CFT columns under cyclic loading. This system, entitled
the MTR-A beam (see also https://www.metalri.it/en/), is shown in Figure 5. Their
study examined two experimental models with different testing schemes, validating the
connections’ ductile behavior and demonstrating that the results could be accurately
reproduced through simple nonlinear modeling approaches.

Furthermore, Chen et al. (2017) [71] examined partially encased composite beams
subjected to monotonic and cyclic loading conditions. More specifically, nine specimens
with varying link details, beam lengths, and loading schemes were tested. The results
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indicated that failure typically occurs through beam flange fracture, local flange buckling,
and damage to links and concrete. Moment capacities were higher when specimens experi-
enced combined bending–shear action with an adequate shear span ratio. They also found
that Eurocode 4 provides generally reasonable predictions for stiffness but overestimates
its initial values. Additionally, El Jisr et al. (2019) [72] presented the construction of a
freely available databank on steel beam-to-column connections. They used this databank
to offer suggestions for nonlinear performance assessment seismic and design of steel and
composite steel–concrete frames, and they concluded that the Eurocode 8-Part 3 overval-
ues the capacity of plastic rotation for composite beams. Empirical relationships were
developed to predict plastic rotation capacity. They also highlighted that the composite
steel connections experience higher shear demands in the web panel zone compared to
non-composite connections.

Figure 5. Ductile beam–column connections between composite reinforced concrete truss beams
and RC/CFT columns: (a) longitudinal section and (b) cross-sections A-A and B-B (adapted from Di
Cesare et al. et al. (2023) [70] and https://www.metalri.it/en/).

Suzuki and Kimura (2021) [73] found that the composite effects of stud shear con-
nectors in composite beams’ design are conventionally measured through push-out tests.
However, these tests did not account for the reversed stress on concrete slabs during
earthquakes. For this reason, they introduced a component model for composite beams
that considers the stress in real structures. Cyclic loading tests on fourteen specimens
revealed that the ultimate shear strength was significantly lower under compressive stress.
To accurately evaluate performance in composite structures, they presented improved
pertinent equations. Furthermore, Suzuki et al. (2023) [74] documented that novel shear
connectors, specifically clothoid-shaped connectors, have gained interest in Europe for
bridge engineering, although their mechanical performance evaluation has been based
on pushout tests, which differ from the stress history experienced during an earthquake.
To address this, cyclic loading tests were conducted on 14 specimens, revealing the stress
transfer mechanism and confirming the dependence of mechanical capacity on stress
orientation. They presented a new formula for evaluating ultimate shear strength and
load–displacement relationships, considering the stress history.

An experimental study on concrete-filled tube specimens under cyclic bending loads
was conducted by Montuori et al. (2024) [75]. Precise strain measurements using gauges
generated load–displacement and moment–curvature curves. A new analytical model
incorporating stress–strain relationships for concrete and steel was calibrated to match
experimental results. They also provided insights into concrete-filled tube behavior under
bending, supporting future modeling and design optimization for engineering applications.
Moreover, Kim et al. (2016) [76] introduced a new hybrid composite beam design and
assessed its performance through monotonic and cyclic tests. The study fabricated two
beam-to-column connection specimens and six bending specimens for testing. The results
demonstrated that the beam’s capacity consistently increased with greater beam depth and
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steel-plate thickness. Additionally, the beam exhibited a satisfactory maximum moment
compared to the nominal moment.

5.2. Behavior of Composite Beams Under Cyclic Loads: Key Findings

Some of the key findings regarding the behavior of composite beams under cyclic
loads are as follows:

• The beam–column connection performance is essential in composite structures under
seismic loads, as these are often critical points for energy dissipation and load transfer.

• Composite beams generally possess excellent energy dissipation capacity under cyclic
loading, a crucial factor for seismic performance. This behavior is attributed to the
interaction between steel and concrete components.

• Composite beams typically exhibit high ductility when properly designed, allowing
for significant deformation without sudden failure. This characteristic is essential for
maintaining structural integrity during earthquakes.

• Composite beams may experience stiffness degradation under repeated cyclic loading,
often due to concrete cracking, steel yielding, and slip at the steel–concrete interface.

• The strength of composite beams can deteriorate with increasing load cycles, primarily
due to local buckling of steel components and concrete crushing.

• The performance of shear connectors, such as headed studs, is critical in composite
action. Inadequate shear connection may result in heightened slippage and diminished
composite behavior when subjected to cyclic loading.

• Steel components in composite beams, particularly in the beam flanges and web, may
experience local buckling under high cyclic loads, affecting the overall performance of
the composite beam.

• The concrete slab significantly influences the behavior of composite beams, providing
additional stiffness and strength. However, concrete damage and cracking can occur
under severe cyclic loading.

• Composite beams may accumulate residual deformations after cyclic loading, which
can affect the post-earthquake serviceability of the structure.

• Maintaining composite action throughout cyclic loading is essential for optimal seismic
performance. The proper detailing and design of shear connectors are crucial to
achieve this.

6. Behavior of Composite Beam-Columns Under Cyclic Loads

6.1. Behavior of Composite Beam-Columns Under Cyclic Loads: State-of-the-Art

Composite beam-columns are widely used in construction due to their strength, stiff-
ness, and ductility. They typically consist of steel sections encased in or filled with concrete.
During seismic events, they exhibit complex behavior that is crucial to understand for
earthquake-resistant building design. Important features include load transfer mechanisms,
ductility, stiffness degradation, strength deterioration, bond–slip behavior, local buck-
ling, and concrete confinement. Understanding these behaviors is crucial for accurately
modeling and designing steel–concrete composite buildings to withstand seismic loads.
Researchers and engineers use this knowledge to develop design guidelines, analytical
models, and performance-based seismic design approaches for composite structures. The
current practices and future trends for the behavior of composite beam-columns under
cyclic loads are examined in the following section.

Wang et al. (2021) [77] investigated the damage behavior and bearing capacity of cir-
cular high-strength CFT columns using quasi-static experimental tests. The moment–axial
force relationship was analyzed, and the effects of key parameters were studied to propose
a design method. Furthermore, they established a fracture criterion for high-strength steel
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and a restoring force model. The results showed that steel yield strength, concrete strength,
and D/t ratio affected the moment–axial force curves. The proposed model aligned with
tested bearing capacity, and the HS steel tube exhibited ductile fracture. Moreover, Qian
et al. (2016) [78] discussed the analytical behavior of concrete-encased concrete-filled steel
tubular columns during cyclic lateral loading. A finite element analysis model accurately
predicted failure modes, load–displacement relationships, and ultimate strength. The study
compared the behavior of these composite columns with conventional concrete-filled steel
tubular columns and reinforced concrete columns, and a simplified hysteretic model for
the M–ϕ relationship of the examined composite columns was proposed.

Tang et al. (2017) [79] conducted low cyclic loading tests on CFT columns filled
with normal concrete and recycled aggregate concrete (RAC) to analyze their seismic
performance. Findings showed that RAC-filled columns had a similar seismic performance
to normal concrete-filled columns. However, RAC-filled columns exhibited better lateral
bearing capacity, improved ductility, and slightly lower energy dissipation ability. Similarly,
Ma et al. (2022) [80] conducted cyclic loading tests on eleven composite columns filled
with RAC to investigate their seismic performance. Factors, such as the diameter-to-
thickness ratio of circular steel tube, profile steel ratio, axial compression ratio, replacement
percentage of recycled coarse aggregate, and section form of profile steel, were considered.
The results showed that increasing the recycled coarse aggregate replacement percentage
led to a decrease in ductility and energy dissipation capacity but an initial reduction and
subsequent increase in bearing capacity and stiffness. Increasing the wall thickness of the
circular steel tube and profile steel ratio improved seismic performance, while increasing
the axial compression ratio had a negative effect. Modified formulas for the horizontal
bearing capacity were proposed and verified with the test results. In the same way, cyclic
load tests were performed on nine steel-reinforced RAC-filled square steel tube composite
columns by Ma et al. (2024) [81]. Factors, such as steel ratio, width thickness ratio, recycled
coarse aggregate replacement rate, and axial compression ratio were studied. The results
showed that columns exhibited a compression-bending failure mode and good energy
dissipation capacity. The use of recycled coarse aggregate had minimal impact on seismic
performance, and decreasing the width thickness ratio or increasing profile steel ratio
improved ductility. The axial compression ratio enhanced the bearing capacity but not
the energy dissipation. A modified formula for horizontal bearing capacity was proposed
and verified. Similarly, Luo et al. (2022) [82] investigated the behavior of composite
columns filled with RAC containing ferronickel slag. Nine specimens were designed and
tested, with parameters, such as coarse aggregate replacement ratios, diameter–thickness
ratio, and axial load ratios, varied. Damage patterns, hysteresis curves, and other seismic
parameters were analyzed. Numerical models were also established and compared with
the test results. It was found that the location of damage was in the plastic hinge area,
the coarse aggregate replacement ratios had a minimal impact on behavior, the axial load
ratio affected ultimate strength and stiffness degradation, and the diameter–thickness ratio
improved ultimate strength and ductility. The slenderness ratio, axial load ratio, and steel
ratio had a significant effect on strength and ductility, while the RAC strength had a smaller
effect. Moreover, Zeng et al. (2020) [83] focused on the behavior of a new composite
column that involved a hybrid FRP-recycled aggregate concrete–steel tubular column.
This composite column consists of an outer tube made of environmentally friendly basalt
fibers and recycled coarse aggregates for the concrete. Quasi-static tests were conducted
on five full-scale basalt composite columns to understand their behavior and potential
for use in earthquake-prone areas. Various parameters were examined, including RAC
replacement percentages, axial load ratios, and steel reinforcement ratios, to determine
their influence on the composite columns’ performance. The results showed that RAC
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replacement percentage has little impact, while axial load ratio significantly affects the
seismic performance. These composite columns have better bearing capacity and energy
dissipation compared to traditional composite columns with natural aggregate concrete.

The nonlinear response of square concrete-filled steel tubes under axial and flexural
loads was studied using computational analysis by Skalomenos et al. (2014) [84]. A reliable
finite element model was developed, considering factors, like local buckling, concrete
behavior, cyclic softening, and interface interaction, as shown in Figure 6.

Figure 6. Advanced finite element modeling techniques for concrete-filled tube (CFT) columns,
visualizing complex material interaction and structural response (adapted from Skalomenos et al.
(2014) [84]).

Parametric analysis yielded expressions for three hysteretic models. Test results were
used to validate these models, which are capable of simulating the response of concrete-
filled steel tube columns or composite MRFs to cyclic loading.

Zhang et al. (2019) [85] experimentally examined the behavior of steel tube-reinforced,
high-strength concrete columns with high-strength steel bars under cyclic loads. They
found that the combination of C90 core concrete with C70 outer concrete provided superior
composite effects compared to using C80 concrete for both. Additionally, adding steel fibers
to the outer concrete improved ductility and energy dissipation. A calculation model for
predicting maximum load-carrying capacity was also proposed and verified. Furthermore,
Zheng et al. (2020) [86] investigated the behavior of multi-cell L-shaped concrete-filled steel
tubular columns subjected to earthquake loading. Four tests were conducted on columns
with different loading angles and axial load levels. The results obtained from experimental
tests were compared with finite element analysis. Parametric analysis was also performed
to study the effects of different parameters on column performance.

Kim et al. (2022) [87] examined composite columns, featuring a prefabricated steel
cage, to enable the rapid construction of large industrial buildings. The cage consists of
bolt-connected longitudinal steel angles and transverse steel plates, with integrated steel
forms for concrete casting. Through seismic performance tests, it was observed that the
steel angles improved flexural strength and stiffness, while the transverse plates reduced
spalling and increased deformation capacity. The results aligned with existing models’
predictions. Moreover, a concrete-filled steel tubular column and a metamaterial concrete-
filled steel tubular column using rubber, lead, steel, and high load-bearing capacity concrete
were designed by Xiong et al. (2024) [88] for vibration mitigation. The flexural bandgap
theoretical model based on PWEM and a Timoshenko beam was established and analyzed.
Shaking table tests confirmed its effectiveness in reducing vibrations, making it a potential
solution for protecting structures from earthquakes and low-frequency lateral vibrations.

Hassan and Farag (2021) [89] recognized that, due to a lack of data, the seismic be-
havior of steel-reinforced-concrete composite columns having non-seismic details in older
buildings is poorly understood. Furthermore, the influence of axial loads on the deforma-
tion capacity of steel-reinforced-concrete composite columns is uncertain, and there are no
formal guidelines for modeling parameters or acceptance criteria for columns with modern
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seismic details. For these reasons, they addressed these gaps through experimental and
analytical methods, examining these composite columns under cyclic loads. The test results
indicate that tension-controlled steel-reinforced-concrete composite columns with non-
seismic details meet the seismic assessment criteria, while compression-controlled columns
with high axial loads exhibit premature failure. They also proposed new expressions and
parameters for assessing steel-reinforced-concrete composite columns with non-seismic de-
tails. Mostafa et al. (2019) [90] also discussed the pros and cons for steel-reinforced-concrete
composite columns under axial and seismic loads. Additionally, Hassan et al. (2021) [91]
developed fragility and resilience functions, and assessed ASCE 41-17, examining the
seismic performance of steel-reinforced-concrete composite columns. The methodology
used Monte Carlo simulation techniques to establish economic vulnerability functions,
and the results showed that ASCE 41-17 criteria underestimate structural capacity and
resilience, while overestimate fragility and vulnerability.

Campian et al. (2015) [92] examined the seismic performance of composite steel–
concrete columns with steel-encased profiles. It was found that composite columns with
high strength concrete experienced an increase in lateral force and maximum lateral loading,
while columns with normal strength concrete showed a gradual decline in bearing capacity.
HSC columns exhibited a brittle failure mode but have higher energy absorption capacity,
making them suitable for seismic areas. Composite columns with class C70/85 concrete
demonstrated better structural performance. The fully encased composite column solu-
tion is competitive for both seismic and non-seismic zones, offering improved seismic
performance and fire protection. Additionally, Chen et al. (2014) [93] examined, under
low cyclic reversed loading tests, twenty-six steel–concrete composite columns simulating
seismic conditions. An analysis of ductility, energy dissipation, hysteresis loops, and failure
patterns highlighted the influence of steel section shape, stirrup ratio, axial compression
ratio, and embedded depth ratio on seismic performance.

Chen et al. (2021) [94] conducted an experimental and computational analysis of the
seismic performance of fiber-reinforced polymer (FRP)—confined high-strength rectangu-
lar CFT columns employing high-strength thin-walled steel tubes and concrete. Aspect
ratio, axial compression ratio, number of FRP layers, and fiber direction are among the
factors taken into account. Failure modes, hysteretic behaviors, capacity degradation,
stiffness degradation, ductility, and stresses were used to assess seismic performance. By
raising constraint stress in the effective confinement area, CFRP confinement increased
bearing capacity by reducing local buckling and improving the confinement impact of steel
tubes on core concrete, according to numerical analysis. Additionally, Gautham and Sahoo
(2021) [95] investigated the behavior of structural concrete columns reinforced with steel
under combined axial and lateral cyclic loadings. Energy dissipation potential, stiffness
degradation, hysteresis response, failure mode, and lateral strength were among the param-
eters that were assessed in the study. A parametric study was carried out to evaluate the
validity of design guidelines from multiple international codes and to predict the flexural
capacity of structural steel-reinforced concrete columns under varying axial load levels
using the ABAQUS program (https://www.3ds.com/products/simulia/abaqus).

6.2. Behavior of Composite Beam-Columns Under Cyclic Loads: Key Findings

Composite beam-columns have improved ductility, allowing for greater energy dissi-
pation during seismic events. The composite action between steel and concrete results in
higher strength and stiffness, improving overall structural performance. Concrete encase-
ment provides confinement, enhancing compressive strength and ductility. The interaction
between steel and concrete through shear connectors plays a crucial role in load transfer
and overall structural behavior. Under repeated cyclic loading, there may be strength and
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stiffness degradation, and concrete encasement can help mitigate local buckling of steel sec-
tions. The bond between steel and concrete can deteriorate under cyclic loading, affecting
overall performance. Composite beam-columns may accumulate residual deformations
after severe seismic events, affecting post-earthquake serviceability. Understanding various
failure modes (concrete crushing, steel yielding, and shear connector failure) is crucial for
proper design. The performance of beam–column connections in composite structures is
critical for seismic resistance and energy dissipation.

7. Seismic Performance of Composite Building Structures

7.1. Seismic Performance of Composite Buildings: State-of-the-Art

Considering that steel–concrete composites combine the advantages of both materi-
als and improve seismic resistance, they are common in earthquake-prone areas. These
structures consist of steel frames with concrete slabs, composite columns, or composite
shear walls. The interaction between steel and concrete components enhances the overall
response of the structure. Steel elements provide ductility and energy dissipation capacity,
while concrete components enhance stiffness and mass distribution. Composite struc-
tures also have higher strength-to-weight ratios. Various factors, like connection design,
stiffness and mass distribution, and composite systems, influence seismic performance.
Challenges include predicting behavior and considering bonds, concrete cracking, and
nonlinear material behavior. Ongoing research aims to optimize seismic performance and
create resilient structures.

A displacement/damage-controlled seismic design approach for composite
frames—consisting of composite beams and steel tube columns filled with concrete—
was created by Serras et al. (2021) [96]. This method directly controls displacement and
damage for all seismic performance levels, even near collapse. Empirical expressions
were used to estimate the inter-story drift ratio and evaluate the damage index of criti-
cal members. By analyzing a large response databank, the necessary expressions were
derived. The displacement/damage-controlled method reduced design iterations and
eliminated the need for nonlinear time-history analysis. Design examples showed that the
method successfully estimated inter-story drift ratio and controlled the damage index, re-
sulting in an improved seismic performance procedure. Thus, Figure 7 shows the response
(IDRs, inter-story drift ratios) of a 10-story composite building, using incremental dynamic
analysis.

Furthermore, Serras et al. (2017) [97] created a computational process to ascertain
how circular steel tube columns filled with concrete would react to constant loading.
Experiments were used to validate the creation of precise 3D nonlinear finite element
models. A total of 192 CFT specimens with varying diameter-to-thickness ratios, steel
tube yield stress, compressive strength of the concrete core, and axial load levels were
subjected to a parametric investigation. Empirical expressions were derived from the
study to estimate force-displacement behavior. Then, these expressions were applied
for the assessment of the seismic performance of composite buildings, examining their
behavior through nonlinear time-history analysis. The material models for steel and
concrete examined by Serras et al. (2017) [97] are shown in Figure 7.

Bai et al. (2022) [98] examined the impact of strong earthquakes on high-rise steel
moment-resisting frames and concrete-filled tubular column frames. Over-design ground
motions from large earthquakes can cause severe damage to structural components. The
study used synthetic earthquake waves to assess the collapse criteria and deterioration
margins of 40-story steel and composite building structures. The results showed that steel
building experience collapse mechanisms in lower stories during very rare earthquakes,
while the composite frames have a higher margin against overall collapse.
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Additionally, the behavior of steel-reinforced concrete structures prestressed by bond-
ing tendons was investigated by Ji et al. (2023) [53]. Fifteen groups of specimens were
designed with various parameters. Finite element models were created using ABAQUS
software (https://www.3ds.com/products/simulia/abaqus) to analyze the structures un-
der axial forces and horizontal loads. The modeling method was validated by comparing
it with the experimental results. The examined composite structures satisfied the strong
columns, weak beams principle. The impact of several characteristics, such as ductility,
hysteretic curves, skeleton curves, energy dissipation capabilities, and stiffness degradation,
on seismic behaviors was investigated.

 

Figure 7. Dynamic inelastic analysis results showing maximum inter-storey drift ratios for a 10-storey
composite structure under seismic loading conditions (adapted from Serras et al. (2021) [96]).

Wu et al. (2023) [99] found that slip-permitted and uplift-restricted connectors sig-
nificantly enhanced the anti-cracking capabilities of reinforced concrete slabs. They used
numerical analysis and a sophisticated finite element model to analyze the seismic per-
formance of steel–concrete composite frames using these connectors. However, the lack
of research has limited their applicability in composite frames. The study emphasized
how crucial design elements are for maintaining structural integrity during seismic events,
including steel beam height, flange thickness, and connector arrangement length. Further-
more, Zhang et al. (2024) [100] proposed a composite frame with a high-strength steel-plate
wall core tube resilient structural system as a new high-performance structural system.
It is composed of a core tube with composite frames, interchangeable energy-dissipation
coupling beams, and double steel-plate–concrete composite shear walls. They showed how
the benefits of this novel system include decreased wall thickness, greater space utilization,
enhanced control over the drift ratio, less damage and stiffness degradation, and higher
seismic resistance to safeguard people and property.

Taking into account the impact of floor loads, Zhao et al. (2020) [101] examined the
seismic behavior of steel–concrete composite frames with large floor slabs. Three load
cases were tested on a two-story, two-bay composite frame: pushover, longitudinal cyclic
loading, and vertical floor loading. They examined strain distribution, mid-span deflection,
and the emergence of cracks in the floor slabs. They also covered force processes of the
composite frame, strength and stiffness degradation, load–displacement curves, energy
dissipation capacity, and failure events. They also showed that fractures in the welds
close to the external joint and the shear lag effect in the wide floor slabs affected the
deformation pattern and force mechanism of the composite frame. Additionally, in order
to evaluate the seismic risk and calculate the financial damages, Tondini et al. (2018) [102]
examined the seismic demand of a steel–concrete composite structure utilizing a high-
strength steel moment-resistant frame. Due to the intricate design of the building, a
thorough 3D probabilistic seismic demand study that took the angle of the earthquake into
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account was necessary. Mild steel beams and round, high-strength steel columns filled
with concrete made up the construction. There were several incremental dynamic analyses
and nonlinear 3D FE models. Taking into account a variety of factors and the randomness
of the impact angle, seismic fragility functions were constructed for damage and collapse
limit states. The significance of peak ground displacement in the probabilistic model was
demonstrated by the results.

Braconi et al. (2015) [103] discussed the results of a performance analysis on various
case studies, which are included in a final project report of a research project entitled OPUS.
The seismic performance of the structures was assessed using 2D nonlinear models, and
the structural behavior and collapse modalities were determined using pushover analysis
and incremental dynamic analysis. The study also used the incremental dynamic analysis
technique to identify the level of peak ground acceleration that activates collapse, and
the Ballio–Setti procedure was modified to account for frequency discrepancies. This
allowed for a comparison of the actual q-factor with the design standards. For the same
research project, namely OPUS, Badalassi et al. (2017) [104] analyzed the impact of material
properties on the seismic performance of steel and steel–concrete structures. Various lateral-
resisting systems and steel qualities were considered, with 15 structures designed. An
accurate probabilistic procedure was developed to estimate failure probability and a model
for the mechanical properties of European structural steel products was calibrated.

The seismic behavior of steel–concrete composite buildings designed with Turkish
design codes was investigated by Etli (2022) [105]. Composite moment-resisting frame
buildings with different numbers of stories were analyzed at high ductility levels. Nonlin-
ear static and dynamic analyses were conducted to assess the lateral response, over-strength
factors, and ductility factors. The examined composite frames exhibited excellent perfor-
mance, surpassing design expectations. Section deformation capacities were also evaluated
during dynamic and static analyses. Similarly, Etli (2023) [106] examined the seismic behav-
ior of steel concrete composite buildings where 5-, 10-, 15-, and 20-story framed structures
were designed using concrete-filled steel tube columns. The buildings were designed with
high ductility based on Turkish design codes regulations, and nonlinear static pushover
and incremental dynamic analyses were applied. The nonlinear analyses showed that the
composite framed structures had good performance, with high ductility and the ability to
absorb seismic energy through inelastic deformations.

Denavit et al. (2016) [107] examined structural system performance factors, such as
strength and ductility for steel–concrete composite moment frames under seismic loads.
They used new finite element formulations to analyze the behavior of composite moment
frames, where archetype frames were designed according to seismic codes specifications
and subjected to nonlinear static pushover and dynamic response history analyses to
determine performance factors. Moreover, Zhao et al. (2023) [108] investigated the seismic
performance of post-earthquake composite frame structures with varying damage levels.
Nonlinear time history analysis was conducted on a ten-story steel–concrete composite
frame, using peak ground acceleration (PGA) as a measure of seismic intensity and damage.
The structure was subjected to different PGAs in the first stage, resulting in three damage
levels. The analysis focused on inter-story drift ratios and plastic hinge ratios, which show
a uniform distribution pattern across the damage levels. The structure was deemed safe
based on residual inter-story drift ratios. The second stage examined the residual capacity
of the structure in strong earthquakes. The results revealed that pre-existing damage could
increase lateral deformation and reduce resistance capacity.

The performance of composite frames with circular concrete-filled steel tube columns
attached to composite beams made of steel and concrete was studied by Ding et al.
(2018) [109] under axial and lateral stresses. The effects of the beam-to-column stiffness
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ratio, axial compression ratio, and stiffness ratio on seismic performance were examined
through the testing of seven frames. Discussions were held regarding the experimental find-
ings, which included ductility, energy dissipation capacity, load–deformation responses,
damage development, and stiffness degradation. Additionally, a finite element approach,
considering geometrical and material nonlinearity, was developed and validated against
the experimental results. Etli and Güneyisi (2021) [110] investigated the performance of
steel–concrete composite buildings under earthquake loads with different numbers of
stories and different, according to Eurocode 8 regulations, ductility levels. SeismoStruct
software (https://seismosoft.com/products/seismostruct/) was used for design and per-
formance assessment, utilizing nonlinear static pushover and incremental dynamic anal-
yses. They analyzed the effects of ductility and the number of stories on the seismic
performance of the buildings, finding that all structures had behavior factors higher than
the design assumptions, particularly those in the medium ductility class.

Zhao (2016) [111] proposed a simplified approach for analyzing and evaluating the
performance of steel and concrete composite frames under extreme loads, such as earth-
quakes. The study focused on a four-story two-bay underground composite frame. The
nonlinear behavior of composite members was characterized to establish a macro-model
for the frame. The pushover method was applied to determine the lateral force VS. top
horizontal displacement. A method for identifying damage in composite frames was pro-
posed, and the damage evolution of the case study frame was analyzed. The failure mode
was attributed to substantial damage in the bottom CFST columns, and the seismic perfor-
mance of the frame with high-strength steel was compared to that with ordinary strength
steel, showing improved lateral resistance and elasticity. Furthermore, the test results of
two steel–concrete composite frame specimens with encased CFST columns subjected to
cyclic loading were analyzed by Wang et al. (2017) [112] using fiber beam-column elements.
Parameters, such as column slenderness ratio, axial compressive ratio, and reinforcement
ratio, were studied. Hysteretic models for composite frames were proposed based on
parameter analysis, showing favorable energy-dissipating capacity.

Skalomenos et al. (2015) [113] tested a family of 96 regular plane CFT-MRFs using
different ground motions to create a response databank. Using regression analysis, they
derived simple formulas to estimate the strength reduction factor, ductility demands, drift,
and seismic displacements. Several factors, such as the number of stories, stiffness ratio,
strength ratio, deformation, and material strengths, were studied. The formulas can be
used in seismic design methods and allow for the assessment of existing structures as well
as for the design of new ones based on deformation.

7.2. Seismic Performance of Composite Buildings: Key Findings

Examining the seismic performance of steel–concrete composite buildings, these struc-
tures appear to have, in comparison with steel or reinforced concrete structures, enhanced
ductility, increased stiffness, improved strength, enhanced damping characteristics, effec-
tive load transfer, reduced structural weight, enhanced performance of beam–column joints,
beneficial composite floor systems, and the importance of proper detailing. Composite
buildings exhibit improved energy dissipation, reduced lateral deflections, higher strength
capacity, superior damping properties, efficient load transfer, lighter structures, improved
behavior under cyclic loading, and effective distribution of lateral loads. Proper detailing,
especially in critical areas, is crucial for the seismic performance of these buildings.

The development of comprehensive performance-based design approaches for steel–
concrete composite structures in seismic zones represents a critical challenge at the intersec-
tion of structural engineering, materials science, and advanced computational modeling.
The complexity stems from the multifaceted nature of composite systems, which exhibit in-
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tricate material interactions and nonlinear behavioral characteristics under seismic loading
conditions. Traditional design methodologies have predominantly relied on prescriptive
approaches that often fail to capture the nuanced response of composite structural elements
to dynamic loading scenarios [114].

The fundamental limitation of current design frameworks lies in their inability to
fully incorporate the inherent variability of material performance and structural response
across different seismic intensities and loading configurations. Composite structures
present unique challenges due to the differential mechanical properties of steel and con-
crete, including their distinct elastic moduli, thermal expansion coefficients, and strain
compatibility characteristics. These differences generate complex stress transfer mecha-
nisms that are not adequately addressed by conventional linear elastic analysis methods
(Duan et al., 2022) [22].

Advanced numerical modeling techniques have emerged as a promising avenue for
developing more sophisticated performance-based design approaches. Finite element
analysis and multi-scale modeling techniques enable more precise characterization of
the nonlinear behavior of composite structural elements. These computational methods
allow for more sophisticated predictions of local and global structural responses, including
the complex interactions between steel and concrete components under cyclic loading
conditions [115]. The integration of machine learning algorithms with advanced numerical
modeling has further expanded the potential for developing more adaptive and context-
specific design methodologies.

Developing performance-based design guidelines requires a comprehensive under-
standing of the dynamic response characteristics of composite structures across various
scales. This necessitates a holistic approach integrating experimental investigations, ad-
vanced numerical modeling, and probabilistic risk assessment techniques. Researchers
have increasingly focused on developing hybrid modeling approaches that combine ex-
perimental data with sophisticated computational methods to generate robust predictive
frameworks (Li and Xu, 2023) [116]. These approaches aim to bridge the existing knowledge
gaps in understanding the complex behavior of composite structures under seismic loading.

One of the most significant challenges in developing performance-based design ap-
proaches is the characterization of higher mode effects and torsional responses in composite
structural systems. Traditional design methodologies often simplify these complex dy-
namic interactions, potentially leading to significant discrepancies between predicted and
actual structural performance. Advanced modal analysis techniques have demonstrated
the critical importance of considering multi-modal responses, particularly in tall and irreg-
ularly configured composite structures [117–119]. These investigations reveal that higher
mode effects can significantly influence the overall seismic response, introducing additional
complexity beyond fundamental mode considerations.

The implementation of performance-based design approaches requires a fundamental
reimagining of design methodologies that move beyond prescriptive code-based require-
ments. This paradigm shift necessitates the development of more sophisticated perfor-
mance metrics that can comprehensively evaluate structural response under various seismic
loading scenarios [120]. Such metrics must account for not only ultimate limit states but
also serviceability requirements, considering various factors, such as residual deformation,
energy dissipation capacity, and long-term structural integrity.

Recent advances in sensing and monitoring technologies have opened new avenues
for developing more dynamic and adaptive performance-based design approaches. Smart
sensor systems and real-time monitoring capabilities enable more precise characterization
of structural behavior, providing unprecedented insights into the actual performance of
composite structures during seismic events [121,122]. These technologies facilitate a more
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nuanced understanding of structural response, allowing for more targeted and context-
specific design interventions.

The path toward comprehensive performance-based design methodologies for steel–
concrete composite structures requires a multidisciplinary approach that integrates ad-
vanced computational techniques, experimental investigations, and innovative monitoring
technologies. Future research must focus on developing more sophisticated modeling
frameworks that can capture the complex material and structural interactions unique to
composite systems [123]. This will necessitate continued investment in advanced com-
putational resources, experimental facilities, and interdisciplinary research collaborations
that can address the multifaceted challenges inherent in the seismic design of composite
structures [124].

7.3. Contextual Variability in the Seismic Performance of Composite Structures

The complexity of seismic performance in steel–concrete composite structures ne-
cessitates a critical examination of the inherent variability across different geological,
geographical, and structural contexts [108]. While this review synthesizes comprehen-
sive research findings, it is paramount to acknowledge that the behavioral characteristics
of composite structures are profoundly influenced by a multitude of site-specific factors
that cannot be universally generalized. Geological conditions, including ground motion
characteristics, soil properties, and local seismic hazard profiles, play a crucial role in
determining structural response that extends beyond standardized design parameters [125].
Regional variations in construction practices, material quality, and local building codes
introduce additional layers of complexity that significantly affect the seismic performance
of composite systems [126]. For instance, the same structural design may exhibit markedly
different responses in regions with varying tectonic environments, such as subduction
zones versus transform fault boundaries. Furthermore, micro-level variations in material
composition, fabrication techniques, and construction quality can introduce substantial
uncertainties that are challenging to predict through generalized analytical models [127].
The interaction between structural geometry, connection detailing, and local seismic load-
ing conditions creates a dynamic system where small variations can lead to significantly
divergent performance outcomes [128]. These contextual nuances underscore the impor-
tance of site-specific investigations and the limitations of broad, generalized conclusions.
Researchers and practitioners must approach composite structural design with a nuanced
understanding that recognizes the inherent complexity and site-specific nature of seismic
performance. This approach demands a more sophisticated methodology that integrates
local geological data, advanced numerical modeling, and comprehensive experimental
validation to develop truly robust and context-sensitive design strategies for steel–concrete
composite structures in seismic regions [110].

8. Composite Construction and Foundation Seismic Design

8.1. Composite Construction and Foundation Seismic Design: State-of-the-Art

Seismic design of foundations for steel–concrete composite buildings is crucial for
ensuring safety during earthquakes. The process involves analyzing the dynamic response
of the structure, considering factors, like frequency and resonance. Deep foundations, like
piles or caissons, may be used to transfer loads to stable soil layers. Measures, like base
isolation and energy dissipation devices, help mitigate ground motion effects. The stiffness
and strength of the foundation are important for overall seismic performance. Design codes
and standards provide guidelines, emphasizing capacity design principles to ensure plastic
deformations occur in predetermined locations. Overall, a comprehensive understanding of
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soil–structure interaction, material behavior, and dynamic analysis techniques is necessary
for creating resilient structures that can withstand seismic events.

Abbas et al. (2021) [129] developed two column-to-foundation connections for square
CFT columns. Experimental and numerical assessments were conducted, comparing the
connections with existing ones for their inelastic deformation capacity when subjected
to cyclic loading. The results demonstrate the efficient and improved behavior of the
suggested connections, with the numerical models accurately predicting the experimental
response. Similarly, Khateeb et al. (2020) [130] introduced two new and efficient connections
for connecting concrete-filled steel tube (CFST) columns to reinforced concrete foundations.
The connections were designed to withstand seismic loading and were tested against
conventional CFT and reinforced concrete column-to-foundation connections. The results
showed that the proposed connections performed better. Finite element models accurately
predicted the behavior of these connections, as confirmed by the experimental results.

Serras et al. (2021) [131] examined the use of concrete-filled steel tube piles in deep
foundation systems under seismic and cyclic loads. They found that composite piles ef-
fectively mitigate damage in hard-to-reach areas, such as the pile heads and deep depths.
Controlled loading analyses and seismic-intensity analysis confirmed the capacity margins
of the composite pile system. They also discussed the damage patterns, displacement
profiles, and residual displacement of composite piles compared to concrete piles. The
results showed that composite piles exhibited 40% less damage on average than rein-
forced concrete piles. Moreover, Zhou et al. (2015) [132] examined the mechanical prop-
erties of reinforced concrete and steel–concrete composite members under seismic loads,
specifically in the context of elevated pile-group foundations used in bridge and ocean
engineering. Four scale-specimens were created and tested, comparing their seismic per-
formance. The results showed that the composite specimens had higher peak strength,
higher ultimate displacement, and higher energy dissipation capability than the reinforced
concrete specimens.

Wang et al. (2020) [133] focused on steel-plate composite walls and their connections
to foundations. Eight large-scale specimens were tested to examine the behavior of com-
posite wall-to-foundation connections under axial compression and cyclic lateral force.
The specimens were tested in different loading directions and using different connection
construction details and aspect ratios. The results showed that the lap splice connection
was stronger, while the embedding connection allowed for more ductility. The current
expressions for load-carrying capacities were found to be underestimated. Similarly, Vakili
Sadeghi et al. (2022) [134] demonstrated how a baseplate and eccentric anchors could
be used to attach steel-plate composite walls to a concrete basemat. Direct force transfer
from the wall to the anchors was made possible by the connection of the anchors to the
bottom of the faceplates, which eliminated the baseplate from the force transmission chain.
LS-Dyna software (https://lsdyna.ansys.com/) was used to verify three test walls. It was
discovered that the split-baseplate connection with concentric anchors was more resilient
than the other connections. Kurt et al. (2016) [135] examined the direct shear behavior of
rebar-coupler anchor systems used in nuclear reactors to secure steel-plate composite walls
to the concrete basemat. The anchor specimens were subjected to extensive testing up to
failure. The results showed the load–slip displacement responses, direct shear strength,
and failure mode. It was found that the American Concrete Institute (ACI) 349 code equa-
tion underestimated the shear strength because it assumed that failure occurred in the
rebars, while in reality, it happened in the couplers. An updated design equation using
the net shear area of the couplers improved the accuracy of calculating shear strength. An
empirical model for the shear force vs. slip displacement response of rebar-coupler anchor
systems was also proposed with the use of experimental data. Analytical models were
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developed by Siddiqui et al. (2024) [136] to determine the minimum depths required for
connecting circular and square concrete-filled steel tubular columns. The pullout capacity
of the reinforced concrete footing, which was reliant on the strength of the footing concrete,
reinforcement, and cement grout, was equivalent to the pullout strength of the tube in the
models. These models were used to calculate the optimal depths for composite columns
using the Monte Carlo simulation technique. The second connecting scheme showed signif-
icant improvements over the first scheme, with 37.3% and 45.2% reduced embedment depth
for circular and square composite columns, respectively. Additionally, to address concrete-
filled steel tube column damage during seismic load, Feng et al. (2024) [137] suggested a
rubberized concrete-filled corrugated steel tube composite column–foundation connection.
Experimental studies confirmed improved ductility and energy dissipation. The results
showed sufficient connection strength under seismic load and proposed seismic design
methods using a side shear database to inform future column–foundation connections.

Li et al. (2020) [138] examined the structural behavior of double-pile foundations
under cyclic loads. The effects of inclination angles and the embedment depths of unequal-
height concrete-filled steel tube piles on failure modes, ductility, stiffness, strength, and
energy dissipation capacity were evaluated. Battered piles increase loading capacity and
energy dissipation but decrease deformation capacity and ductility. Unequal heights of
battered composite piles can lead to premature failure of the shorter pile. Unequal heights
also decreased the deformation capacity of the foundation. Won et al. (2020) [139] examined
a steel composite hollow reinforced concrete column, characterized by an inner tube within
the hollow section, which required innovative connecting techniques for the column–
footing joint segment. They introduced three novel connecting methods, which were
assessed through experimental and finite element analysis investigations. Subsequently,
upon identification of an effective connecting method for column footing joints, it was
implemented in large-scale test specimens to validate and assess its performance.

An analysis of composite pile performance was conducted by Thusoo et al. (2021) [140],
comprising a comprehensive dataset of 79 bending tests, which facilitated the comparison
of observed bending moment capacities against theoretical predictions derived from vari-
ous design guidelines. However, the assessment of composite pile behavior necessitates
consideration of drift capacity predictions for a more thorough evaluation. To address
this requirement, researchers developed and validated a computationally optimized fiber-
based model suitable for nonlinear static analysis. This analytical framework incorporated
the primary failure mechanisms characteristic of composite piles, specifically addressing
concrete compressive failure and steel casing local buckling phenomena. Furthermore,
Stephens et al. (2016) [141] focused on the seismic behavior of the embedded ring concrete-
filled steel tube connections, which allows for accelerated bridge construction and sustains
minimal damage during large inelastic deformations caused by earthquakes. Practical
design expressions and a design example were provided for implementing the research
findings. Furthermore, Wang et al. (2024) [142] focused on the seismic performance of
reinforced thin-walled irregular steel tube concrete frame structures after a fire, considering
soil–structure interaction. Finite element models were established using ABAQUS software
(https://www.3ds.com/products/simulia/abaqus). The analysis evaluated the effects of
site conditions and fire duration on various structural parameters. The results showed
that soil–structure interaction increased the natural vibration period by 10–30%. The ac-
celeration for structures on softer soil with longer fire durations was higher compared to
assuming a rigid foundation. Inter-story shear force and inter-story displacement angle
also increased with soil–structure interaction, especially with longer fire duration, larger
seismic wave amplitude, and softer soil.
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8.2. Composite Construction and Foundation Seismic Design: Key Findings

The seismic design of steel–concrete composite building foundations requires con-
sideration of soil–structure interaction. Adequate stiffness and strength in the foundation
system prevent excessive deformation. Proper connection between the superstructure
and foundation is crucial for effective load transfer. Foundation type should align with
site conditions and building characteristics. Energy dissipation mechanisms reduce seis-
mic demands. Composite action enhances overall performance but requires attention to
connection details. Nonlinear behavior of both foundation and superstructure should be
considered, and performance-based design approaches can be used to optimize foundations
in highly seismic regions.

9. Seismic Isolation and Energy Dissipation Devices for
Composite Structures

9.1. Seismic Isolation and Energy Dissipation Devices for Composite Structures: State-of-the-Art

Two common strategies employed to improve the performance of steel–concrete com-
posite buildings and minimize their damage during seismic events are seismic isolation
and supplementary dampers. Seismic isolation entails the introduction of a flexible layer
between the composite building and its foundation to isolate the structure from ground
motion. On the other hand, supplementary dampers work by dissipating energy during
seismic events, thereby reducing acceleration and displacement demands on composite
structural elements. The combination of these techniques offers numerous benefits for
steel–concrete composite buildings, including enhanced strength, ductility, and flexibility.
Extensive studies, simulations, and practical applications have demonstrated the effective-
ness of seismic isolation and supplementary dampers. By optimizing the integration of
these systems, engineers can create resilient and secure composite structures capable of
withstanding seismic loads and improving overall performance in earthquake-prone areas.

Darwish and Bhandari (2022) [143] examined the effectiveness of high-rise compos-
ite buildings with base isolation in reducing seismic response during earthquakes. Two
base-isolated steel–concrete buildings with twelve- and fifteen-story levels were analyzed,
using lead rubber-bearing isolators for base isolation. Composite base-isolated buildings
were compared to fixed-base composite and reinforced concrete counterparts. Seismic
responses were evaluated using the response spectrum method for the highest seismic
zone according to the Indian Code. The results showed that base isolation with lead rubber-
bearing isolators reduces overall seismic responses of composite buildings by 50–60%. The
15-story building demonstrated higher effectiveness. Base-isolated composite buildings
had approximately 50% less story drift and displacements compared to reinforced concrete
buildings. Similarly, a comparative analysis of the seismic responses of three different
building types, namely reinforced concrete buildings, fixed-base composite buildings, and
base-isolated composite buildings using lead rubber-bearing base isolators, was investi-
gated by Darwish and Bhandari (2022) [144]. They indicated that the integrated application
of base isolation and composite building in base-isolated composite buildings results in
superior overall performance compared to reinforced concrete and fixed-base composite
buildings, particularly in three-, six-, and nine-story buildings. Furthermore, the study
revealed that fixed-base composite buildings outperform reinforced concrete buildings
across all three levels of stories, highlighting the suitability of base-isolated composite
buildings for high-rise, mid-rise, and low-rise buildings.

Li and Fa (2023) [145] investigated alternative dissipative systems in composite steel–
concrete frame structures. An experiment evaluated the mechanical properties of three
plate flanges with different parameters and power factors under various cyclic loadings.
The examined systems demonstrated high resistance and the ability to dissipate seismic
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vibration energy. Similarly, Kanyilmaz et al. (2019) [118] evaluated the effectiveness of a
standard multi-story building with a steel–concrete composite frame designed with and
without structural fuses using nonlinear transient dynamic analysis. Numerical models
were created using a distributed plasticity approach. These models were adjusted based on
experimental data from the literature. The study quantified global response parameters
including energy dissipation, base shear, and inter-story drifts.

Li et al. (2021) [146] developed a protective system for composite buildings using
buckling-restrained braces (BRBs) and viscous dampers (VDs) to address the combined
threat of earthquakes and winds. They investigated the effectiveness and design parame-
ters of these devices by employing the fragility function method. The results showed that
the hybrid-damped frame (HDF) is effective in withstanding multiple hazards, and that
the energy dissipation contributions of VDs and BRBs vary based on the hazard intensities.
Zhuang et al. (2022) [147] experimentally studied the seismic behavior of eccentrically
braced composite frames with vertical shear links. The use of low-yield-point steel in
the shear links was found to enhance seismic performance. The eccentric bracing system
increased the stiffness, strength, and energy dissipation capacity of the composite frame
without affecting force conditions on primary beams and columns. However, strain hard-
ening of the low-yield-point steel resulted in severe damage to the concrete slab in the
middle segment of the primary beam. Similarly, Javaid and Verma (2023) [148] evaluated
the impact of buckling-restrained braces and viscous dampers on the seismic performance
of asymmetrical composite frames. Both devices effectively reduced seismic response,
with viscous dampers being more efficient in reducing period and base shear by 65–73%
and 80–90%, respectively. Buckling-restrained braces performed better in reducing max-
imum overturning moments. Implementing both devices reduced inter-story drift ratio
and horizontal displacement, but increased compression force on columns by 20–25% for
buckling-restrained braces and 15–22% for viscous dampers. Viscous dampers were found
to be more effective.

Guo and Wang (2023) [149] examined a dual system consisting of a double-skin CFT
frame and metallic dampers. The energy distribution along the height was analyzed
using nonlinear models validated by test results. They found that the metallic damper
absorbed significant energy under seismic loads, whereas a semi-rigid connection harmed
the column. A method to estimate energy distribution in the dual system was developed,
providing valuable insights for future applications.

Zhuang and Zhao (2022) [150] analyzed the seismic performance of an eccentrically
braced composite frame with a low-yield-point steel shear link. A theoretical and finite
element model is used to understand the structural mechanics and energy dissipation
mechanisms. Various design parameters were investigated to determine their impact on
the system’s mechanical properties. Additionally, recommended design parameter values
were provided.

Furthermore, Thakur and Tiwary (2023) [151] examined the seismic response of com-
posite structures integrated with fluid viscous dampers and base isolation. They evaluated
the seismic performance of composite structures using finite element analysis. The results
showed that integrating fluid viscous dampers and base isolation reduces the structural
response to seismic events. A synergistic combination of fluid viscous dampers and base
isolation outperforms their individual use.

A new type of shear panel dampers with bent web panels, installed in composite
frames to enhance stiffness and strength was examined by Zhao et al. (2022) [152]. Unlike
traditional dampers, BSPDs minimize bending moments on the primary beam, reducing
damage to the concrete slab. Experimental and numerical investigations confirmed their
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ductile behavior and energy dissipation capacities. Design recommendations included
using low-yield-point steel and link flanges to increase deformation capacity and efficiency.

Li et al. (2020) [153] presented analytical studies and experiments on blind-bolted
end plate CFT composite frames with buckling-restrained braces. Pseudo-dynamic tests
on two 2/3-scaled two-story composite frames with buckling-restrained braces showed
good hysteretic behavior and high ductility. The moment capacity, rotation capacity, and
mathematical model of a composite joint were analyzed and modified. The shear force–
deformation relation of a CFT panel zone was checked. A macroscopic finite element model
showed that buckling-restrained braces provide lateral stiffness and resistance under small
earthquakes and dissipate energy under severe earthquakes. This model is part of the
OpenSees program (https://opensees.berkeley.edu/).

Kastimpini et al. (2024) [154] conducted a comprehensive investigation of a cable-
stayed bridge featuring concrete-filled steel tube pylons and an innovative seesaw system
for seismic protection. The geometry of the problem is shown in Figure 8. Through detailed
finite element modeling and extensive parametric studies, they evaluated the system’s
effectiveness in mitigating seismic demands under various earthquake scenarios. Their
analysis incorporated soil–structure interaction effects across different soil conditions and
foundation types, demonstrating the system’s capacity to reduce deck displacements, pylon
base shear, and cable forces. Furthermore, Katsimpini (2025) [155] investigated the seismic
performance of two-, four-, and six-story composite buildings with viscous wall dampers
using concrete-filled steel tubular columns and steel beams. Their work assessed dampers’
effectiveness through nonlinear time history analyses. The results showed reduced inter-
story drift ratios and peak floor accelerations, validating the dampers’ integration in
mid-rise structures. The behavior and bearing capacity of composite members were based
on Ref. [156]. Furthermore, the influence of multiple earthquakes and soil flexibility on
the structural response have been examined in Ref. [157]. The results show that multiple
ground motions increase demands compared to single events. Incorporating soil–structure
interaction reduces drift and accelerations but increases displacements.

 

Figure 8. Innovative seismic protection system for composite bridges utilizing a seesaw-type energy
dissipation mechanism, demonstrating advanced structural resilience techniques (adapted from
Katsimpini et al. (2024) [154]).

Javaid and Verma (2023) [158] examined the effectiveness of buckling-restrained braces
and viscous dampers in enhancing the seismic performance of composite buildings during
earthquakes. Steel–concrete composite frames were analyzed with and without these
devices. The results showed that viscous dampers were more efficient, especially when
placed in center bays for regular buildings and corner bays for C- and L-shaped composite
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buildings, reducing period, maximum story displacement, base shear, and maximum inter-
story drift significantly, and making them a great option for mid-rise composite buildings.

9.2. Seismic Isolation and Energy Dissipation Devices for Composite Structures: Key Findings

Seismic isolation and supplementary dampers enhance the performance of steel–
concrete composite buildings during earthquakes. They reduce structural damage and
improve occupant safety by decoupling the composite building’s movement from ground
motion and dissipating seismic energy. Base isolation systems elongate the composite
building’s natural period, decreasing inter-story drifts, floor accelerations, and structural
demand. Supplementary dampers provide additional energy dissipation capacity. The
combination of isolation and dampers offers synergistic benefits, leading to cost savings.
Composite buildings with these systems exhibit improved ductility, energy dissipation,
and seismic resilience. Design considerations include the interface between isolated and
non-isolated portions and the proper integration of dampers. Analysis and design are
crucial to maximize the benefits for each project.

10. Progressive Collapse Resistance of Composite Structures

10.1. Progressive Collapse Resistance of Composite Structures: State-of-the-Art

Progressive collapse in composite structures, especially steel–concrete composite
buildings under seismic loads, is a complex phenomenon that has received considerable
attention in structural engineering. This form of collapse occurs when localized damage
triggers a chain reaction of failures, potentially leading to disproportionate and catastrophic
structural collapse. The interaction between steel and concrete elements in composite
buildings plays a crucial role in their seismic performance. During earthquakes, these
structures experience intense lateral forces and dynamic loading, which can cause steel
members to yield and the concrete to crack or be crushed. The composite action between
steel and concrete has the potential to improve overall structural ductility and energy
dissipation capacity, thereby potentially reducing the risk of progressive collapse. However,
the behavior of connections between composite elements, load redistribution mechanisms,
and the potential for sudden failure of key structural components are critical factors that
must be carefully considered in the design and assessment of these buildings to ensure
their resilience against progressive collapse under seismic conditions.

Zandonini et al. (2019) [159] focused on steel–concrete composite frames in the event
of column loss. Two geometrically distinct three-dimensional composite full-scale substruc-
tures were selected from reference buildings and tested to simulate the column collapse
scenario. They outlined the preparatory studies, the main features of the specimens, and the
results of the initial test. The test provided insight into the need for an improved design of
joints and emphasized key aspects of the response of the floor system. Additionally, static
tests on six two-story three-span composite frames with CFST columns were conducted
by Zheng et al. (2022) [160] under a penultimate column removal scenario. The effects of
weld-bolted connection and RC slab on progressive collapse resistance were analyzed. The
results showed that the torsion in steel beams at the directly affected region was reduced
for frames with composite beams. Differences in failure modes were observed between
the penultimate and middle-column removal scenarios. It was also found that frames with
weld-bolted connection had lower resistance but multiple protection measures against
progressive collapse.

Zheng et al. (2022) [161] initially presented a fiber-based model that incorporates
nonlinear beam-column elements and zero-length elements to account for the composite
relationship between the slab and beam, as well as the material’s damage evolution for
composite members. Then, the suggested modeling method was applied to an anti-collapse

202



Appl. Sci. 2025, 15, 3715

analysis of composite frames with various connections. Additionally, design suggestions
obtained through parameter analysis were provided to prevent the development of a
chain reaction. Furthermore, a multi-scale model was used by Wang et al. (2017) [162]
to study the collapse performance of CFT column-to-steel beam connections. Nonlinear
static and dynamic analysis methods were used to reveal resistance mechanisms, failure
modes, and stress distribution of joints. The results showed that these joints could prevent
progressive collapse by forming resistance mechanisms and providing alternate load paths.
The adjacent framework also enhanced the anti-collapse ability of the joints.

Papavasileiou and Pnevmatikos (2017) [163] examined the use of steel cables for
retrofitting steel–concrete composite buildings to prevent progressive collapse. They also
investigated the impact of the building’s characteristics on the overall cost of retrofitting to
identify the best cost-effective approach for each scenario. To achieve this, an optimization
algorithm known as Evolution Strategies was used to determine the solution that offers the
desired performance at the lowest cost. Furthermore, Wang and Li (2023) [164], examining
composite structures consisting of CFT columns and H-shaped steel beams, compared six
beam–column connections for collapse resistance during a middle-column loss scenario.
While the connections showed minimal differences under normal conditions, they vary
greatly under extreme loads. A design concept to improve collapse capacity was proposed
and validated through finite element analysis. Characteristic results using ABAQUS
software (https://www.3ds.com/products/simulia/abaqus) are shown in Figure 9.

Figure 9. Finite element model of structural connections analyzing collapse resistance mechanisms in
composite structural systems (adapted from Wang and Li (2023) [164]).

Bai et al. (2017) [165] discussed the seismic collapse capacity for the case of high-rise
CFT moment-resisting frames subjected to extreme earthquakes beyond design levels.
Ground motions with a flat velocity spectral shape were selected to minimize record-to-
record uncertainty. A numerical approach using fiber elements with stiffness and strength
degradation in stress–strain models was developed. Incremental dynamic analyses were
conducted to assess the P-Delta and degradation effects on local and global collapse
mechanisms. The results showed drift concentration at lower stories triggering side-sway
collapse controlled by post-buckling strength deterioration of CFT columns. Moreover,
Wang et al. (2020) [23] concentrated on the ability of composite building structures to
withstand accidental loads, such as earthquakes, fires, or explosions, by depending on the
beam and catenary mechanisms of steel beams to prevent collapse. They also examined a
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concrete-filled square steel tubular column attached to a steel beam with a bolted–welded
hybrid joint in a scenario where the central column was eliminated. They computed the
collapse resistance and mechanism under vertical loads, demonstrating that the steel beam
can still provide resistance even after the failure of a short-span beam. They recommended
the utilization of a welded haunch joint to enhance collapse resistance, offering valuable
insights for engineering design to avert progressive collapse.

A numerical simulation method was proposed by Zheng and Wang (2022) [166] to
integrate multi-scale element modeling with simplified beams and columns, reducing
modeling elements and increasing computing efficiency. This method allowed for the
accurate simulation of material damage and fractures in critical areas. Testing on CFST
column composite beam frames showed that the new simplified multi-scale modeling
approach was efficient and accurate. Different column-loss scenarios and the number of
stories were studied to improve the composite frame’s resistance to progressive collapse.
Two improvement alternatives were proposed and analyzed to strengthen the frame’s
capacity. Wang et al. (2021) [167] simulated the hysteretic behavior on a single-story, single-
span frame with concrete-filled steel tube columns and prestressed concrete-encased steel
beams. Parameters for stiffness degradation, strength degradation, and pinching behavior
were determined. An analytical model was developed for out-jacketing frames with single-
span, multi-story layouts. Seismic response analysis was conducted for different seismic
fortification levels, with the results showing that certain frames needed improvements for
seismic resistance. The mechanical behavior and collapse potential of out-jacketing frames
were determined from the findings of the nonlinear time-history analysis, leading to the
development of pertinent seismic design recommendations.

10.2. Progressive Collapse Resistance of Composite Structures: Key Findings

Seismic loads pose a significant risk for progressive collapse in steel–concrete com-
posite structures, making it a critical concern in structural engineering. Research has
demonstrated that composite buildings generally outperform traditional steel or concrete
structures due to their increased stiffness and strength. However, the interaction between
steel and concrete components can result in intricate failure mechanisms. It has been found
that proper detailing of connections, particularly beam-to-column joints, is essential for
preventing localized failures that could initiate progressive collapse. The utilization of
composite action can greatly enhance the overall system ductility and energy dissipation
capacity, thereby reducing the likelihood of unbalanced failure. Furthermore, recent studies
have emphasized the importance of considering dynamic amplification effects during seismic
events, as they can exacerbate the potential for progressive collapse. Moreover, incorporating
redundancy and alternate load paths in the design process has been shown to bolster the
resilience of composite structures against progressive collapse under seismic loads.

11. Optimal Design Strategies for Earthquake-Resistant
Composite Buildings

11.1. Optimal Design Strategies for Earthquake-Resistant Composite Buildings: State-of-the-Art

Achieving the optimal design of earthquake-resistant composite buildings involves
a complex interplay of structural engineering principles, material science, and seismic
analysis. Strategies for designing cost-effective steel–concrete composite structures aim to
strike a balance between safety, performance, and economic efficiency. These strategies
typically focus on optimizing the distribution of steel and concrete elements to maximize
strength and ductility while minimizing material usage. Advanced analysis techniques,
including nonlinear dynamic analysis and performance-based design, are often utilized to
evaluate and enhance the seismic response of composite buildings. The ultimate goal is to
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create structures that can withstand earthquake forces while maintaining occupant safety
and minimizing structural damage, all within reasonable cost constraints.

Papavasileiou et al. (2020) [168] compared the cost-effectiveness of three seismic
retrofit methods for framed structures with composite columns that did not meet building
codes. The first two methods involved strengthening individual composite columns with
reinforced concrete jackets or steel cages. The third method upgraded the building frame by
adding steel bracings. A specialized optimization procedure was used to minimize retrofit
material costs while meeting the design requirements. Thirty cases of under-designed
composite buildings were analyzed, revealing the most cost-effective retrofit approach
for different conditions. Similarly, Papavasileiou and Charmpis (2020) [169] examined
the cost-effectiveness of seismic buildings with pure steel or steel–concrete columns us-
ing a structural optimization process for unbiased comparison. An Evolution Strategies
algorithm minimized material cost while meeting safety provisions from Eurocodes 4 and
3 and considering seismic behavior. The results from 154 optimization runs suggested
the benefits of using concrete to partially replace steel in column designs for earthquake-
resistant structures.

Moreover, Papavasileiou and Charmpis (2016) [170] focused on optimizing the de-
sign of earthquake-resistant multi-story composite buildings with steel–concrete columns.
The composite columns consist of steel members fully encased in concrete, along with
steel beams and optional steel bracings. The goal was to minimize materials costs while
meeting design code constraints, including Eurocodes. The optimization procedure in-
cluded constraints on member capacity, inter-story drifts, and top-story displacements, as
well as limits on the fundamental period. The Evolution Strategies algorithm was used
to solve the optimization problem and was linked with structural analysis software for
evaluation purposes.

Lin and Zhang (2023) [171] introduced a practical method for life-cycle cost analysis
for composite structures, combining the economic loss rate with probabilistic seismic
demand modeling. A framework using a multi-objective cuckoo search algorithm was
proposed for seismic design optimization. An eight-story composite frame prototype
was used to compare design alternatives. The over-strength factor was identified as
critical for construction, seismic damage, and life-cycle costs. Improved fiber models were
developed to evaluate spatial composite effect on designs using the OpenSees software
(https://opensees.berkeley.edu/). It was found that certain design parameters, like over-
strength factor and flexibility, significantly affected costs.

Moreover, Kamaris et al. (2016) [172] developed a seismic optimization framework for
composite structures through an extensive parametric study of steel–concrete composite
moment-resisting frames with steel I-beams and CFT columns. Based on thousands of
nonlinear dynamic analyses under various ground motions, they established empirical
expressions for estimating maximum seismic damage using four damage indices. Their
optimization process considered multiple parameters, including story count, beam strength
ratio, and material properties, to develop efficient damage prediction formulas. The
optimization procedure is shown in Figure 10.
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Figure 10. Optimization strategies for composite frames using advanced damage control procedures,
illustrating performance enhancement methodologies (adapted from Kamaris et al. (2016) [172]).

Kaveh et al. (2022) [173] introduced a performance-based optimization design for
steel–concrete composite MRFs (moment-resisting frames) using a Chebyshev chaotic
map-based optimization algorithm. The study focused on 8-story and 20-story frames to
minimize total weight and enhance seismic performance. The process included obtaining
top designs, nonlinear pushover analysis, fragility curve plotting, and damage-margin ratio
calculation to identify the optimal design for each frame, highlighting improved efficiency
in weight reduction and seismic behavior assessment.

11.2. Optimal Design Strategies for Earthquake-Resistant Composite Buildings: Key Findings

Recent investigations have indicated that optimized composite systems frequently
outperform traditional single-material structures in both cost-effectiveness and seismic
resistance. The strategic arrangement of steel and concrete, in conjunction with innovative
connection designs, can significantly enhance a building’s ability to dissipate energy during
earthquakes. Additionally, research has underscored the importance of considering the
entire life cycle of the composite structure, including construction, maintenance, and poten-
tial retrofitting costs, in the optimization process. These findings highlight the potential for
composite structures to offer superior seismic performance while achieving cost savings,
making them an attractive option for earthquake-prone areas.

12. Seismic Performance of Steel–Concrete Composite Bridges

12.1. Seismic Performance of Steel–Concrete Composite Bridges: State-of-the-Art

Composite bridges, which integrate steel and concrete elements, have gained popu-
larity in modern infrastructure due to their effectiveness and adaptability. These bridges
capitalize on the advantages of both materials, with steel providing tensile strength and con-
crete offering compressive resistance. When exposed to seismic loads, composite bridges
display intricate behavior that necessitates thorough analysis and design considerations.
The interaction between steel and concrete components under dynamic loading can re-
sult in distinct stress distributions and energy dissipation mechanisms. Factors, such
as shear connectors, deck–girder interactions, and material nonlinearities, significantly
influence the overall seismic performance of these bridges. Understanding the behavior
of composite structures during earthquake conditions is crucial for developing resilient
design approaches and ensuring the safety of bridge infrastructure in seismically active
areas. Ongoing research in this field aims to enhance analytical models, refine experimen-
tal techniques, and improve design guidelines to optimize the seismic performance of
composite bridges.

Lin et al. (2020) [174] introduced a composite rigid-frame bridge that combines a
steel–concrete composite box girder and concrete-filled double-skin steel tube piers with
rigid connecting joints, showing improved static and dynamic performance over traditional
bridges. Shake table tests of a scale model were conducted to assess seismic behavior and
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damage patterns. The results identified damage mainly at the upper and lower ends of the
composite piers, with enhanced responses under near-fault ground motions. Numerical
modeling confirmed the bridge’s superior seismic performance, particularly in near-fault
earthquakes. Furthermore, Paolacci et al. (2018) [175] examined short-to-medium-span
composite I-girder bridges, which are gaining popularity due to their reduced construction
time and costs, as well as their suitability for seismic areas. The cyclic behavior of pier-to-
deck joints using concrete crossbeams was analyzed and experimental tests showed good
seismic performance of the joints, with different typologies tested.

Zhou et al. (2020) [176] examined the behavior of dumbbell steel tube-confined
reinforced concrete piers. These composite piers, which are shown in Figure 11, enhance
strength and ductility compared to traditional reinforced concrete piers. Five composite
piers and one reference dumbbell-reinforced concrete (RC) pier under pseudo-static loading
revealed improved performance due to the confinement and enhancement effect of the steel
tube. Seismic performance slightly improved with higher axial load ratios and wider webs.
A simplified model accurately predicted lateral resistance, showing promising results for
improving the performance of RC piers.

Figure 11. Dumbbell steel tube confined reinforced concrete pier design, highlighting innovative
structural reinforcement techniques (adapted from Zhou et al. (2020) [176]).

Zhou et al. (2022) [177] introduced an enhanced type of concrete-encased column
connections for circular CFT piers. They found that the new design eliminated the need for
baseplates and anchor bolts. Experimental testing on four concrete-encased column connec-
tion specimens showed good seismic performance, with flexural failure and high-energy
dissipation capacity. Calculations for strength degradation and load transfer mechanisms
matched the test results well. Furthermore, Du et al. (2023) [178] examined the behavior of
posttensioned precast segmental bridge piers under three-directional movements. They
used shaking table tests to study an innovative posttensioned precast segmental pier under
tri-directional ground motions and their results showed that adding more prestressing
tendons or energy-dissipating bars reduced displacement responses. Piers with energy-
dissipating bars resisted twisting better than those without. They also compared the effects
of vertical ground motion on seismic behavior, finding a significant impact on compressive
force and shear resistance.

Gu et al. (2024) [179] delved into the seismic performance and potential applications of
continuous beam bridges with prefabricated concrete-filled steel tubular piers. Initially, two
prototype bridges were compared, one with 10 m double-column reinforced concrete piers
and another with 35 m double-column reinforced concrete piers. Then, seven bridges were
designed with prefabricated concrete-filled steel tube piers to match the lateral stiffness of
the reinforced concrete piers. The hysteretic characteristics of composite piers were verified
through numerical models and seismic response analysis. Fragility curves were generated
through time-history analyses.

Xiang et al. (2023) [180] proposed a fiber-based nonlinear modeling approach for the
seismic analysis of partially concrete-filled steel tubular bridge piers, addressing computa-
tion time and convergence issues by considering probable local buckling of the outer steel
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tube and efficiently captured composite pier behavior. Comparing numerical modeling
with experimental data showed the effectiveness of the fiber models in seismic assessments.
Thorough cyclic pushover and time-history analyses highlighted the importance of coor-
dinating steel tube and concrete design parameters to improve seismic performance. A
new design approach involving layered concrete filling was recommended for enhancing
structural seismic performance and was especially useful for retrofitting existing hollow
steel piers without increasing foundation forces. Furthermore, a prefabricated steel tube-
confined concrete circular pier with a grouted sleeve connection was developed by Fu et al.
(2022) [181]. This composite pier could address limitations in typical precast concrete piers,
enhancing their use in seismic hazard zones. Scale models of circular piers were tested
under cyclic loading, showing tube-confined concrete circular piers had improved flexural
strength and energy dissipation due to steel tube confinement. Ductility and stiffness
also increased, with a more even distribution of pier body stiffness. Parametric analysis
revealed thicker and stronger steel tubes increased flexural strength and stiffness.

Li et al. (2023) [182] examining hollow bridge piers with concrete-filled double-
skin tubular sections evaluated their seismic design and cost-effectiveness. The results
showed that these composite piers had higher displacement ductility, lateral force-bearing
capacity, cost-performance ratio, and flexural stiffness with reduced residual drift ratio.
Certain factors, such as the diameter-to-thickness ratio of outer steel tubes and hollow ratio,
significantly influenced the seismic performance of composite piers and recommendations
include a diameter-to-thickness ratio between 60 and 150 for effective and ductile seismic
design of composite bridge piers. Similarly, Li et al. (2023) [183] executed experimental
tests comparing posttensioned precast segmental concrete-filled double-skin steel tubular
piers with cast-in-place concrete-filled double-skin steel tubular piers, showing superior
ductility, energy dissipation, and minimal damage to precast segments. The numerical
analysis explored design parameters’ impact on pier behavior, revealing the crucial roles of
energy-dissipating bars, gravity loads, and prestressing loads in energy dissipation and self-
centering capacities. Initial stress levels in prestressing strands chiefly influenced failure
mode and deformation capacity. Lin et al. (2023) [184] investigated the seismic behavior
of steel–concrete composite rigid-frame bridges with posttensioned precast segmental
concrete-filled double-skin steel tube piers under across-fault ground motions. Figure 12
depicts the positional relationship between the bridge and the seismic faults.

Figure 12. Spatial relationship analysis between composite bridge infrastructure and seismic fault
lines, demonstrating critical geological risk assessment approach (adapted from Lin et al. (2023) [184]).

A numerical model was developed using LS-Dyna software (https://lsdyna.ansys.
com/), validated by previous tests. Two types of ground motions were considered, with
several fling steps. The study compared the damages, joint deformations, energy absorp-
tion, and seismic responses of the bridges and found that during strike-slip and dip-slip
across-fault ground motions, posttensioned precast segmental piers sustained less damage
compared to monolithic piers. Monolithic piers exhibited damage along the entire pier,
while posttensioned precast segmental piers experienced localized damage at segment-
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to-segment joints. Under transverse strike-slip ground motions, posttensioned precast
segmental piers showed excellent self-centering performance with minimal residual lateral
deformations. Posttensioned precast segmental piers could accommodate displacements
through torsion slip at joints and showed better seismic resilience and post-earthquake
recovery performance compared to monolithic piers.

A new type of pier has been developed by Yan et al. (2024) [185] using a composite
material made of glass fiber-reinforced polymer, steel, and rubber concrete, featuring a
double-skin design. Two 1:4-scale specimens were created for an investigation, where the
first specimen underwent a mixed loading test involving pseudo-dynamic loading and
quasi-static loading. This loading simulated the phenomenon where, after an earthquake,
it is common to experience multiple aftershocks, emphasizing the need to assess the
seismic performance of newly constructed composite piers. On the other hand, the second
specimen was exclusively subjected to a quasi-static test. It is also found that composite
piers exhibited elastic behavior in frequent seismic events, with glass fiber fracture and steel
tube yielding in infrequent events. Despite seismic damage, specimens still showed energy
dissipation, capacity, and ductility. A correction coefficient was proposed for calculating
the plastic hinge length due to the underestimation of the plastic deformation capacity in
existing specifications.

Zeng et al. (2024) [186] proposed a design method for normal strength and ultra-
high performance concrete composite bridge piers, optimizing ultra-high-performance
concrete jacket thickness and pier diameter. They suggested that the jacket thickness
should be 0.2–0.3 times the pier radius, while the composite pier diameter should be
0.8 times that of an equivalent reinforced concrete pier. The fragility analysis showed
that composite piers reduced damage probabilities under small-to-moderate earthquakes
across all damage states. For strong earthquakes, they effectively controlled extensive
damage but were less effective for slight and moderate damage levels. Similarly, Zeng et al.
(2023) [187] investigated ultra-high-performance concrete and normal strength concrete
composite bridge piers under cyclic loading, finding that the ultra-high-performance
concrete cover effectively prevented compressive crushing and enhanced load-carrying
capacity compared to conventional reinforced concrete piers. The composite piers generally
failed due to reinforcement fracturing at the bottom. Cracks developed quickly in the
ultra-high-performance concrete cover, indicating a need for reinforcement. The ultra-
high-performance concrete cover significantly increased the balanced axial load of the
composite section, influencing failure modes and load-carrying mechanisms. An optimal
axial load ratio of 0.1–0.15 was recommended for composite piers to balance performance
and cost-effectiveness.

Wu et al. (2018) [188] examined the shear strength of reinforced concrete bridge piers
embedded with steel tubes and braces. By conducting tests on seven specimens, they found
that including steel tubes and braces greatly improves the shear resistance and flexibility
of the piers compared to conventional reinforced concrete. The combined piers exhibited
a higher capacity to bear loads, better distribution of cracks, and more gradual failure
patterns. A mathematical model was formulated to estimate the shear strength, and it
demonstrated a close correlation with the results obtained from experiments.

12.2. Seismic Performance of Steel–Concrete Composite Bridges: Key Findings

The behavior of composite bridges under seismic loads is complex due to the interac-
tion between steel and concrete elements. Generally, these bridges outperform traditional
ones by offering increased strength, ductility, and energy dissipation capabilities. The
composite act between concrete and steel enhances the overall stiffness of the structure
and reduces deformations, resulting in better seismic resistance. Concrete-filled steel tube
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piers are known for their excellent ductility and energy absorption, which help to minimize
earthquake damage. When designing composite bridges for seismic regions, the focus is
on capacity design principles to ensure the formation of plastic hinges in designated areas
while maintaining elastic behavior elsewhere. Proper detailing of connections between
steel and concrete components is essential to prevent premature failure. Advanced analysis
techniques, such as pushover analysis and time-history analysis, are necessary for accu-
rately predicting the seismic response of composite bridges and optimizing their design for
enhanced earthquake resilience.

13. Smart Materials and Sensors

Recent advancements in smart materials and sensing technologies offer promising op-
portunities to enhance the seismic performance of steel–concrete composite structures [189].
Smart materials, such as shape memory alloys and magnetorheological fluids, can provide
adaptive responses to seismic loads, while modern sensors enable real-time monitoring
of structural behavior during earthquakes [190]. These technologies can potentially rev-
olutionize how composite structures respond to and recover from seismic events. When
integrated with traditional composite construction methods, smart materials, and sen-
sors can facilitate more resilient structural systems, offering capabilities, such as self-
centering, enhanced energy dissipation, and immediate post-earthquake damage assess-
ment (Shen et al., 2024) [191]. The implementation of these innovations represents a signifi-
cant step toward developing more intelligent and responsive seismic-resistant structures.

Current research demonstrates the potential of piezoelectric materials, fiber optic
sensors, and wireless sensor networks in revolutionizing structural health monitoring
for composite structures. Zhang et al. (2018) [192] found that these systems can detect
and quantify damage in real-time, enabling prompt post-earthquake assessment and
informed decision-making regarding building occupancy and required repairs. Chen
et al. (2020) [193] found that embedded sensors could monitor key parameters, such
as strain, displacement, and acceleration, providing valuable data for both immediate
safety evaluations and long-term performance analysis. The integration of these sensing
technologies with machine learning algorithms further enhances their capability to predict
structural behavior and identify potential vulnerabilities before they become critical (Hu,
2015) [194].

Zhang et al. (2018) [195] examined the internal concrete damage in L-shaped concrete-
filled steel tube (L-CFST) columns using piezo-ceramic smart aggregates under low-
frequency cyclic loading. Wavelet packet analysis established the damage index. Ex-
perimental results showed the feasibility of using smart aggregates to monitor concrete
damage in L-CFST columns.

Zhang et al. (2021) [196] found that the practical implementation of smart materials
in composite structures has shown promising results in experimental studies. Chen et al.
(2015) [197] reviewed a variety of smart materials’ connection details to concrete-filled
rectangular tubular (CFRT) columns that different researchers have developed. Shape
memory alloys incorporated into beam–column connections have demonstrated superior
energy dissipation and self-centering capabilities compared to conventional solutions.
Thus, Hayashi et al. (2018) [198] and Zhong (2023) [199] examined the application of
self-centering principles on steel–concrete composite structures, where they found that the
self-centering composite frames have reduced permanent deformations while the initial
posttensioned forces can control their uplifting force.

Magnetorheological dampers have been successfully employed to provide adaptive
damping in response to varying seismic intensities. However, challenges remain in scaling
these technologies for widespread application, including cost considerations, long-term
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durability, and the need for standardized design guidelines [200]. Addressing these obsta-
cles requires collaborative efforts between researchers, practitioners, and regulatory bodies
to develop comprehensive frameworks for the effective integration of smart technologies
into composite structural systems [201].

14. Towards Next-Generation Composite Structural Systems:
Research Perspectives

14.1. Emerging Vibration Protection Strategies

Recent developments in friction dampers and smart controllers offer intriguing in-
sights into advanced structural protection mechanisms. Velychkovych et al. [202] proposed
a novel friction damper utilizing an open shell with a helical cut and a deformable filler.
This design leverages the bending effects of the shell and frictional interactions to achieve
superior damping characteristics. Velychkovych et al. [202] predicted potential applications
in earthquake-resistant structures, particularly in the energy and construction industries.

Smart controllers are emerging as powerful tools for vibration assessment and mit-
igation. A notable example is the Smart 4 controller, which demonstrates remarkable
capabilities in monitoring vibration loads [203]. In drilling applications, this technology has
shown potential for real-time vibration assessment, enabling operators to adjust drilling
modes and prevent potential equipment damage. While initially developed for industrial
contexts, such smart monitoring approaches hold promise for structural health monitoring
in seismic-sensitive environments.

The development of shell-shock absorbers presents another innovative approach
to vibration management. These devices, characterized by parallel spring and friction
modules, exhibit exceptional damping properties under high operational loads [204]. The
unique design allows for energy dissipation through structural hysteresis, a mechanism
that could be particularly relevant in seismic engineering applications.

Furthermore, advanced modeling techniques are enhancing our understanding of
vibration protection mechanisms. Dutkiewicz et al. [205] have developed sophisticated
mechanical–mathematical models that can predict the behavior of damping systems un-
der various loading conditions. These models, which analyzed contact interactions and
energy dissipation, provide valuable insights into the design and optimization of vibration
mitigation technologies.

While the aforementioned innovations represent exciting developments in vibration
protection, it should be acknowledged that further research is necessary to fully integrate
such technologies into steel–concrete composite structural systems. The potential for
interdisciplinary collaboration between materials science, mechanical engineering, and
structural design remains significant.

14.2. 3D Printing Techniques

Three-dimensional printing techniques represent a revolutionary approach in compos-
ite structural engineering, offering unprecedented opportunities for complex geometrical
configurations and optimized material distributions. Advanced additive manufacturing
methods enable the creation of intricate structural components with precisely controlled
material properties, potentially transforming traditional fabrication limitations in steel–
concrete composite systems. Current research is exploring multi-material printing strate-
gies that can integrate metallic and cementitious materials with enhanced microstructural
characteristics, allowing for localized property modulation and improved load transfer
mechanisms [206–208]. Computational design optimization coupled with 3D printing tech-
nologies permits the development of novel connection geometries that could significantly
enhance seismic energy dissipation capabilities [209–212]. Preliminary experimental studies
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suggest that 3D-printed composite connections might offer superior ductility and strength
characteristics compared to conventional fabrication methods, though extensive valida-
tion is required [213–215]. The primary research challenges include achieving consistent
material interfaces, ensuring long-term structural integrity, and developing standardized
manufacturing protocols that meet rigorous engineering performance criteria [216–218].

14.3. Self-Healing Material Technologies

Self-healing material technologies present a transformative potential for enhancing
the resilience and durability of composite structural systems, particularly in seismically
active regions [219–222]. Innovative approaches involving embedded healing agents, bac-
terial precipitation, and advanced polymer-based autonomous repair mechanisms offer
promising strategies for mitigating progressive damage accumulation during cyclic loading
conditions [223–225]. Experimental investigations have demonstrated that strategically
incorporated healing agents can effectively restore material integrity by autonomously
sealing microcracks and preventing potential structural degradation [226,227]. Emerging
research focuses on developing sophisticated self-healing concrete formulations that can
respond dynamically to mechanical stress, potentially extending the service life of critical
structural components [228,229]. The integration of nanoengineered healing capsules, bio-
logical agents, and responsive polymeric networks allows for targeted healing interventions
at the microstructural level [230,231].

Despite significant technological promise, substantial research challenges remain,
including long-term performance validation, the scalability of healing mechanisms, and a
comprehensive understanding of healing efficiency under complex loading scenarios, espe-
cially for the case of steel–concrete composite structures under seismic loading conditions.

14.4. Machine Learning-Based Models

Recent advancements in machine learning have demonstrated significant poten-
tial for predicting the seismic performance of steel–concrete composite structures [1–6].
Tang et al. [79] utilized a random forest with firefly algorithm optimization to estimate the
seismic performance of recycled aggregate concrete-filled steel tube columns, achieving
high correlation coefficients. Zhang et al. [150] developed ensemble machine learning mod-
els for bond stress estimation, employing Bayesian optimization and SHAP interpretability
techniques to enhance predictive accuracy. Li et al. [15] introduced a multi-indicator per-
cussion method integrated with machine learning, achieving an exceptional 99.6% accuracy
in interfacial debonding detection using key damage indices. Guo et al. [149] applied
an extremely randomized trees algorithm to analyze damage sensitivity in steel–concrete
composite beam bridges, identifying microcracks in steel beams as the most critical per-
formance factor. Li et al. [15] developed a backpropagation neural network for predicting
high-strength bolt connector strengths, achieving an over 93% goodness of fit. Yang et al. [6]
proposed a novel blending fusion model with generative adversarial network augmenta-
tion for identifying failure modes of steel tube-reinforced concrete shear walls, improving
prediction accuracy by an average of 13–81% across various metrics.

In conclusion, machine learning-based approaches represent a transformative paradigm
in seismic performance prediction, offering unprecedented accuracy, interpretability, and
insights into the complex behavior of steel–concrete composite structures under extreme
loading conditions.

15. Conclusions and Future Research Directions

This comprehensive review has explored the seismic performance of steel–concrete
composite structures through multiple perspectives, from component-level behavior to
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system-wide response strategies. The synthesis of current research reveals both significant
advances and critical research gaps that warrant further investigation.

Properly detailed beam–column joints demonstrate excellent seismic performance,
though complex stress distributions at interfaces remain challenging to predict. Future
research should develop standardized connection details optimized for varying seismic
hazard levels. For composite beams and columns, concrete significantly improves energy
dissipation and delays local buckling, with the research needs focused on quantifying long-
term performance under repeated seismic events. Composite shear walls offer superior
lateral load resistance compared to conventional systems. System-level investigations
confirm that properly designed composite structures create redundancy and alternative
load paths enhancing structural resilience. Future research should address the optimization
of steel–concrete proportions for different building heights and integrate performance-
based methodologies with practical construction considerations.

Modeling techniques have advanced significantly, though computational models still
struggle to fully represent composite action at interfaces. Future work should develop
efficient models that accurately represent material interface deterioration under cyclic
loading, potentially integrating machine learning with physics-based approaches.

For foundations and bridges, composite construction enhances seismic resistance with
improved load transfer characteristics and ductility. Future research should investigate
soil–structure interaction under extreme events and develop optimized connection details.

Progressive collapse studies confirm that composite structures possess inherent ro-
bustness against disproportionate collapse. Seismic isolation and energy dissipation
devices demonstrate significant reductions in seismic demands when integrated with
composite structures. Research should develop adaptive systems responsive to varying
earthquake intensities.

Optimization strategies now effectively balance material efficiency with seismic objec-
tives, while emerging smart materials offer promising directions for adaptive structural
response. Future work should incorporate life-cycle considerations and explore integration
of monitoring systems with traditional composite structures.

In conclusion, while substantial progress has been made, significant challenges remain
in developing design methodologies that bridge theoretical advancements with practical
implementation to enhance the structural resilience of steel–concrete composite structures
in seismic regions.
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117. Hüsem, M.; Nasery, M.M.; Okur, F.Y.; Altunişik, A.C. Experimental evaluation of damage effect on dynamic characteristics of
concrete encased composite column-beam connections. Eng. Fail. Anal. 2018, 91, 129–150. [CrossRef]

118. Kanyilmaz, A.; Muhaxheri, M.; Castiglioni, C.A. Influence of repairable bolted dissipative beam splices (structural fuses) on
reducing the seismic vulnerability of steel-concrete composite frames. Soil Dyn. Earthq. Eng. 2019, 119, 281–298. [CrossRef]
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