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Abstract
Introduction: Topology optimization has been widely used in the fields of mechanical and structural engineering. In the 
field of architecture, especially in the context of lightweight structures, a strong understanding of programming is essential 
for meaningful involvement. The purpose of the study was to establish a fundamental framework that facilitates the 
seamless implementation of topology optimization in the design of lightweight structures by architects. Methods: This work 
employed a deductive approach to analyze six case studies that involve the application of topology optimization in various 
lightweight constructions. The analysis was conducted based on a predefined set of criteria. Additionally, the deductive 
technique was used to establish a framework for implementing topology optimization in the design of lightweight structures. 
Finally, the framework was used to create an optimized lightweight structure (a pentagonal Roman vault). Findings: An 
analysis of all case studies was conducted using two distinct processes: the form-finding process and the fabrication 
process. This inquiry aimed to determine the procedural framework involved in the design and fabrication process of 
each case study. The underlying framework was derived through an analytical comparison of these six case studies. This 
framework enables the production of an optimized lightweight structure. Novelty: This study presents significant findings 
on topology optimization and its use in lightweight structures, offering essential insights for architects seeking to create 
aesthetically pleasing and distinctive architectural forms that prioritize high stiffness and low mass.

Keywords: lightweight structures, topology optimization, additive manufacturing.

Architecture

Introduction
Topology optimization is a mathematical 

methodology that aims to optimize structures 
by taking into account several design factors, 
including applied loads, supports, available design 
domain, materials, and cost considerations. Using 
this approach in the initial stages of the design 
process allows for the creation of designs that 
have minimal mass and optimal stiffness (Ma et al., 
2021; Tedeschi, 2014). The generation of outputs 
from topology optimization algorithms might pose 
challenges, necessitating subsequent refinement 
to ensure the manufacturability of the final result. 
In certain circumstances, it is possible to directly 
manufacture the results of topology optimization 
through the use of additive manufacturing techniques 
(Woo, 2020). Topology optimization is a form of 
generative design that leverages the computer’s 
ability to perform rapid computations to generate 
shapes (Tedeschi, 2014). Topology optimization has 
drawn the attention of many architects among the 
different generative design tools due to its capacity 
to produce attractive organic forms by identifying 
voids in continuum structures (Liu et al., 2019). More 
importantly, topology optimization is a performance-
based design method that seeks the most efficient 

structural form, which means that the resulting 
configuration corresponds to an optimized material 
arrangement (Javadi Moghaddam et al., 2023; Xie, 
2022). Topology optimization plays a significant role 
in the field of architecture as it helps determine the 
optimal placement and dimensions of architectural 
components. Designers can optimize mechanical 
components or parts using this technique, which 
often involves reducing material usage. Topology 
optimization offers cost-saving solutions thanks 
to lightweight structures and efficient design 
procedures. In addition, creating optimal structures 
that exhibit such characteristics as lightweightness, 
durability, and cost-effectiveness is beneficial (Liu et 
al., 2022; Yıldırım, 2022).

Topology optimization solves multiple problems. 
It has numerous advantages: creating cost-effective 
and lightweight solutions by reducing unnecessary 
weight and raw material usage. Design constraints 
and performance targets are considered early in the 
design process, resulting in a quicker final design 
through topology optimization. Topology optimization is 
increasingly being adopted by various industrial sectors 
in response to the growing demand for eco-friendly 
options, aiming to reduce unnecessary material waste 
for sustainable perfection (Tedeschi, 2014).
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There are certain drawbacks associated with 
topology optimization that should be considered:

a. The use of intricate patterns may have both 
benefits and drawbacks.

b. Early investments in software, training, and 
computational resources may be necessary.

c. Manufacturing incurs significant costs due 
to the expensive nature of some manufacturing 
methods required for topology-optimized designs.

d. Designers may need to establish manual 
constraints in order to ensure the feasibility of 
manufacturing and meet other requirements.

e. Training is a necessary component for the 
appropriate utilization of topology optimization 
technologies.

f. Limited use of primary resources: The use 
of specific raw materials in topology-optimized 
designs may be subject to constraints or limitations, 
depending on input parameters.

g. The output quality depends on the accuracy 
of the input parameters provided by the designer 
(Sigmund and Maute, 2013).

Additionally, these data-driven topology 
optimization methods enable the calculation of 
resistances, damage properties, and structural 
connections of real materials. Furthermore, 
they facilitate the exploration of unconventional 
structural systems and the identification of novel 
and efficient structural solutions suitable for specific 
circumstances. The approaches discussed in this 
study include solid isotropic material with penalization 
(SIMP), evolutionary structural optimization (ESO), 
bi-directional evolutionary structural optimization 
(BESO), and level-set method (LSM) (Bao et al., 
2020; Woo, 2020).

Methodology
The methodology employed in this study is 

based on examining six individual case studies that 
have implemented a specific topology optimization 
technique. The selection of these case studies was 
primarily based on the criteria established by the 
authors. The mentioned criteria include the following 
aspects: first, the structure must have a lightweight 
composition; second, the structure must undergo 
digital manufacturing using various techniques; 
third, it must have been designed using one of 
the topology optimization approaches; and finally, 

it must have been constructed within the past 
decade. The selected case studies, in sequential 
order, are Pavilion X-Form 1.0 (Bao et al., 2019, 
2020), Pavilion X-Form 2.0 (Bao et al., 2022), VOLU 
Dining Pavilion (Bhooshan, 2017; Louth et al., 
2017), Tailored Biocomposite Canopy (Dahy et al., 
2020; Martins et al., 2020; Rihaczek et al., 2020), 
Trabeculae Pavilion (Naboni et al., 2019), and Cloud 
Pavilion 2.0 (Chen et al., 2019) as shown in Fig. 1.

There are four case studies that exhibit continuum 
structures, while two case studies demonstrate 
discrete structures. The pavilions known as X-Form 
1.0 and X-Form 2.0, both created by the same 
team, along with the VOLU Pavilion and the Tailored 
Biocomposite Canopy, might be seen as examples 
of continuum structures. Furthermore, both the 
Trabeculae Pavilion and the Cloud Pavilion 2.0 can 
be classified as discrete structures. An analysis of 
all case studies was conducted using two distinct 
processes: the form-finding process and the 
production and assembly process. Next, we shall 
proceed to deduce the sequence of steps involved in 
the process of designing and constructing each case 
study, as outlined in Table 2. A comparative analysis 
was conducted, as depicted in Table 1, to examine 
the six case studies in relation to various aspects. 
These aspects include the structural type (with the 
exception of the Tailored Biocomposite Canopy, all 
case studies feature a shell structure), whether the 
structure is considered as continuum or discrete, 
the approach employed for form finding, the specific 
topology optimization method utilized (ranging from 
SIMP to BESO), the materials used, the software 
utilized, and the fabrication technique employed. 
The analysis process is a crucial component 
in establishing the framework for implementing 
topology optimization in a lightweight structure.

Discussion
To effectively implement topology optimization in 

the design of lightweight structures, it is important 
to have the basic geometric configuration of the 
structure before starting the topology optimization 
procedure. Based on the examination of prior 
case studies, it has been inferred that there are 
two primary procedures for implementing topology 
optimization in the context of lightweight structures. 
These procedures encompass the form-finding 

Fig. 1. Six case studies used in the analysis: a — Pavilion X-Form 1.0; b — Pavilion X-Form 2.0; c — VOLU Dining Pavilion; 
d — Tailored Biocomposite Canopy; e — Trabeculae Pavilion, f. Cloud Pavilion 2.0
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Table 1. Comparative analysis of the six case studies applying topology optimization
in lightweight structures

Project name Type 
of structure Form finding TO 

method Materials Software Fabrication 
technique

X-Form 1.0 & 
2.0 Pavilions

Continuum 
structure

Tree-like structure form BESO 
method

3D printing of 
fireproof polymeric 
materials / PETG 
materials

Ameba in Rhino-
Grasshopper

Large-scale 
robotic 3D 
printing

VOLU Dining 
Pavilion

Continuum 
structure

Curvy clamshell-like structure SIMP 
method

Stainless steel, 
aluminum, 
and wood

Altair HyperWorks 
and Altair OptiStruct

CNC laser 
cutting

Tailored Bio-
composite 
Canopy

Continuum 
structure

single-curved canopy with no 
connections

SIMP 
method

Natural fiber 
materials / 
continuous flax 
fibers

Galapagos & Millipede 
in Rhino-Grasshopper

TFP (tailored 
fiber placement) 
method 

Trabeculae 
Pavilion

Discrete 
structure

the materialization logic of 
trabeculae, the interior cells that 
form the bone microstructure

SIMP 
method

High-resistance 
biopolymer

Millipede, Karamba in 
Rhino-Grasshopper, 
and Ansys

FDM (fused 
deposition 
modeling)

Cloud 
Pavilion 2.0

Discrete 
structure

generated using a structural 
performance-based topological 
optimization algorithm

SIMP 
method

3D printing 
material

Millipede in Rhino-
Grasshopper

Robotic 3D 
printing

Table 2. Comparative analysis of the workflow in the six case studies
Project name Workflow
X-Form
1.0 & 2.0 
Pavilions

X-Form 
1.0 & 2.0 
Pavilions 

 VOLU Dining 
Pavilion

VOLU 
Dining 
Pavilion 

 Tailored Bio-
composite 
Canopy

Tailored 
Bio-
composite 
Canopy 
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Project name Workflow
Trabeculae 
Pavilion

Trabeculae 
Pavilion 

 Cloud Pavilion 
2.0

Cloud 
Pavilion 2.0 

 
 

Table 2 (ending)

process and the fabrication process. The form-finding 
process refers to the analytical and optimization 
procedures involved in the design of a structure. The 
process has three distinct stages: model definition, 
application of the topology optimization method, 
and post-modification. The fabrication process has 
four distinct phases, including the selection of an 
appropriate digital manufacturing technique, the 
preparation and testing of materials, the design of 
fabrication and joints, and the final assembly phase. 
as can be seen in Fig. 2.

Form-finding process
Model definition
The initial stage, referred to as “Model Definition”, 

includes a series of four sequential processes. The 
first step involves establishing the boundary domain 
for the structure in question, to which the subsequent 
topology optimization will be applied. The process 
of mesh discretization involves dividing the mesh 
into smaller sections to accurately determine the 
positions of loads. Additionally, it is necessary to 
specify the material properties by providing the value 

Fig. 2. Primary process of applying topology optimization to lightweight structures 
(created by the authors)
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Fig. 3. Workflow of the form-finding process, model definition phase (created by the authors)

 

Fig. 4. Case study’s model definition phase (created by the authors)

 

of Young’s modulus in gigapascals (GPa) and the 
corresponding Poisson’s ratio. In conclusion, the 
applied loads include external loads, the structure’s 
self-weight, the positioning of supports, and 
structural constraints such as specified openings, 
doors, or windows, as depicted in Fig. 3.

The authors have developed and presented 
a case study in order to adhere to and implement the 
established framework. The chosen design for the 
vault is a pentagonal Roman vault, which is inspired by 

the Mortuary Chapel for the Soriano Manzanet family 
(architizer.com, 2023). The vault has dimensions of 2.4 
m for each side and a height of 2.8 m. It features a total 
of five openings. Later, the surface was discretized 
into smaller components to accurately determine the 
locations of the applied loads. Young’s modulus and 
Poisson’s ratio for the PLA material used in 3D printing 
were determined to be 2.7 GPa and 0.3, respectively. 
The placements of loads and supports were specified 
as depicted in Fig. 4.
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Applying the topology optimization method
The phase under consideration holds 

significant importance within the form-finding 
process, as it  involves the application of 
topological optimization techniques. The first step 
involves selecting the appropriate software. The 
analytical process subsequently employs the finite 
element method (FEM) and facilitates material 
reduction through the software. This results in the 
generation of several iterations. Ultimately, the 
selection of the definitive design depends on the 
final decision. It  is worth noting that an increase 
in the number of optimization iterations directly 
correlates with a higher level of accuracy in the 
outcome. If necessary, the designer has the ability 
to refine the output-optimized design, as depicted 
in Fig. 5.

The selected case study involves the use of the 
tOpos plugin in Rhino-Grasshopper, which utilizes 
the SIMP (Solid Isotropic Material with Penalization) 
technique. The optimization iteration numbers 
were set to 50, 100, 200, 300, and 500, as can 

Fig. 5. Workflow of the form-finding process, applying topology optimization method phase (created by the authors)

 

be seen in Fig. 6. The final design selected is the 
one obtained after 500 iterations of optimization, 
as it has been determined to be the most accurate. 
The finite element approach, as depicted in Fig. 7, 
was implemented using tOpos plugin.

Post-modification
The final stage of the form-finding process involves 

post-modification. During this step, the results 
obtained from the topological optimization process are 
adjusted and prepared for the subsequent production 
procedure. The above-mentioned phase may 
undergo modification based on whether the structure 
in question is continuum or discrete in nature. In the 
case of a continuum structure, the post-modification 
process involves two consecutive steps, namely 
mesh smoothing and overhang reduction. Overhang 
reduction refers to modifying a model to reduce the 
presence of steep printing angles. If the structure is 
discrete, the post-modification phase is established 
during the cell design process with the objective 
of determining the cell’s orientation, topology, and 
thickness. Subsequently, the model undergoes fine-

Fig. 6. Topology optimized iterations and material reduction (created by the authors)
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of this stage, all advancements related to the case 
study have been finalized, resulting in the production 
of the ultimate outcome, as depicted in Fig. 9.

The graphical representation in Fig. 10 illustrates 
the disparity between the basic geometry and the 

tuning through the incorporation of inputs obtained 
from the FEA, as shown in Fig. 8.

The case study model exhibits a continuum 
structure, thereby necessitating the use of a mesh 
smoothing technique. Upon reaching the conclusion 

Fig. 7. Topology optimization and FEA. a. Layout; b. Elevation by tOpos plugin in Rhino-Grasshopper (created by the authors)

 

Fig. 8. Workflow of the form-finding process, post-modification phase (created by the authors)

 

Fig. 9. Final optimized model after the form-finding process (created by the authors)

 



10

Architecture and Engineering	                             Volume 9 Issue 3  (2024) 

smaller components, known as pre-assembled 
clusters. It is also crucial to establish a well-defined 
assembly sequence for these clusters in order to 
successfully install the entire structure, as can be 
seen in Fig. 12.

The optimized output model for the case study 
was printed using a small-scale desktop 3D printer 
(Ender-3 V2) and PLA+ filament material. Fig.  13 
shows the printing process, and Fig. 14 shows the 
final printed optimized model.

The following content presents a comprehensive 
framework for implementing topology optimization in 
the design of lightweight structures.

Conclusion
This study used analytical and deductive 

methodologies. The analytical approach involved 
conducting a comparative analysis of six case studies 
on lightweight structures. These structures were 
optimized using a specific topology optimization 
method at different stages. The analysis considered 
such factors as the structural type (continuum or 
discrete), form-finding techniques, the specific 
topology optimization method employed (ranging 
from SIMP to BESO), the materials used, the software 
utilized, the fabrication techniques employed, and 
the overall workflow for designing and fabricating 
each case study. The deductive approach was 
used to develop a framework for applying topology 
optimization in lightweight structures, as demonstrated 
by this analytical comparison. This framework consists 
of two fundamental processes, namely the form-
finding process and the fabrication process (Fig. 15). 
Additionally, it is crucial to thoroughly analyze and 
comprehensively examine every step involved in each 
individual procedure. Next, the above-mentioned 
framework was employed to conduct a case study on 
the pentagonal Roman vault and create an optimal 
structure in terms of topology.

Fig. 10. Initial geometry and final optimized design shown together, illustrating the material reduction that occurred 
from topology optimization (created by the authors)

 

optimized model, highlighting the extent of material 
reduction resulting from the process of topology 
optimization. The design’s aesthetic draws inspiration 
from natural elements and is characterized by an 
abundance of organic forms. Fig. 11 illustrates the 
comprehensive script used in the tOpos plugin 
within the Grasshopper environment. In the context 
of this study, it can be observed that each phase 
is associated with a specific color. The color beige 
is assigned to the model definition phase, blue 
is designated for the application of the topology 
optimization method, and gray is utilized to represent 
the post-modification phase.

Fabrication Process 
The fabrication process has four distinct phases, 

including the selection of an appropriate digital 
manufacturing technique, the preparation and testing 
of materials, the design of fabrication and joints, 
and the final assembly phase. The choice of digital 
manufacturing technology is a crucial aspect of the 
fabrication process. Next, the appropriate material is 
selected for this specific approach. In some cases, it 
becomes crucial to prioritize material selection over 
fabrication techniques, or alternatively, the choice 
of technique is contingent upon the designated 
material. Therefore, in such scenarios, the selection 
of materials takes precedence over the selection of 
fabrication techniques. The material preparation and 
testing process involves three distinct steps: material 
comparison, anisotropy testing, and material and 
printing refinement. During the fabrication and joint 
design phase, it is necessary to divide the model into 
components that can fit inside the working area of 
the printing machine. It is also important to establish 
a comprehensive system for joints, encompassing 
various forms of connections. During the assembly 
process, it is imperative to develop a tectonic 
system that effectively partitions the structure into 
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Fig. 11. Overall script for the form-finding process using the tOpos plugin in Rhino-Grasshopper (created by the authors)
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Fig. 12. Workflow of the fabrication process (created by the authors)

Fig. 13. Model printing process using a small-scale desktop 3D printer

Fig. 14. Final printed optimized model
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Fig. 15. Framework for applying topology optimization in lightweight structures (created by the authors)
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ТОПОЛОГИЧЕСКОЙ ОПТИМИЗАЦИИ В ОБЛЕГЧЕННЫХ 

КОНСТРУКЦИЯХ
Амани Санад Фуад, Мохамед Эззельдин, Айман Ассем*

Университет Айн-Шамc, Каир, Египет

*E-mail: ayman.assem@eng.asu.edu.eg

Аннотация
Введение: топологическая оптимизация широко используется в инженерных разработках и проектировании 
строительных конструкций. В области архитектуры, особенно в контексте облегченных конструкций, для полноценного 
использования этого метода необходимы серьезные навыки в программировании. Цель исследования  — 
сформировать базовую схему, способствующую беспрепятственному применению топологической оптимизации при 
проектировании архитекторами облегченных конструкций. Методы: в данной работе для анализа шести примеров 
применения топологической оптимизации в различных облегченных конструкциях использовался дедуктивный 
метод. Анализ проводился на основе заранее определенного набора критериев. Кроме того, дедуктивный метод 
использовался для формирования схемы реализации топологической оптимизации при проектировании облегченных 
конструкций. Данная схема была использована для создания оптимизированной облегченной конструкции 
(пентагональный цилиндрический свод). Выводы: анализ примеров проводился с учетом двух процессов — процесса 
поиска формы и процесса изготовления. Исследование было направлено на определение методологической основы, 
задействованной в процессе проектирования и изготовления по каждому из примеров. Основополагающая схема 
была разработана на основе аналитического сравнения шести примеров. Данная схема позволяет создавать 
оптимизированные облегченные конструкции. Новизна: в данном исследовании представлены значимые 
результаты в области топологической оптимизации и ее использования в облегченных конструкциях, открывающие 
широкие возможности для архитекторов, стремящихся к созданию эстетически привлекательных и оригинальных 
архитектурных форм, в которых приоритетом является высокая жесткость и небольшой вес.

Ключевые слова: облегченные конструкции, топологическая оптимизация, аддитивные технологии.
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Abstract
Introduction: Building Information Modeling (BIM) has garnered significant attention due to advancements in sophisticated 
technologies and methods. However, a comprehensive review of the existing literature indicates a lack of research exploring 
the application of BIM in managing the entire intervention design and renovation processes from a broader system 
perspective. The purpose of the study was to fill this gap by identifying and evaluating the current utilization, benefits, 
and barriers associated with implementing BIM in the lifecycle of renovation projects. The study methodology is based on 
conducting 31 structured interviews with experienced professionals who have employed BIM in their project deliveries. The 
results reveal that the primary benefits of BIM adoption, in descending order of importance, pertain to improved collective 
understanding of design intent, lower risk and better predictability of outcomes, better-designed and performing buildings, 
more accurate project documentation, and increased accuracy of the cost estimate. However, there are several prominent 
barriers: project budget, complexity of modeling historic structures, cost to hire BIM professionals, and the lack of BIM 
knowledge. The findings will advance BIM adoption for heritage renovation and enable project stakeholders to focus on 
realizing the benefits and potential uses of lifecycle BIM, while also addressing the critical challenges discussed in this study.

Keywords: BIM implementation; heritage renovation; BIM benefits; BIM barriers.

Building Information Modeling

Introduction
The renovation of heritage buildings holds 

great potential for preserving a sense of identity 
and continuity for future generations in a rapidly 
changing world. Today, the renovation of heritage 
buildings serves as a revitalization avenue to 
promote sustainability and safeguard the buildings’ 
significance and values (Fouseki and Cassar, 2014). 
Moreover, it brings about economic growth, as well 
as social, cultural, and environmental benefits to 
urban communities (Tweed and Sutherland, 2007).

Undertaking renovation projects involves 
managing significant complexity, which includes 
handling multiple stakeholders and addressing 
various renovation objectives and criteria, especially 
when the building remains in use (Buser and 
Carlsson, 2016; Kamari et al., 2019a). There is a 
need to explore and select among a large number 
of renovation alternatives and approaches available 
in the market, considering the attitudes and behavior 
of the building occupants (Kamari et al., 2019b; 
Lidelöw et al., 2019). Complexity increases during 
the early design phases, and significant changes 
may occur due to the unavailability of original 
structural information or unforeseen construction 
conditions identified late, resulting in project time 
and cost overruns (Roy and Kalidindi, 2017).

Information technology (IT) is widely discussed 
in the context of the emergence of large, ambitious, 
and complex projects in the architecture, 
engineering, construction, and operations (AECO) 
industry. This is driven by new sustainability 
requirements that necessitate regular and efficient 
information exchange among project participants 
and stakeholders throughout the project lifecycle 
(Oesterreich and Teuteberg, 2016). Currently, 
IT has become an increasingly vital tool across all 
industries, uncovering untapped value potential. The 
AECO sector is also experiencing transformation 
with the advent of the Fourth Industrial Revolution, 
known as Industry 4.0 (Lasi et al., 2014). The 
digitization and automation of construction, often 
referred to as Construction 4.0, are leading to 
changes in product and supply chain management 
(Dallasega et al., 2018). It is a major enabler of 
productivity improvements, along with sophisticated 
and integrated design and construction, through the 
adoption of innovative and disruptive technologies, 
including BIM (Oesterreich and Teuteberg, 2016).

BIM has emerged as a catalyst for paradigm 
change and has become an industry standard in 
the AECO sector by automating and manipulating 
data at different project lifecycle stages (Farnsworth 
et al., 2015; Kelly and Ilozor, 2019). In the context 
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of heritage renovation, BIM has garnered significant 
interest for its technological advancements and 
methodological developments, such as 3D laser 
scanning and photogrammetry. As a digital delivery 
method, BIM revolutionizes the information 
management of the renovation process by storing 
interrelated semantic information, which facilitates 
the dissemination of intangible values of a building 
throughout its lifecycle (Angelini et al., 2017). 

While existing literature has extensively explored 
the potential benefits of BIM in digital building 
documentation (Pocobelli et al., 2018), there is 
a notable lack of research focusing on the use of 
BIM for managing entire intervention design and 
renovation processes, including the generation 
and evaluation of various design alternatives. 
Furthermore, most studies have relied on single-
case analyses, with few adopting a broader systemic 
perspective. Therefore, this study aims to fill this gap 
by identifying and assessing the current utilization 
of BIM in renovation projects’ lifecycle, examining 
the benefits gained, and identifying the barriers 
encountered.

Background
The BIM adoption process may differ between 

new and existing buildings due to variations in 
information availability, the quality of building 
information, and functionality requirements. The 
majority of research has focused on exploring 
the potential benefits of employing BIM for digital 
building documentation (Pocobelli et al., 2018). 
BIM generates a digital model for the preservation 
process because of its ability to store interrelated 
semantic information, promoting the dissemination 
of a building’s intangible values during its lifecycle 
(Angelini et al., 2017). BIM offers efficient and 
accurate remote presentation, analysis, and 
documentation of the structure, surpassing previous 
survey techniques (Gigliarelli et al., 2017). However, 
the effectiveness of BIM is subject to broader 
discussions due to the challenges related to the high 
effort required for modeling/converting captured 
building data into semantic BIM objects (López et al., 
2018). The variety and complexity of heritage building 
components may not be represented in current 
typical BIM software libraries, and also depend on 
the level of detail required to perform engineering 
and design analyses (López et al., 2018; Pocobelli et 
al., 2018). Brahmi et al. (2022) suggested integrating 
other emerging technologies within BIM and seeking 
innovative solutions to overcome this issue. They 
also recommended developing, upgrading, and 
adjusting BIM simulation software to accurately 
represent the conditions of heritage buildings and 
enable accurate environmental simulations within 
BIM modeling (Brahmi et al., 2022).

Simeone et al. (2014) investigated the 
potential impact of BIM in heritage renovations to 

improve specialists’ collaboration and knowledge 
management. The authors concluded that BIM 
models, like those used in new construction projects, 
ensure the availability, accessibility, consistency, and 
coordination of all knowledge related to a historical 
artifact and shared by different actors involved in 
investigation/conservation processes. This promotes 
decision-making on the development of relevant 
interventions (Simeone et al., 2014). However, 
only a few research studies have investigated 
the generation and evaluation of various design 
alternatives in heritage renovation using BIM. 

Heritage buildings have a very high energy 
demand, as well as a very low indoor climate 
standard (Tomšič et al., 2017). For example, 35 % 
of buildings in the European Union are more than 
50 years old, and nearly 75 % of the building stock 
(including heritage buildings) are energy inefficient 
(European Commission, 2019). The same statistics 
demonstrate that renovating existing buildings can 
lead to significant energy savings, as it could reduce 
total EU energy consumption by 5–6 % and CO2 
emissions by around 5 %. Conversely, only about 
1 % of the building stock is renovated each year. 
In this regard, the design team must address the 
increasing energy demand and indoor environmental 
requirements while also considering architectural 
aspects and qualities in developing appropriate 
renovation scenarios (design options).

 Brahmi et al. (2022) revealed that BIM enables 
design teams to conduct faster, complex analyses 
and rapid assessments of energy simulations through 
BIM coordination with energy models, to produce 
a full virtual construction model. In their research, 
Žurić et al. (2022) focused on the “historical value” 
when integrating HBIM into GBC historic building 
certification. The implementation process focuses 
on interoperability and data preservation, using 
the open standard (IFC). However, there is limited 
research effort to integrate Life Cycle Assessment 
(LCA) with BIM and manage the environmental 
performance of renovation projects, along with the 
lack of a “cradle-to-grave” comprehensive BIM-
based environmental sustainability simulation tool 
(Wong and Zhou, 2015). Similarly, current cloud 
computing technology and Big Data management 
are not sufficiently addressed within the green BIM 
tool (Wong and Zhou, 2015). 

Recent studies propose methodologies for linking 
Heritage BIM with various technologies and digital 
simulations, such as Building Performance Simulation 
(BPS) and computational design (Gigliarelli et al., 
2017). However, these studies also highlight the 
lack of open-source platforms for Heritage BIM, 
limited interoperability between different software 
environments (such as gbXML files or IFC files) 
(Cheng et al., 2015; Gigliarelli et al., 2017), and 
the need for integration with facilities management 
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technologies (Kassem et al., 2015). Furthermore, 
only a few published prototypes with limited usage 
demonstrate markedly different BIM requirements in 
these projects (Angelini et al., 2017; Edwards, 2017). 
Despite the rapid developments and dissemination of 
standards, further research is necessary to automate 
processes and adapt BIM to the specific requirements 
of existing buildings (Volk et al., 2014).

Methods
To achieve the research objectives, a series of 

structured online interviews were conducted between 
January 2, 2022, and March 15, 2022. A total of 
31 experienced professionals involved in heritage 
renovation projects that utilized BIM participated in 
the interviews. The inclusion criteria ensured that all 
interviewees had more than 10 years of professional 
experience and possessed the necessary knowledge 
of BIM within the heritage sector. The majority of 
interviewees, primarily from Canada and the United 
States, had diverse organizational backgrounds. 
This included architectural firms (54.84 %), followed 
by construction firms (16.13 %), engineering firms 
(12.9 %), academic staff (6.45 %), and three 
respondents from owners, facility managers, and 
construction management. The sample size of 31 
interviewees, while not exhaustive, was chosen to 
provide a variety of perspectives within the constraints 
of the study. The selection was made purposefully 
to capture a representative sample and effectively 
address the research questions, reflecting the actual 
perceptions, complexities, and widespread use of 
BIM practices in heritage renovations. 

Within their respective organizations, the 
respondents reported having such roles as 
BIM specialists (32.26 %), historic preservation 
consultants (25.81 %), project managers (22.58 %), 
and directors (19.35 %). Additionally, 67.74 % of 
the participants stated that they were members 
of various local or international organizations 
committed to heritage preservation.

The interview questionnaire consisted of 20 
structured questions divided into two major parts: I) 
Current use and benefits of BIM in heritage renovation 
throughout the project lifecycle, and II) Barriers to 
using BIM in heritage renovation throughout the 
project lifecycle. The interview questions were initially 
based on a study conducted by Feng et al. (2014) 
and were later modified and adapted to specifically 
investigate BIM implementation in the context of 
heritage renovation. The interviewees were asked to 
select and rank the identified benefits and barriers 
of BIM implementation using a five-point Likert-type 
scale. The responses were then used to measure 
the significance of each item using the statistical 
method of mean score (M).

Results and Discussion
This section presents the findings obtained 

from the interviews conducted during the study 

and provides a comprehensive discussion of the 
results. The results are organized into two main 
parts: I) Current use and benefits of BIM in heritage 
renovation throughout the project lifecycle, and 
II) Barriers to BIM implementation in heritage 
renovation throughout the project lifecycle.

1. Current use and benefits of BIM in heritage 
renovation throughout the project lifecycle

The results of the interviews indicate that a 
significant majority of the respondents (75 %) have 
recent experience with BIM, specifically within the 
past five years, as BIM was utilized in the completion 
of their renovation projects. This suggests that the 
respondents possess relevant and up-to-date 
knowledge and expertise, making their responses 
representative and reliable.

As shown in Fig. 1, Autodesk Revit is the most 
commonly used BIM software in heritage renovation, 
with up to two-thirds of respondents (21 responses) 
reporting its use in their projects. This finding aligns 
with previous research in the literature, supporting 
the prevalence of Autodesk Revit in the field of 
heritage renovation (Logothetis et al., 2015; López 
et al., 2018). The popularity of Autodesk Revit can be 
attributed to its robust capabilities and widespread 
adoption within the industry. The respondents 
mentioned other BIM software platforms in addition 
to Autodesk Revit. Navisworks™ was mentioned by 
11 respondents, indicating its usage for tasks such as 
clash detection and project coordination. Graphisoft 
ArchiCAD was mentioned by 5 respondents, followed 
by Tekla Structures with 2 mentions, and Bentley 
Systems Architecture and VICO Constructor with 
1 mention each. These software platforms provide 
specialized features and functionalities that cater to 
specific project requirements or user preferences. 

Fig. 2 highlights the leadership role of architects 
in the BIM coordination process for completed 
renovation projects. In the majority of cases (58 %), 
architects took the lead in BIM coordination. This 
finding aligns with the common practice in which 
architects assume the role of lead designers 
in construction projects, overseeing the overall 
design and coordination of various disciplines. The 
architect’s involvement in BIM coordination reflects 
their crucial role in managing collaborative efforts 
and ensuring effective communication among 
project stakeholders.

During the interviews, the respondents were asked to 
indicate the BIM applications utilized in their renovation 
projects from a list of 15 identified applications (Fig. 3). 
Subsequently, they were asked to rank the benefits of 
these BIM applications on a 5-point Likert scale (1 — not 
beneficial at all, 2 — slightly beneficial, 3 — moderately 
beneficial, 4  — very beneficial, and 5  — extremely 
beneficial) (Fig. 4).

As anticipated and consistent with previous 
research findings (Gigliarelli et al., 2017; 
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Fig. 3. Extent of current usage of various BIM applications in heritage renovation projects

Fig. 1. BIM software packages used in heritage renovation projects

Fig. 2. BIM leadership
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Fig. 4. Benefits of using BIM applications in heritage renovation projects

Pocobelli et al., 2018), the most commonly used 
BIM application in renovation projects is digital 
documentation and laser scanning, with 24 
respondents reporting its use. Furthermore, this 
application is considered the most beneficial for 
renovation projects, with an average score of 3.97. 
These findings are supported by several studies 
(Angelini et al., 2017; Gigliarelli et al., 2017; López 
et al., 2018; Pocobelli et al., 2018).

Surprisingly, the results indicate significant 
developments and changes in BIM practices in recent 
years, which vary from project to project. The use of 
BIM has expanded to encompass more diverse and 
multifaceted applications, notably 3D modeling and 
intervention design (21 responses), clash detection 
(16 responses), and building systems coordination 
(14 responses). These applications were highly 
ranked for their perceived benefits in renovation 
projects, following digital documentation and laser 
scanning. The respondents recognized the value 
of 3D modeling and intervention design (average 
score: 3.77), as it allows for enhanced visualization 
and understanding of design intent. Building systems 
coordination (average score: 3.77) emerged as 
another crucial aspect, facilitating the effective 
integration and collaboration between different 
subsystems within the project. Clash detection 
(average score: 3.68), on the other hand, helps 
identify and resolve conflicts or clashes between 
various building elements or systems, enhancing 
efficiency and reducing rework. 

The findings emphasize BIM’s ability to foster 
teamwork and support collaborative, multilevel, 
and iterative processes. It provides a platform for 
evaluating alternative design options and value 
engineering, enabling stakeholders to explore 
different possibilities and negotiate connections and 
interfaces between subsystems. This collaborative 
approach can lead to optimized designs, improved 

performance, and enhanced decision-making 
throughout the project lifecycle.

The results highlight the growing recognition and 
utilization of BIM’s capabilities beyond traditional 
applications, such as documentation and scanning. 
The expanding use of BIM in areas such as 3D 
modeling, clash detection, and building systems 
coordination highlights its potential to enhance 
efficiency, coordination, and collaboration in 
renovation projects. This finding aligns with the idea 
that BIM supports a more integrated and collaborative 
approach to design and construction, enabling 
stakeholders to leverage its benefits and overcome 
project complexities (Migilinskas et al., 2013).

In contrast, certain BIM applications remain largely 
unexplored in the context of heritage renovation, 
including energy modeling (4 responses), building 
code checking (3 responses), spatial program 
validation (2 responses), and LEED certification (2 
responses). Additionally, the last BIM applications, 
along with 5D modeling/cost estimation, ranked 
as the least beneficial, likely due to their limited 
usage in renovations. Pocobelli et al. (2018) argued 
for the inclusion of tools such as rule-based code 
checking within BIM platforms. This inclusion would 
facilitate coordination and standardization of policies 
and controls related to environmental/energy 
performance and historic preservation codes, as 
well as the automation of the Leadership in Energy 
and Environmental Design (LEED) process for green 
building certification (Pocobelli et al., 2018).

Overall, the findings indicate that there is room 
for further exploration and utilization of specific BIM 
applications in the context of heritage renovation. 
By incorporating them, stakeholders in heritage 
renovation projects can potentially enhance project 
outcomes, improve environmental performance, and 
ensure compliance with relevant regulations and 
certifications. 
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Fig. 5. Summary of BIM benefits

The results of the interview questionnaire, which 
assessed the rating of a list of 21 identified benefits 
achieved through BIM utilization in renovation 
projects, are presented in Fig.  5. The mean (M) 
values range from the lowest mean score of M = 2.58 
for “Individual participant productivity” to the highest 
mean value of M  = 3.90 for “Improved collective 
understanding of design intent”. To determine the 
significance of each factor, the study adopted a scale 
interval grading similar to the approach utilized by 
Olawumi et al. (2018). The grading scale is as follows: 
“not important” (M  < 1.50), “somewhat important” 
(1.51  ≤ M  ≤ 2.50), “important” (2.51  ≤ M  ≤ 3.50), 
“very important” (3.51 ≤ M ≤ 4.50), and “extremely 
important” (M  ≥ 4.51). This scale helps categorize 
the level of importance attributed to each benefit 
(Fig. 5).

Heritage renovation is a complex and sensitive 
approach, characterized by a high level of risk and 
uncertainty (Roy and Kalidindi, 2017). The results of 
this study demonstrate that shifting to BIM offers an 
effective approach to address this challenge. The five 
most significant benefits of BIM implementation are: 
improved collective understanding of design intent, 
lower risk and better predictability of outcomes, 
better-designed and performing buildings, more 
accurate project documentation, and increased 
accuracy of the cost estimate (with mean values of 
3.90, 3.71, 3.61, 3.58, and 3.52, respectively). It is 
important to note that none of the identified benefits 
scored higher than 4.50, nor 2.50 or lower (Fig. 5). 
Therefore, these 21 benefits can be categorized 
as significant advantages that demonstrate the 
usefulness of BIM in improving the effectiveness and 
efficiency of heritage renovation projects, while also 

highlighting opportunities to further maximize BIM 
benefits in such projects.

Fig.  6 illustrates the contribution of BIM to 
improved performance across different project 
phases. The reviewees reported that BIM is most 
likely to contribute to improved performance during 
the construction document phase (20 responses) 
and the design development phase (19 responses). 
In contrast, the use of BIM is perceived to have a 
lesser contribution during the post-construction 
operation phase (Fig. 6), which aligns with existing 
literature indicating that BIM adoption in this phase is 
not yet well-established (Kassem et al., 2015). 

El-adaway et al. (2017) suggested that improving 
the performance of the construction industry should 
start with the contract and organizational aspects. 
In line with this perspective, the respondents in 
this study were asked to rate the frequency and 
benefits achieved through the use of different 
project delivery methods within BIM, using a five-
point Likert-type scale (Fig. 7). The results indicate 
that BIM is most often used in the design-bid-build 
delivery method, which is likely the most widely 
employed approach. The construction management 
and design-build methods follow it. Nevertheless, 
the respondents perceived that BIM implementation 
is highly beneficial for projects delivered using the 
construction management method (with an average 
score of M  = 3.55), more so than for design-bid-
build (M  = 3.48). This perception is likely due to 
the collaborative requirements between parties 
in the construction management method, as this 
approach typically involves more collaboration 
and coordination among the project stakeholders. 
The shift towards BIM in construction necessitates 
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a change in contractual arrangements, as the 
fragmentation of traditional approaches and fights 
for individual benefits contradict the collaborative 
atmosphere required for successful BIM 
implementation (Migilinskas et al., 2013).

2. Barriers to BIM implementation in heritage 
renovation throughout the project lifecycle

To identify and prioritize the barriers that hinder 
BIM implementation in renovation projects, the 
respondents were asked to rank a list of 17 identified 
barriers using a five-point Likert-type scale (Fig. 8). 
The same scale interval grading utilized in the 
previous section (for BIM benefits) was applied 
to determine the significance of each barrier: 
“not important” (M  < 1.50), “somewhat important” 
(1.51  ≤ M  ≤ 2.50), “important” (2.51  ≤ M  ≤ 3.50), 
“very important” (3.51 ≤ M ≤ 4.50), and “extremely 
important” (M ≥ 4.51).

The mean values (M) for the barriers range from 
the lowest mean score of M  = 2.74 for “Project is 
too complex” to the highest mean value of M = 3.71 
for “Project budget”. Similar to the benefits analysis, 

the scale interval grading was used to determine the 
significance of each barrier. Notably, all 17 factors 
fall within the categories of “important” and “very 
important” barriers that require the attention and 
consideration of project stakeholders to ensure the 
full implementation of BIM in heritage renovation. 
The most significant barriers pertained to the project 
budget, complexity of modeling historic structures, 
cost of hiring BIM professionals, and lack of (H)BIM 
knowledge, with mean values of 3.71, 3.61, 3.58 and 
3.55, respectively. 

The respondents highlighted project budget 
and financial constraints as major barriers to BIM 
implementation. This suggests that the cost of 
incorporating BIM technologies and processes in 
heritage renovation projects may exceed the allocated 
budget or may not be adequately considered during 
project planning. As mentioned in the literature, the 
results highlight that the respondents recognize the 
complexity involved in modeling historic structures 
using BIM. Heritage buildings often possess 
unique architectural features, intricate designs, and 

Fig. 7. Current use and benefits of BIM within different project delivery methods

Fig. 6. BIM’s contribution to improved performance in different project phases
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unconventional construction techniques, which can 
pose challenges when developing accurate and 
detailed digital models. Furthermore, the respondents 
perceive a lack of knowledge and understanding of 
BIM and heritage-specific BIM (HBIM) as barriers 
to successful implementation. This implies that 
stakeholders involved in heritage renovation projects 
may not have sufficient knowledge of BIM processes, 
methodologies, or the specific considerations required 
for managing heritage projects.

Recommendations for future improvements 
To overcome these barriers and maximize the 

potential of BIM in heritage renovation, the following 
practical recommendations and strategies are 
suggested:

•	 Mandate BIM adoption in contracts: Owners and 
developers of heritage projects should include clauses 
mandating the use of BIM in contracts. In this regard, 
almost all respondents (90 %) confirm the importance 
of property owners’ mandating of the use of BIM to 
encourage its implementation on heritage sites. Here, 
the client plays a complex role as a change agent, 
using their power and influence to drive change among 
project participants (Lindblad, 2019).

•	 Combining methodologies, techniques, 
and software: Explore the integration of different 
methodologies, techniques, and software to open up 
new possibilities for enhancing BIM applications to 
attain sustainability and high-performance outcomes. 
The advancement of digitalization in the construction 
industry, including the adoption of Industry 4.0 practices, 

provides a foundation for benchmarking the effects 
of digital technologies.

•	 Financial support and incentives: Seek financial 
support from federal governments and encourage 
clients to provide incentives for interdisciplinary 
cooperation, especially for experts from construction 
companies. This could involve setting up venture 
capital funds to support the growth of innovative 
startups and facilitate their collaboration with 
developers and contractors in implementing BIM for 
heritage projects.

•	 Involvement of heritage governmental bodies: 
Involve heritage governmental bodies during 
the design phase to ensure that their expertise 
and perspectives are incorporated into the BIM 
implementation process. 

•	 Education and training opportunities: Launching 
more education and training opportunities, especially 
for the heritage preservation community and project 
managers, to help them become digitally adept. 

•	 Encourage academic research: Encourage 
further academic research on the subject of BIM 
in heritage renovation and support the publication 
of papers in this field to advance knowledge and 
understanding.

•	 Adapt organizational and business structures: 
Select organizational and business structures 
that align with the characteristics of sustainable 
renovation and are best suited to the capabilities 
and needs of project participants for the efficient 
implementation of heritage projects.

Fig. 8. Summary of BIM barriers in descending order of significance
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•	 Develop new contracts and legal frameworks: 
Create and develop new contracts and legal 
frameworks that foster collaboration and enable the 
full realization of benefits from BIM utilization.

By implementing these recommendations, 
stakeholders can overcome barriers and enhance 
the effective implementation of BIM in heritage 
renovation projects.

Conclusions
This research aims to identify and assess 

the current use, benefits gained, and barriers 
encountered in implementing BIM for heritage 
renovation. To achieve this objective, 31 structured 
online interviews were conducted with experienced 
professionals in the field. The study makes a new 
contribution by investigating BIM implementation 
throughout the entire lifecycle of heritage projects.

The results reveal that the primary benefits of 
BIM adoption, in descending order of importance, 
pertain to improved collective understanding of 
design intent, lower risk and better predictability of 
outcomes, better-designed and performing buildings, 
more accurate project documentation, and increased 
accuracy of the cost estimate. Conversely, the most 
significant barriers are project budget limitations, 
the complexity of modeling historic structures, 
the cost of hiring BIM professionals, and the lack 
of (H)BIM knowledge.

The results also indicate a significant and 
unexpected shift in BIM practices in recent years, 

revealing varied usage patterns across different 
projects. The usage of BIM has expanded to 
encompass more multifaceted applications, 
such as clash detection and building system 
coordination. However, there is untapped potential 
for BIM use in areas such as energy modeling, 
LEED certification, building code checking, 5D 
modeling/cost estimation, and spatial program 
validation. These areas need to be explored to 
address multiple criteria, project complexity, and 
values. In doing so, experiences from new and 
existing buildings can serve as a benchmark 
for evaluating the effects of BIM in sustainable 
heritage renovation.

A significant limitation of this study is the data 
collection process, which relied on the willingness 
of participants. The sample size of interviews was 
limited, which may restrict the comprehensive 
investigation of BIM implementation regarding its 
complexity and widespread use. However, the 
findings contribute to advancing BIM adoption in 
heritage renovation and provide guidance to project 
stakeholders on maximizing the benefits of BIM 
throughout the project lifecycle while addressing 
critical challenges. Future research efforts could 
involve conducting quantitative studies with a 
larger pool of participants to explore and compare 
BIM experiences from different stakeholders’ 
perspectives, in order to further validate and 
generalize the results.
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Аннотация
Введение: информационное моделирование зданий (BIM) привлекает значительное внимание благодаря 
развитию сложных технологий и методик. Однако всесторонний обзор имеющихся литературных источников 
свидетельствует об отсутствии исследований в области применения BIM в управлении процессами проектирования 
и реконструкции с более широкой системной точки зрения. Цель исследования  — восполнить этот пробел 
путем выявления и оценки текущего использования, преимуществ и препятствий, связанных с внедрением 
BIM на протяжении всего жизненного цикла проектов реконструкции. Методология исследования основана на 
проведении 31 структурированного интервью с опытными специалистами, использовавшими BIM в своих проектах. 
Результаты показывают, что основными преимуществами внедрения BIM в порядке убывания важности являются 
улучшение коллективного понимания проектного замысла, снижение рисков и повышение прогнозируемости 
результатов, более качественное проектирование и улучшенные эксплуатационные характеристики зданий, более 
точная проектная документация и повышение точности смет. Однако существует и ряд существенных препятствий: 
бюджет проекта, сложность моделирования исторических сооружений, стоимость найма BIM-специалистов и 
отсутствие знаний в области BIM. Полученные результаты могут способствовать внедрению BIM при реконструкции 
объектов культурного наследия и позволят участникам проекта сосредоточиться на реализации преимуществ 
и потенциальных возможностей использования BIM на протяжении всего жизненного цикла проекта, а также 
на решении важнейших задач, рассмотренных в данном исследовании.

Ключевые слова: внедрение BIM; реконструкция объектов культурного наследия; преимущества BIM; 
препятствия в BIM.
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Abstract
Introduction: With consideration for extensive standardized detection and monitoring data, multi-source data fusion 
analysis and comparison were implemented at cross-project and inter-regional levels to provide robust data support for 
the full life-cycle management of metro civil facilities. The purpose of the study was to integrate detection and monitoring 
data on metro bridges and tunnel structures and address the significant data isolation issue in existing systems and various 
units. Based on big data and Internet of Things technology, this paper investigates the standardized format of uploading, 
storage, processing, sharing, and other types of managing detection and monitoring data on metro bridges and tunnel 
structures. Additionally, a third-party data standardization and visualization platform for bridges and tunnel structures was 
developed, ensuring integration of detection and monitoring data fusion. In the course of the study, the following methods 
were used: theoretical analysis and software system development. As a result, the practicability and feasibility of the 
platform were verified through practical applications.

Keywords: metro civil facilities, big data platform, detection and monitoring, data standardization, integrated analysis.

Introduction
With the rapid development of urban rail transit, 

the number of such civil facilities as bridges and 
tunnels increases. As the years of operation increase 
and the external environment constantly changes, 
the structure of civil facilities has undergone subtle 
changes, including shifts in existing diseases and 
the emergence of new ones. The monitoring and 
testing of bridges and tunnels have generated a large 
volume of paper records, charts, images, etc. (Fig. 1), 
encompassing various types of data from different 
sources, lacking unified data format standards, and 
leading to significant data fragmentation (Fig.  2). 
There is also a lack of an integrated management 
platform that would combine engineering structure 
overview, historical monitoring data, metro safety 
assessment, and structural maintenance history for 
the comprehensive application of civil engineering 
facilities. As a result, it is quite difficult to achieve the 
auxiliary management functions of visual querying, 
intelligent analysis, and comprehensive judgment 
of metro civil engineering structure operation and 
maintenance data.

The operation and maintenance management 
of urban rail transit civil engineering facilities has 
significant social benefits and broad application 
prospects. Many metro operators, manufacturers of 
information systems, and universities in China have 
started to dedicate more research and development 

efforts to the informationization of the operation 
and maintenance management of urban rail transit. 
For instance, Agrawal et al. (2011), Assunção et al. 
(2015), Beyer and Laney (2012), Chen and Zhang 
(2014), Mayer-Schönberger and Cukier (2013) 
introduced the definition, potential applications, 
and development trends of big data and cloud 
computing. Li (2020) proposed the fundamental 
concept of creating a cloud platform for managing 
urban rail transit detection data, focusing on system 
architecture and system function design. Tao et al. 
(2019, 2021) implemented a railway infrastructure 
testing and monitoring data management and 
integrated analysis service platform based on big 
data technology. Chen et al. (2012), Demirkan and 
Delen (2013), Ding and Guo (2015), Guo et al. 
(2016), Khribi et al. (2009), Lv et al. (2015), Peng 
et al. (2017) investigated the application of big data 
in various fields. Luo et al. (2019) and Yang (2021) 
analyzed the application and prospects of BIM 
technology in intelligent operation and maintenance 
in the railway infrastructure and urban rail transit 
industry. Vitri and Herman (2019) studied the basic 
infrastructure maintenance system for improving 
the quality of infrastructure services. Jamshidi et al. 
(2017) investigated the method of big data analysis 
for rail failure risk assessment. Wu et al. (2010) 
and Zach and Reiser (2015) studied the application 
of cloud storage.
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However, most of the above-mentioned systems 
(GB 50911-2013 (Standardization Administration 
of the People’s Republic of China, 2013), DB11/T 
1167-2015 (Beijing Bureau of Quality and Technical 
Supervision, 2015), DB11/T 718-2016 (Beijing 
Bureau of Quality and Technical Supervision, 
2016), GB/T 39559.2-2020 (Standardization 
Administration of the People’s Republic of China, 
2020)) only implement the related data collection 
and display functions and have shortcomings in 
data standardization, intelligent collection, and data 
fusion. These systems are unable to perform deep 
data analysis and safety control value deduction from 
the vast amount of operation and maintenance data, 
including monitoring, detection, and evaluation data.

Research on combined detection technology
In terms of data analysis and utilization, the 

data formats across different monitoring and testing 
units are quite diverse and independent of each 
other. As a result, the standardized data uploading 
interface, analysis algorithm, data visualization, and 
fusion analysis result display functions need to be 
redeveloped. Besides, data uploading standards 
vary for different sources, and the absence of batch 
processing functions for unstructured data leads to 
low data utilization.

This paper aims to achieve the fusion of 
monitoring and testing data for metro bridges and 
tunnel structures, addressing the significant data 
isolation issue between existing systems and 
various units. It will collect data sources and types, 
develop third-party monitoring and testing data 
uploading standards, and establish third-party 
data standardization and visualization to achieve 
modularization, standardization, platformization, and 
visualization. The platform includes a data layer, a 
service layer, and an application layer. The technical 
architecture of the platform is shown in Fig. 3, and the 
platform’s functional modules are shown in Fig. 4.

The data layer connects data from various 
sources, with the fundamental information coming 
from the infrastructure ledger of the management 

unit. The test data comprises special test data from 
the third-party testing unit, with the primary data 
sources being the test reports and original records 
from previous years. The monitoring data includes all 
manual monitoring data from third-party monitoring 
units, with the primary data sources being the 
monitoring reports and original records from previous 
years. Data from various sources is classified and 
stored to achieve the integration of multi-channel 
data information. The data layer manages the 
storage of structured data, unstructured image data, 
report files, as well as monitoring, detection, and 
safety assessment. It also imports basic account 
information for civil engineering facilities such as 
bridges and tunnels, providing a data information 
basis for data fusion analysis. The service layer offers 
such services as data standardization processing, 
batch import, fusion analysis, and data visualization 
for each application layer. This fully supports the 
statistical analysis of monitoring and testing data 
for metro civil engineering facilities, disease type 
information description, state evaluation, treatment 
suggestions, and more.

Key technology
The system platform utilizes stable and advanced 

information technology for data classification storage, 
big data component integration, data utilization 
and deployment, efficient retrieval, and platform 
interface optimization. Additionally, it establishes a 
third-party monitoring and testing data platform for 
civil engineering facilities and reserves interfaces for 
future system upgrades.

The system platform utilizes big data technology 
based on the Hadoop ecosystem to achieve efficient 
storage and processing of massive data. This 
includes data cleaning, deduplication, aggregation, 
and correlation analysis processes. Through the 
MapReduce model for parallel computing, it is 
possible to accelerate the processing of large-
scale datasets, quickly extract useful information 
and patterns, and achieve intelligent analysis 
and processing of stored data, to provide more 

Fig. 1. Paper ledgers (charts) Fig. 2. Standards for different data formats
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Fig. 3. Platform technology architecture

Fig. 4. Platform’s functional modules

comprehensive and accurate support for the 
technical evaluation and subsequent management 
decisions regarding bridges and tunnels.

1. Data Classification Storage Technology
The platform comprehensively processes basic 

information data on bridges, health monitoring data, 
test management data, etc. The data organization 

forms vary in different scenarios. To meet the 
processing requirements of this type of multi-source 
heterogeneous data, the platform comprehensively 
utilizes multiple storage technologies to ensure 
efficient and secure data storage.

Data such as basic bridge information and 
test management information can be considered 
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structured data, with high integrity and consistency, 
and a strict correlation between the data. The system 
uses the MySQL structured database to process 
this part of the business data and utilizes the SQL 
language for querying and managing the data.

Bridge health monitoring data can be considered 
time series data, which is arranged in a time 
sequence and has the characteristics of a large 
amount of data, more writing and less reading, and 
more statistical indicators. The system uses the 
TDengine time series database to store and query 
monitoring data, thereby improving monitoring data 
processing capabilities and reducing disk space 
occupancy.

Such information as test reports and images of 
diseases generally exists in the form of pictures 
and files. A single file has a small size, but there are 
many files. Therefore, the system uses the FastDFS 
distributed file system to store attachment files, 
which can effectively expand the storage capacity 
and meet the later operation and maintenance 
requirements.

2. Integration Technology for Big Data 
Components

The system uses the Spring Cloud framework to 
effectively integrate the big data-related components 
used in the platform development process, thereby 
achieving high service availability and improving 
the stability and scalability of the platform. A 
microservice is a software architecture style that 
divides applications into smaller components 
known as services, each of which runs, expands 
independently, and interacts through a lightweight 
communication mechanism. Based on the business 
requirements, the system divides the functional 
level and designs several microservices, including 
basic information management service, monitoring 
information management service, detection 
information management service, safety assessment 
management service, and comprehensive 
information management service.

Spring Cloud is an open-source microservice 
framework that provides out-of-the-box components 
such as service discovery, configuration 
management, intelligent routing, control bus, 
cluster state management, and more. By using the 
Spring Cloud framework in platform development, 
developers can focus on business-related functional 
logic and improve development efficiency. According 
to the microservice framework, function expansion 
only targets a specific service, without affecting 
other services, and enhances the overall availability 
and scalability of the system.

3. Data Utilization and Deployment Technology
In this study, containerized deployment is used 

for platform deployment, which is a technology that 
encapsulates applications and their dependencies 
in containers and allows them to run consistently 

across different environments. The use of container 
deployment can simplify the process of deploying 
applications, allowing developers to deploy 
applications to the production environment faster. 
Additionally, it can improve the portability of the 
application program, enabling it to run on different 
operating systems and hardware platforms.

When it comes to selecting a container 
deployment technology, the platform utilizes the 
Podman container engine, which can be used to 
create, run, and manage containers. Compared to 
other container engines, Podman does not need 
to run daemons, so it can be better integrated with 
the security policy of the system. Podman uses the 
Linux namespace to isolate the container from the 
host operating system, making the container more 
secure. By using the Podman container engine 
for system container deployment, the system’s 
development and deployment process is simplified, 
its hardware compatibility is improved, and its 
migration and maintenance are facilitated.

4. Efficient Data Retrieval Technology
When searching for unstructured text content such 

as disease descriptions and disposal operations, 
the traditional SQL LIKE operation is inefficient 
because it is not suitable for large-scale data and 
only supports basic pattern matching, so it cannot 
perform advanced text analysis. The system utilizes 
Elasticsearch as a search engine, enabling the 
search, analysis, and exploration of a large volume 
of detection and monitoring data. This facilitates the 
comprehensive life-cycle management of platform 
detection and monitoring data, as well as efficient 
full-text search. Elasticsearch uses reverse indexing 
technology, and its basic idea is to take each word 
in a text record as a keyword and associate the 
keyword with the text record containing it. During 
the system’s operation, Elasticsearch synchronizes 
the data from the database, utilizes the word 
segmentation controller to segment the relevant 
sentences, and then stores the weights and word 
segmentation results in the database. Later, when 
the user searches for data, the results are ranked 
and scored according to their weight, and finally, the 
returned results are presented to the user.

5. System Platform Interface Optimization 
Technology

The platform utilizes the React framework 
to optimize the display of the user interface and 
enhance the user experience. React is an open-
source JavaScript front-end framework for building 
web-based user interfaces. Compared to other 
front-end frameworks, React uses a virtual DOM 
mechanism to make page rendering more efficient. It 
also applies a component-based development mode 
to page development, making the code more modular 
and easier to maintain. Meanwhile, React uses the 
architecture design of one-way data flow to reduce 
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code coupling. In addition, the React community 
offers numerous open-source components, making 
it easy to learn and use the developed user interface.

In the bridge visualization display, WebGL is used 
to connect the multi-dimensional bridge data with the 
three-dimensional model. WebGL is a technology for 
rendering 3D graphics in a web browser that can be 
used with HTML5 through the JavaScript API. The 
system uses WebGL technology to display BIM 
visual models of bridges and tunnels. Based on this, 
users can interact with the visual models in various 
ways, such as rotation, scaling, translation, and 
clicking, thereby comprehensively viewing the multi-
dimensional information of bridges and improving 
the system’s usability.

Main functions
The platform supports batch import, timing 

synchronization, visual display, and long-term storage 
of structured and unstructured data from different 
sources, as well as statistical analysis of data across 
time and structural dimensions. It provides platform 
support for predicting disease trends and evaluating 
the state of metro civil engineering facilities. The 
functional architecture of the platform is illustrated 
in Fig. 5.

1. Data Import
Based on the standard data files of various 

types, the platform supports batch import of different 
data types. The collected data includes a basic 
information ledger, monitoring and testing data, 
safety assessment reports, and more. Based on the 
data sources, the monitoring data can be categorized 
as fixed online monitoring data, on-site small-scale 

instrument inspection or manual inspection data, 
and mobile large-scale equipment inspection data.

2. Data Storage
The relational database MySQL is used for storing 

structural data such as metro civil engineering facility 
tests and basic ledgers. Health monitoring data can 
be considered time series data, which is arranged 
in a time sequence and has the characteristics of a 
large amount of data, more writing and less reading, 
and more statistical indicators. The system uses the 
TDengine time series database to store monitoring 
data. Besides, the system utilizes the FastDFS 
distributed file system to store attachment files, 
such as test reports, disease pictures, and other 
unstructured data.

3. Data Management
Based on the confirmed monitoring items, 

including settlement observation, convergence 
(horizontal and vertical), horizontal displacement, 
mid-span deflection, layered settlement of 
soil, groundwater level, and combined with the 
calculation methods for various monitoring data, an 
automatic calculation module for monitoring data is 
constructed to automatically calculate the change, 
previous cumulative change, current cumulative 
change, deformation rate, and early warning level.

The rules for division and naming of the structure, 
fields, and methods for third-party testing and 
monitoring data entry are clarified. This standardizes 
the operational procedures for third-party testing 
and monitoring projects at the data level and forms 
data standard documents to provide operational 
guidelines for future projects. Additionally, the 

Fig. 5. Platform’s functional architecture
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standardized data structure lays the foundation for 
the subsequent construction of the standardization 
and visualization platform.

The collected data is classified, and different 
modules of the system platform are created to realize 
the corresponding functions. The system platform 
mainly includes six modules: comprehensive 
information management, basic information 
management, monitoring information management, 
detection information management, safety 
assessment management, and system management. 
The comprehensive information management 
module is used to display data comprehensively. 
The basic management module is responsible 
for maintaining metro structure information. The 
module for monitoring and detection information 
management as well as safety assessment is used 
to maintain all monitoring information, detection 
information, and safety assessment information 
under the condition of perfect basic information. 
The system management module is responsible for 
maintaining the information of each unit and user.

4. Data Sharing
Different management rights are assigned based 

on different roles to achieve visibility differentiation 
for modules and pages across various units and 
departments. The construction of the system 
platform meets the needs of management units and 
achieves the standardized integration and visual 
display of basic information, detection information, 
monitoring information, safety assessment, and other 
information about the bridge and tunnel structure. This 
provides a collaborative operation platform based on 
industry standards for management units and third-
party units, improving the data management quality 
of management units and enhancing operation and 
maintenance efficiency.

5. Security Services
The server side of the system deployment is 

a private cloud server, which ensures that the 
information stored, used, and transmitted will not 
be leaked to unauthorized users or entities, and 

will not be tampered with by unauthorized users. 
It also prevents authorized users from improperly 
tampering with the system and information. 
With sufficient backup data storage space and a 
standardized backup control interface, the system 
platform achieves standardized management of 
system backups, supports backup requirements 
for different types of data, and does not affect the 
system’s application during backup. Based on 
this, the system platform not only meets the basic 
requirements of data storage and backup, but also 
supports data recovery. Data can be recovered 
under different faults and unexpected situations.

6. Application Service
In the entire data management process of 

“import-storage-management-display”, various 
functions such as data display, disease treatment 
suggestions, trend analysis, state evaluation, and 
comprehensive display are realized. This provides 
platform support for efficiently utilizing detection and 
monitoring data. The complete process management 
of data is illustrated in Fig. 6.

Using the historical detection data of a 
specific bridge as an example, both structured 
and unstructured data, such as photos, will be 
processed according to established data standards 
to transform non-standard data into standardized 
data. Subsequently, the data will be imported into the 
system platform mentioned in this paper. This has 
enabled the digital storage and retrieval of historical 
detection data, as well as the ability to conduct 
queries and analyses using various dimensional 
filtering criteria. Based on this, 2D and 3D data 
visualization can be achieved by integrating with 
maps, BIM, and other hosting platforms (Table 1).

Application case
Based on the research results of data 

standardization, a component-level database for 
metro bridges and a pile number-level database for 
metro tunnels have been built, providing a unified 
structural database for the analysis and application 
of subsequent detection and monitoring data. 

Fig. 6. Complete process management of data
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The bridge structure defines the component 
information of a specific bridge based on standardized 
splitting and naming rules, and all component 
information of a specific bridge can be quickly 
entered through an Excel spreadsheet. The tunnel 
structure is defined according to the pile number, 
and the detection and monitoring data is associated 
with the pile number of the tunnel structure.

The data types for all detection and monitoring 
items in the system platform are classified. Data 
types such as “text”, “number”, “option”, “option 
+ text”, and “image” are sorted and configured 

according to field requirements. Let us consider 
the “concrete crack” detection item in the tunnel 
as an example. According to standard documents, 
the “crack location” field is composed of “part + pile 
number + pile mileage range + specific location”. 
The data type for the part and specific location is 
“option + text”, the data type for the pile number is 
“option”, and the data type for the pile mileage range 
is “number”. During the development process of the 
system platform, corresponding functional modules 
are designed based on the data types of each 
component, achieving convenient operation and 

Table 1. Schematic diagram of data processing and display
1. Inspection report

  
2. Data 

standardization 
processing

3. Data display
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Fig. 7. Editing of tunnel detection result information

Fig. 8. Entry fields for batch data import

standardized management during the input process 
(Fig. 7).

A standardized data import template has been 
designed for each detection and monitoring item in 
the system platform. It organizes the components 
of each field under a specific detection item and 
monitoring item in a table format in batches. It parses 
each column of the list using Python scripts and 
matches the components of each field with specific 
rules to achieve batch import of data standardization 
templates (Figs. 8 and 9).

Fig.  10 demonstrates the metro overview 
interface displayed on the home page of the 
system’s comprehensive information management 
module. This interface provides an intuitive display 
of the distribution of metro lines, as well as basic 
information such as the number of metro lines, the 
total mileage of lines, and the number of stations. 
Furthermore, it allows querying the number, length, 
and corresponding proportions of bridges, tunnels, 
and roadways. The system features a user-friendly 

interface and practical functions, enabling the 
electronic management of metro line information.

Fig. 11 illustrates the data visualization interface 
of the system’s comprehensive information 
management module. The visualization page 
displays the geographical location of a single bridge 
or tunnel, the BIM model, bridge components, 
detection data over the years, various data statistics, 
and more. By clicking the model, you can view the 
disease status of individual components.

Fig.  12 presents the interface for data chain 
analysis. The data chain analysis interface enables 
statistical analysis of both the temporal dimension and 
the structural dimension. Analyses can be conducted 
by selecting the structure type, data type, disease 
type, and line. Meanwhile, this interface supports the 
export function for both images and data.

In addition to the functional interface shown 
in the figure, the system platform also provides 
functional interfaces such as bridge evaluation, 
tunnel evaluation, comprehensive information 
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Fig. 9. Batch import template

Fig. 10. Home page display

Fig. 11. Data visualization display
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query, site management, line management, 
structural management, monitoring engineering 
management, testing engineering management, 
safety assessment engineering management, and 
system management.

In summary, the platform for standardizing and 
visualizing monitoring and testing data for metro 
civil engineering facilities, addressed in this paper, 
has successfully implemented batch uploading, 
comprehensive management, and integrated 
analysis of multi-source data. By dividing system 
role permissions, it is possible to effectively satisfy 
the requirements of various roles, scenarios, and 
functions.

Conclusions
In order to meet the requirements for monitoring, 

testing, data asset management, automatic access, 
and intelligent analysis of metro civil engineering 
facilities, this paper designs and implements a third-
party testing and monitoring data standardization 
and visualization platform for metro civil engineering 
facilities. The platform provides standardized batch 
data import, data classification storage, and data 
management and sharing functions. On this platform, 
standards for uploading third-party detection, 
monitoring data, and test data are established. This 
helps to solve the serious issue of data isolation 
between existing systems, establish a structured 
database, and effectively utilize multi-system data 
for comprehensive analysis.

The integration of detection and monitoring data 
has been achieved. Meanwhile, multi-source data 
fusion analysis and comparison across projects and 
intervals are realized in combination with massive 
standardized detection and monitoring data. This 
provides powerful data support for the whole life-
cycle management of later facilities.

The platform has been in operation since 2022, 
and such information as testing and monitoring 
data, as well as basic information ledger from 2019 
to 2022, has been imported. This confirms the 
feasibility of the platform.

Further research directions
1) Expand the scope of standardized data 

management and strengthen the processes for data 
standardization management, particularly focusing 
on data collection to ensure the integrity and 
effectiveness of the collected data.

2) Create a diversified and comprehensive data 
display page to enable such functions as structural 
detection cycle warning, auxiliary analysis of 
detection cost, disease tracking, and key information 
warning. Assist management personnel in visually 
viewing and quickly analyzing the health status of 
civil engineering facilities.

3) Study conventional-style parameterized modeling 
techniques for bridges and tunnels, and complete BIM 
modeling for the entire lines of bridges and tunnels, 
thereby providing a model foundation for the rich and 
comprehensive application of BIM visualization.

Fig. 12. Data chain analysis
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ИССЛЕДОВАНИЕ ПЛАТФОРМЫ СТАНДАРТИЗАЦИИ 
И ВИЗУАЛИЗАЦИИ ДАННЫХ МОНИТОРИНГА И ИСПЫТАНИЙ 
ГРАЖДАНСКИХ ОБЪЕКТОВ МЕТРОПОЛИТЕНА НА ОСНОВЕ 
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Аннотация
Введение: на межпроектном и межрегиональном уровнях с целью получения надежных данных для управления 
гражданскими объектами метрополитена на протяжении всего жизненного цикла проведены анализ и сравнение 
данных из нескольких источников с учетом обширных стандартизированных данных обнаружения и мониторинга. 
Цель исследования  — интегрировать данные обнаружения и мониторинга в отношении мостов и тоннелей 
метрополитена и решить проблему значительной изоляции данных в существующих системах и различных блоках. 
На основе больших данных и технологии Интернета вещей в данной работе исследуется стандартизированный 
формат загрузки, хранения, обработки, обмена и других видов управления данными обнаружения и мониторинга в 
отношении мостов и тоннелей метрополитена. Кроме того, разработана платформа стандартизации и визуализации 
сторонних данных для мостов и тоннелей, обеспечивающая интеграцию данных обнаружения и мониторинга. В ходе 
исследования использовались следующие методы: теоретический анализ и разработка системы ПО. Результаты: 
практичность и реализуемость платформы были проверены на практике.

Ключевые слова: гражданские объекты метрополитена, платформа больших данных, обнаружение и мониторинг, 
стандартизация данных, комплексный анализ.
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Abstract
Introduction: Steel-concrete composite girders have been widely used in bridges, with the stability of the interface being 
crucial. Shear connectors and reinforced concrete slabs play a key role as interfaces. Understanding the interaction 
between the composite beam and slab is essential for predicting the overall system response. It is necessary to optimize 
the connection between steel beams and reinforced concrete slabs in steel-concrete composite girders and facilitate their 
assembly and installation on-site, emphasizing their pivotal role in upholding the structural integrity of composite systems. 
The purpose of the study was to conduct an experimental investigation and a numerical simulation using the finite element 
method. During the study, the following methods were used: examining the behavior of IPE and IPN perforated shear 
connectors using push-out tests. The main objective was to analyze how the I-shaped perforated connector, concrete slab, 
steel beam, and rebar affect the measured slip between the steel beam and concrete slab. To achieve that, specimens with 
IPE80 or IPN80 shear connectors having circular or long cut holes containing 8 mm or 6 mm diameter steel bars were used 
to enhance the connector’s resistance against uplift forces. The test setup follows Eurocode 4 guidelines, focusing on hole 
shape and anti-lift rebar diameter parameters. The predominant failure modes were mainly dictated by the crushing of the 
concrete slab. As a result, it was found that the hole geometry of IPE and IPN perforated shear connectors significantly 
impacts shear load capacity and ductility. The long cut hole shape in IPE and IPN perforated shear connectors exhibits 
superior ultimate load capacity but less interfacial slip compared to the circular hole. The IPE and IPN perforated shear 
connectors demonstrated satisfactory ductility for all tested hole shapes, and the 3D finite element models are consistent 
with the test results.

Keywords: composite beams, I-shaped perforated connectors, load-slip behavior, push-out test, ductility, finite element 
method.

Civil Engineering

Introduction
In the pursuit of practical solutions for steel-

concrete connection challenges in composite 
constructions, various types of connectors have been 
explored to optimize connector quantity, strength, 
cost effectiveness, and ease of on-site assembly. 
While only a handful of types of connectors have 
been endorsed by Eurocode due to their reliability 
and ease of implementation for most structures 
(Maquoi et al., 2010), limitations in shear strength 
and fatigue under cyclic loads in composite bridges 
have led to the exploration of alternative connectors.

Several alternatives, such as welded angles with 
anti-lift rebars and perforated plates, have been 
proposed to address these concerns (Bujnak, 2007). 
Perforated plates were developed in Germany for 
the construction of the composite bridge of Caroni 
in Venezuela (Jarek, 2004). U- and I-shaped 
connectors were developed by Viest et al. (1951). 
In a previous work by Farid and Boutagouga (2021), 
I-shaped connectors showed promise in their ability 
to withstand shear forces and prevent vertical 

separation, as illustrated in Fig.  1. When oriented 
optimally, the I-shape demonstrated significantly 
higher shear strength than other orientations but 
exhibited minimal resistance to vertical separation.

This paper focuses on using perforated 
I-connectors with anti-lift rebars to enhance vertical 
separation resistance, improve the connector’s 
ability to withstand shear forces, and prevent vertical 
separation between the steel beam and concrete 
slab. Unlike the U-connector, the perforated 
I-connector displays consistent behavior in both 
directions. It offers manufacturing ease through 
transverse cutting of IPN and IPE profiles, similar to 
the welding process for U-connectors.

Perforated shear connectors, known for their 
high bearing capacity and ductility, are increasingly 
favored in composite steel-concrete structures, 
especially when other connectors lack sufficient 
strength (Liu et al., 2021). Vianna et al. (2008) 
conducted an in-depth examination of perforated 
T-connectors, analyzing their performance in 
relation to concrete slab thickness, compressive 
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strength, connector geometry, placement, and hole 
configuration. They also compared the outcomes of 
push-out tests with an analytical model proposed by 
different researchers in a comparative study between 
perforated plates and perforated T-connectors 
(Vianna et al., 2009). Another parametric study on 
perforated connectors demonstrated that increasing 
the number of holes in the connector increases its 
resistance. For each additional hole, there was an 
average increase in resistance of approximately 
5 %. It was deduced that the concrete cylinders 
formed through the holes do not play a dominant role 
in strength compared to other factors such as plate 
bearing or slab reinforcement.

However, it is important to note that having at 
least one hole is crucial to ensure proper behavior 
and prevent undesired uplift. The study also revealed 
that the uplift remained controlled and consistent in 
magnitude for all perforated connectors (Cândido-
Martins et al., 2010). Ahn et al. (2010) introduced 
a modified shear strength equation, considering 
perforated plates and rebar spacing based on push-
out tests. Costa-Neves et al. (2013) explored eight 
new specimens featuring innovative geometries 
such as the I-Perfobond and the 2T-Perfobond, 
alongside an analytical model that accounted for 
connector geometry and reinforcing bars through 
holes. This included a comparison of experimental 
results with analytical models for perforated I- and 
T-shaped shear connectors. 

A model developed by Su et al. (2014) 
overlooked the effects of specimen size and friction 
on the structural performance of the connector 
with a perforated plate. An analysis of the failure 
mechanism of perfobond rib shear connectors 
revealed a consistent occurrence of brittle failure 

in these connectors. Zheng et al. (2016) conducted 
a study with 21 push-out tests using circular and 
oblique hole perforated connectors, comparing 
these results against 10 shear resistance equations 
from the literature. Allahyari et al. (2018) used 90 
literature records to develop a Bayesian neural 
network model that expresses the shear strength of 
perforated connectors with bars. Kim et al. (2018) 
examined the behavior of perforated Y-shaped 
shear connectors with double-row bars using push-
out tests. Their investigation focused on exploring 
connector spacing, quantity, and three variations of 
single and double-row specimens. Zhao et al. (2018) 
conducted an experimental study involving 18 deeply 
anchored PBL shear connectors within reinforced 
concrete slabs. The findings highlighted that the hole 
diameter in the perforated steel plate, the diameter 
of reinforcing bars, and the transverse reinforcement 
ratio significantly influenced the bearing capacity. To 
address the challenges of installing reinforcements 
within circularly perforated connectors, Wang et 
al. (2018) proposed creating vertical sections in 
perforated plates to facilitate implementation and 
further study the behavior of this connector.

Methods
Composite constructions with steel and concrete 

have proven to outperform any other type of 
construction, particularly for main structures such 
as commercial buildings, residential buildings, and 
many bridges. They offer greater stiffness and 
strength to steel, as well as improved ductility.

This study explores the behavior of IPE and 
IPN perforated steel shear connectors, specifically 
those perforated with either circular or long cut 
holes, as depicted in Fig. 2. Experimental tests were 
conducted to analyze and compare these connector 

Fig. 1. IPE shear connectors studied in different orientations (Farid and Boutagouga, 2021)
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Material properties
Steel 
Steel coupons were cut from the IPE80 and IPN80 

webs and underwent standard coupon tensile testing 
to establish the stress-strain curve of the connectors. 
The specimen dimensions aligned with those typical 
for tensile tests on metallic materials (Aegerter et al., 
2011). From these tests, crucial material properties 
such as yield strength and ultimate tensile stress of 
the connectors were determined and are detailed 
in Table 1.

Table 1. Mechanical properties of the connector 
Type fy (MPa) fu (MPa)
IPE80 238 358
IPN80 247 385

types with regard to their shear strength, ductility, 
and failure modes.

Specimen preparation
The composite beams under investigation 

consisted of a HEB160 steel beam connected 
to a reinforced concrete slab with dimensions of 
36 × 32 × 12 cm3. The slab was reinforced with 4Ф8 
reinforcements in two directions, as illustrated in 
Fig. 3. The connection between the steel beam and 
the concrete slab involves either IPE80 or IPN80 
profile perforated shear connectors placed within 
circular and long cut holes with diameters of 6 and 8 
mm, respectively, passing through the perforations.

All selected specimens adhered to the standard 
dimensions outlined in Eurocode 4 (2006) 
specifications (Fig. 4). This study used conventional 
concrete for the concrete slab material.

Fig. 2. IPE and IPN perforated shear connectors under study

Fig. 3. Push-out specimen preparation
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Fig. 4. Specimen dimensions (mm)

Concrete 
The concrete mixture proportions for the slab 

were determined using the Dreux-Gorisse method 
(Dreux and Festa, 2007). All push-out specimen 
slabs were horizontally cast following Eurocode 4 
standards, ensuring the elimination of friction at the 
steel-concrete interface by oiling the HEB flanges 
before casting the slab.

During the concrete casting process, three 
cylinders of concrete measuring 160 mm in diameter 
and 320 mm in length were formed from the same 
concrete mixture. These cylinders underwent 
compressive strength testing on the same day as 
the push-out tests were performed. The results of 
the tests are detailed in Table 2.

the concrete slabs to provide a firm base. The test 
procedure adhered to Eurocode 4 (2006) standards. 
The load was initially applied incrementally in steps 
of 10 kN, ranging from 0 to 80 kN (equivalent to 40 % 
of the expected failure load), and then reduced to 
10 kN (5 % of the expected failure load). Following 
this, a loading cycle between 10 and 80 kN was 
repeated 25 times to eliminate any inconsistencies 
in the test setup. The load was then continuously 
increased until failure occurred.

Results
The push-out tests investigated how IPE and IPN 

perforated shear connectors behave in composite 
girders. The main goal of this study was to analyze 
the load-slip behavior, ultimate shear capacity, and 
failure modes of the I-shaped perforated connectors.

I-shaped perforated connectors with a circular 
hole

The behavior of IPE and IPN perforated shear 
connectors with circular holes was examined 
during the initial experimental tests. The specimens 
under study were labeled as follows: IPE6C and 
IPN6C, denoting those with a 6 mm diameter of 
anti-lift rebar, while IPE8C and IPN8C represented 
specimens with an 8 mm diameter of anti-lift rebar 
(Fig.  5). Additionally, Fig.  6 illustrates the load-
slip characteristics of these tested IPE and IPN 
perforated connectors featuring circular holes.

The findings indicate that IPE and IPN perforated 
connectors exhibit similar behavior, as illustrated in 
Figs.  6 and 7. Notably, IPE perforated connectors 
demonstrate marginally higher strength and ductility 
than their IPN counterparts. All specimens displayed 
remarkable ductility, meeting the 6 mm slip ductility 
limit. Failures occurred at slip measurements of 
13.12 mm and 15.80 mm for IPE6C and IPE8C, and 
12.98 mm and 12.58 mm for IPN6C and IPN8C, 
respectively. The diameter of the anti-lift rebar 
significantly impacts shear resistance, as evidenced 

Table 2. Compressive strength of concrete
Fc28 (MPa) Average Fc28 (MPa)

30.453 30.454
30.289
29.866
31.208

Test setup and loading procedure 
A concentrated monotonic load was applied 

to the top section of the HEB160 in the push-out 
specimens, as illustrated in Fig.  5. This load was 
applied using a calibrated hydraulic jack connected 
to an electric pump with a capacity of 500 kN. To 
measure the relative displacement between the 
HEB160 and the concrete slab, a linear variable 
differential transformer (LVDT) linked to a data 
acquisition system was placed at the top center of the 
HEB160. Two rigid steel plates, each 20 mm thick, 
were used to distribute the load uniformly. One was 
placed between the HEB160 and the hydraulic jack 
to spread the load across the entire HEB160 cross-
section, while the other was positioned beneath 
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Fig. 5. Testing procedure

Fig. 6. Load-slip curves for IPE80 and IPN80 connectors with 6 
mm rebar and a circular hole

Fig. 7. Load-slip curves for IPE80 and IPN80 connectors with 8 
mm rebar and a circular hole
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by a decrease in load capacity with increasing rebar 
diameter in perforated connectors. Specifically, 
IPE6C and IPE8C failed at maximum loads of 
186.92 kN and 165.52 kN per shear connector, while 
IPN6C and IPN8C failed at 169.39 kN and 160.90 kN 
per shear connector, respectively. Initial cracks 
appeared on the outer surfaces of the concrete slabs 
at a load of 115 kN per shear connector.

The initial cracks did not propagate deeply within 
the concrete slabs due to a 6 mm diameter anti-lift 
rebar. In IPE6C and IPN6C specimens, the anti-lift 
rebar effectively delayed the failure of the concrete 
slab. However, using an 8 mm diameter anti-lift rebar 
led to brittle concrete failure, accelerating crack 
propagation. In all cases of perforated connectors 
with a circular hole, the failure mode stemmed from 
concrete cracking and crushing, as seen in Fig. 8.

I-shaped perforated connectors with a long cut hole
Subsequent experimental tests examined 

the behavior of IPE and IPN perforated shear 
connectors featuring a long cut hole. This 
investigation explored how the hole shape 
impacts shear capacity, failure modes, and load-
slip behavior. The specimens under scrutiny were 
labeled as follows: IPE6N and IPN6N, denoting 
those with a 6 mm diameter of anti-lift rebar, while 
IPE8N and IPN8N represented specimens with an 
8 mm diameter of anti-lift rebar.

As shown in Figs. 9 and 10, IPE6N and IPE8N 
connectors exhibited ultimate shear capacities 
of 192.65 kN and 170.70 kN per connector, with 
ultimate slip capacities of 13.26 mm and 16.72 mm, 
respectively. Conversely, for IPN6N and IPN8N, 
the ultimate shear capacities were 172.30 kN and 
168.89 kN per connector, with ultimate slip capacities 
of 12.68 mm and 10.81 mm, respectively. All the 
examined specimens notably exhibited reasonably 
robust ductile behavior.

The failure mode in all specimens of the perforated 
connectors with a long cut hole was due to concrete 
cracking and crushing. The early cracks observed 
on the surface of the concrete slabs started around 
the connector located in the middle of the slab at a 
load of approx. 155 kN per connector. The cracks 
are due to perforated rebar and the strength of the 
concrete slab, as shown in Fig. 11.

Analytical bearing capacity of I-shaped perforated 
connectors 

Several analytical models have been proposed 
to estimate the bearing capacity of perforated 
connectors. Zheng et al. (2016) classified the 
equations proposed in the literature into three 
categories: the first is based on the resistance of 
the steel bar passed through the hole, the second 
is based on the strength of the reinforced concrete 
slab, and the third is based on the shape and 
distribution of the holes. Leonhardt et al. (1989) 
proposed the first analytical model with a simple 
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Fig. 8. Failure of IPE6C, IPE8C, IPN6C and IPN8C specimens

Fig. 9. Load-slip curves for IPE80 and IPN80 connectors 
with 6 mm rebar and a long cut hole

Fig. 10. Load-slip curves for IPE80 and IPN80 connectors 
with 8 mm rebar and a long cut hole
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equation that only considers the resistance of the 
concrete slab, as shown in Table 3. Oguejiofor and 
Hosain (1994) proposed a more elaborate equation 
that considered the slab and connector resistances 
by considering the concrete strength and section, 
as well as the steel connector strength and section. 

Medberry and Shahrooz (2002) adjusted the 
coefficients of the equation proposed by Oguejiofor 
and Hosain (1994). They considered the details of 
the geometry of the connector, such as the height 
and width of the perforated connectors. Veríssimo 
et al. (2006) derived a modified equation to evaluate 

Fig. 11. Load-slip curve for IPE80 and IPN80 connectors with 8 mm rebar and a long cut hole
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the shear capacity of perforated connectors, based 
on the work of Oguejiofor and Hosain (1994). This 
modified equation was proposed based on the 
results of push-out tests and statistical analysis. 
Al-Darzi et al. (2007) proposed an analytical model 
that estimates the shear capacity of the perforated 
connector based on the results of a parametric study 
they conducted using a finite element-based model 
of push-out tests.

Additionally, the equation for estimating the 
bearing capacity must consider not only the steel 
bar passing through the cut hole, but also the shape 
of the push-out specimen, the geometry of the cut 
connector, and the properties of the materials used 
(Ahn et al., 2010). Zhao and Liu (2012) proposed an 
equation that considers the anchoring of the concrete 
in the hole, the contribution of the reinforcement 
passing through the hole, and the effect of the 
confinement on the strength of the concrete. Zheng 
et al. (2016) proposed a model to estimate the shear 
capacity of circular and long-cut hole perforated 
connectors. To adapt the model to different hole 
geometries, they proposed replacing the d2 and ds

2 

Table 3. Analytical models for the bearing capacity of perforated connectors
Authors Equations
Leonhardt et al. (1989) V Afu c= 2 23,                                                                        (1)
Oguejiofor and Hosain 
(1994)

V h t f A f d fu sc sc c tr y c� � �4 5 0 91 3 31
2

, , ,� � n                               (2)

Medberry 
and Shahrooz (2002)

V f A f h f b Lu c tr y ecs c f c� � � �1 66 0 9 0 747 0 413, , , ,nA � b                       (3)

Veríssimo et al. (2006)
V

A
A

A f fu
tr

cc
cc c c�

�

�
�

�

�
� � � �

�
�

�
�
� �31 85 10 0 16 4 04 2 37

6
, . , , ,�

h

b
ht ndd fc

2             (4) 

Al-Darzi et al. (2007) V f A f fu c tr y c� � � �� � �
2 53 10 7 59 10 7 62 10 255 310

10 10 4
, . , . , . ,A � ht          (5)

Ahn et al. (2010) V f A f d fu c tr y c� � �3 14 1 21 2 98
2

, , ,ht n                                      (6)

Zhao and Liu (2012) V d d f d fu s c s y� �� � �1 38 1 24
2 2 2

, ,                                              (7)

Zheng et al. (2016)
V

A
A f A fu

s
s c s y� �� � �1 76 3 8 1 58

2

3, ( , ( ) ,
A

A                                (8)

variables in Eq. 7 with 4A/π and 4As/π, respectively, 
as shown in Table 3.

An estimate of the load-bearing capacity of 
IPE80 and IPN80 perforated shear connectors 
was made based on the analytical models 
proposed in the literature. The obtained results 
are listed in Table 4.

As shown in Table  4, the shear capacity of 
perforated connectors obtained from the analytical 
models provided in the literature is very dispersed 
and cannot effectively predict the shear capacity 
of IPE and IPN perforated connectors. The closest 
models are those by Leonhardt and Veríssimo, as 
shown in Table  5. Based on analytical equations 
analysis, none of the equations account for all 
parameters affecting shear strength simultaneously. 
New equations must be developed to consider the 
geometry and resistance of the concrete slab, as 
well as the transverse reinforcement. This should 
also include all dimensions of the perforated plate, 
such as length, height, and thickness, along with 
the mechanical characteristics of the material used. 
Finally, the area of the perforated section and the 

Table 4. Analytical models for the bearing capacity of perforated connectors
Hole 

shape Specimens Analytical shear load capacity (kN)
1 2 3 4 5 6 7 8

Circular IPE6C 195.89 114.01 223.84 174.94 259.76 137.57 241.26 257.26
IPN6C 166.54 114.57 223.74 178.32 259.85 137.96 241.26 257.26
IPE8C 195.89 114.01 223.84 174.94 259.76 137.57 406.96 424.94
IPN8C 166.54 114.57 223.74 178.32 259.85 137.96 406.96 424.94

Long cut IPE6N 195.89 121.87 225.61 180.57 262.05 144.64 389.45 295.89
IPN6N 166.54 122.42 225.51 183.94 262.14 145.03 389.45 295.89
IPE8N 195.89 121.87 225.61 180.57 262.05 144.64 517.14 494.29
IPN8N 166.54 122.42 225.51 183.94 262.14 145.03 517.14 494.29
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Table 5. Comparison between the calculated shear resistance and experimental results
of IPE and IPN perforated connectors

 Hole shape Specimens
Ultimate shear load using the equations (kN)

Leonhardt et al. 
(1987) Exp/Eq Veríssimo et al. 

(2006) Exp/Eq Experimental 
ultimate shear load

Circular IPE6C 195.89 0.95 174.94 1.07 186.92
IPN6C 166.54 1.02 178.32 0.95 169.39
IPE8C 195.89 0.84 174.94 0.95 165.52
IPN8C 166.54 0.97 178.32 0.90 160.90

Long cut IPE6N 195.89 0.98 180.57 1.07 192.65
IPN6N 166.54 1.03 183.94 0.94 172.30
IPE8N 195.89 0.87 180.57 0.95 170.70
IPN8N 166.54 1.01 183.94 0.92 168.89

Fig. 12. Finite element mesh of the specimen

 
 
 
 
 
 
 
 
 
 
 
 
 

dimensions and resistance of the rebar passing 
through the holes should be considered.

Numerical modeling of push-out tests 
To verify the experimental findings, a 3D finite 

element model for the IPE and IPN perforated shear 
connectors in push-out tests was developed using 
ABAQUS software (Fig. 12). Due to the symmetry, 
only half of the push-out test specimens was 
modeled. The three-dimensional C3D8R eight-node 
solid brick elements with reduced integration were 
used to mesh the concrete slab, the steel beam, the 
IPE80 and IPN80 perforated shear connectors, and 
the anti-lift rebar. The T3D2 two-node mesh element 
was used for rebar. The advantage of using a truss 
element is that the perfect bond can easily be defined 
by embedding the steel bars in a host region, such 
as a concrete slab in our case. The rigid base was 
modeled using the R3D4 discrete rigid element.

Figs.  13–14 depicts the non-linear stress-strain 
characteristics of concrete and I-connectors under 
compression and tension. The Concrete Damage 
Plasticity model from a material library (Barbero, 
2023) was employed. The material dilation angle 
was set to 31, and an eccentricity value of 0.1 was 
used. Additionally, a ratio of 1.16 between biaxial 
compressive strength and uniaxial compressive 
strength was adopted, while the tensile-to-
compressive meridian ratio was established as 
0.667.

The contact pair method defines the “surface-
to-surface” contact between the concrete slab, 
IPE80 and IPN80 perforated shear connectors, and 
rebar. In experimental push-out tests, the surface 
of the rigid base in contact with the concrete slab 
is generally greased to reduce friction. In our finite 
element model, frictionless contact interaction was 
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Fig. 13. Stress-strain relationship for concrete according to Eurocode 2 (1992): (a) compression, (b) tension

Fig. 14. Stress-strain relationship for I-connectors 
and reinforcement steel according to Eurocode 3 (1993)

 

Fig. 15. Interaction and constraint conditions of the specimen Fig. 16. Loading of the specimen

applied to the surfaces of the rigid base and concrete 
slab. A tangential interaction was used for the 
interface between the I-shaped connector and the 
reinforced concrete slab, with a coefficient of friction 
set at 0.20. Reinforcing bars were located inside the 
concrete slab, as shown in Fig. 15. Integrated stress 
(embedded constraint) was applied to the rebar and 
slab.

The degrees of freedom of the rigid base 
reference node are all constrained. In this analysis, 
an imposed displacement is applied to the lower 
surface of the IPE80 and IPN80 perforated shear 
connectors, as shown in Fig. 16.

The numerical results obtained were compared 
with the results of the experimental tests. 

a) b)
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Fig. 17. Comparison of test and FE results for IPE80 and IPN80 connectors with 6 mm rebar and a circular hole

Fig. 18. Comparison of test and FE results for IPE80 and IPN80 connectors with 8 mm rebar and a circular hole

Fig. 19. Comparison of test and FE results for IPE80 and IPN80 connectors with 6 mm rebar and long cut hole
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The comparison in the figures shows that the 3D 
finite element model established during this study 
can effectively predict the push-out strength and 
load-slip curve for push-out tests with perforated 
IPE80 and IPN80 connectors.

Figs.  17-20 compare the load–slip curves of 
the specimens with IPE and IPN perforated shear 
connectors obtained from the experiments with those 

predicted by the proposed finite element analysis. The 
results show good agreement between the experimental 
data and the finite element analysis. However, after 
reaching the ultimate load, the numerical curves 
diverge from the experimental curves. This discrepancy 
is attributed to differences in concrete mix standards 
across countries and the concrete material modeling 
used in the finite element analysis.
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Fig. 20. Comparison of test and FE results for IPE80 and IPN80 connectors with 8 mm rebar and long cut hole
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Conclusions
Eight push-out tests were conducted to examine 

the shear strength, ductility, and stiffness of IPE 
and IPN perforated shear connections in composite 
slabs. Based on the experimental results, several 
conclusions can be drawn:

•	 The geometry of the holes in IPE and IPN 
perforated shear connectors significantly impacts 
the shear load capacity and ductility.

•	 The long cut hole shape in IPE and IPN perforated 
shear connectors, which is more easily executed on-
site, exhibits superior ultimate load capacity but less 
interfacial slip compared to the circular hole.

•	 The shear strength of IPE perforated 
connectors is comparable to that of IPN perforated 
connectors, with a slight advantage observed for IPE 
perforated connectors.

•	 IPE and IPN perforated shear connectors 
demonstrate satisfactory ductility across tested hole 
shapes.

•	  Increasing the diameter of the passing rebar 
from 6 mm to 8 mm for IPE connectors results in 
a 12 % decrease in load capacity but a 25 % gain 
in ductility. On the other hand, for IPN connectors, 
the load capacity decreases by approx. 5 % when 
the perforating rebar diameter increases from 6 mm 
to 8 mm for the hole types studied.

•	 The perforating rebar plays a crucial role, 
particularly in resisting uplift, meeting 10 % 
recommendation Eurocode 4, and contributing 
to shear resistance in the composite slab.

•	 The existing analytical equations for estimating 
the load capacity of perforated connectors do not 
consider all the parameters that simultaneously 
affect shear strength.

•	 The equations proposed by Leonhardt and 
Veríssimo are the closest to the experimental results 
for estimating the load capacity of IPE and IPN 
perforated shear connectors.

•	 The experimental results were compared 
with the outcomes of the finite element analysis, 
demonstrating good agreement for all push-out 
specimens. The mean difference in the ultimate 
shear resistance observed was 1.15 %.
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ЭКСПЕРИМЕНТАЛЬНОЕ ИССЛЕДОВАНИЕ СОПРОТИВЛЕНИЯ 
СДВИГУ I-ОБРАЗНЫХ ПЕРФОРИРОВАННЫХ СОЕДИНИТЕЛЬНЫХ 

ЭЛЕМЕНТОВ В СОСТАВНЫХ БАЛКАХ
Фарид Бурса*, Рафик Буфар, Абдеррахмани Сифеддин

Университет Ларби Тебесси, Тебесса, Алжир

*E-mail: farid.boursas@univ-tebessa.dz

Аннотация
Введение: в сооружении мостов широко используются сталежелезобетонные составные балки, при этом решающее 
значение имеет стабильность стыка. Соединительные элементы, работающие на сдвиг, и железобетонные плиты 
играют ключевую роль в качестве соединителей. Для того чтобы спрогнозировать общую реакцию системы, 
необходимо понимание взаимодействия между составной балкой и плитой. Требуется оптимизировать соединение 
стальных балок и железобетонных плит в сталежелезобетонных составных балках и облегчить их сборку и установку 
на месте, акцентируя внимание на их ключевой роли в поддержании структурной целостности комбинированных 
систем. Цель исследования  — выполнить экспериментальное исследование и численное моделирование с 
использованием метода конечных элементов. В ходе исследования использовались следующие методы: изучение 
поведения перфорированных соединительных элементов IPE и IPN, работающих на сдвиг, с помощью испытаний 
на выдавливание. Основной задачей было проанализировать, как I-образный перфорированный соединительный 
элемент, бетонная плита, стальная балка и арматура влияют на величину скольжения между стальной балкой 
и бетонной плитой. Для этого использовались образцы с соединительными элементами IPE80 или IPN80, 
работающими на сдвиг, с круглыми отверстиями и длинными отверстиями с прорезью, содержащими стальные 
стержни диаметром 6 и 8 мм, с тем чтобы повысить сопротивление соединительного элемента к воздействию сил 
отрыва. Испытательная установка соответствует рекомендациям Еврокода 4, при этом особое внимание уделяется 
форме отверстия и диаметру арматуры, работающей на сопротивление силам отрыва. Типы разрушения были 
главным образом обусловлены разрушением бетонной плиты. Результаты: было установлено, что геометрия 
отверстий в перфорированных соединительных элементах IPE и IPN, работающих на сдвиг, оказывает 
существенное влияние на пластичность и способность выдерживать сдвиговые нагрузки. Длинное отверстие с 
прорезью в перфорированных соединительных элементах IPE и IPN, работающих на сдвиг, обеспечивает более 
высокую предельную несущую способность, но меньшее скольжение между поверхностями по сравнению с круглым 
отверстием. Перфорированные соединительные элементы IPE и IPN, работающие на сдвиг, продемонстрировали 
удовлетворительную пластичность для всех рассмотренных форм отверстий, а трехмерные конечно-элементные 
модели согласуются с результатами испытаний.

Ключевые слова: составные балки, I-образные перфорированные соединительные элементы, сопротивление 
сдвигу в зависимости от нагрузки, испытание на выдавливание, пластичность, метод конечных элементов.
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Formulation always starts with the selection of 
film formers. Acrylic oligomers and monomers have 
traditionally been the most widely used. Oligomers 
are mainly represented by urethane acrylates, 
epoxy acrylates, and polyether acrylates. The range 
of monomers is wider, and their selection is based 
on the number of bonds capable of polymerization 
(functionality): isobornyl acrylate (IBOA), hexanediol 
diacrylate (HDDA), trimethylolpropane triacrylate 
(TMPTA), etc. (Babkin et al., 2019; Chisholm et al., 
2006; Kondrashov and Kozlova, 2022a; Susorov 
and Babkin, 2015).

An important advantage of photo-reactive 
systems, compared to organic solvent systems, is the 
absence of aggressive solvents, which is especially 
important when handling wood, especially historical 
wood that has already undergone biocorrosion 
(Babkin et al., 2021; Il’ina and Strokova, 2023).

In the development of photo-reactive varnish 
compositions for wood surface coating, the issue of 
wood biological resistance is the most significant, 
especially if the life cycle of the object implies 
operation under extreme conditions (external 
climatic impact, impact of biological and soil factors, 
etc.) (Skorokhodov and Shestakova, 2004). This 
issue can be solved in two ways: by introducing a 
corresponding additive (antiseptic additive, biocide) 
into the formulation or by using a copolymerizing 
film former, which inherently has a bioprotective 
function. The first option represents a simpler 
solution, since the range of such additives is quite 

Introduction
Photo-reactive compositions and materials on 

their basis are used in many fields, which is due to 
the invariance of their properties set at the stage of 
formulation and composition development (Babkin 
et al., 2022; Feng et al., 2023; Ge et al., 2021; Petrov 
et al. 2023; Ruskol et al., 2008).

The principle of formulation of such compositions 
is based on the polymerization theory provisions: the 
presence of compounds with unsaturated double 
bonds in the system determines the possibility 
of their reaction with the formation of a new high 
molecular weight compound, the properties of which 
will be determined by its molecular weight, structure 
and its regular pattern. The specifics of the material 
and its performance will be determined by the 
presence of functional additives in the formulation, 
the amount of which is not strictly regulated and is 
determined only by the composition development 
process conditions. Thanks to additives, it is possible 
to regulate the properties of the future material. 
For example, it is possible to develop protective or 
decorative coatings for any surface, considering its 
life cycle, operating conditions, and nature (Babkin 
et al., 2019; Kondrashov and Kozlova, 2022a).

In any case, the composition formulation will 
represent a complex system containing additives 
that a priori should not be antagonistic, nor should 
they discretely or integrally inhibit the polymerization 
process (Babkin et al., 2019; Kondrashov and 
Kozlova, 2022b; Susorov and Babkin, 2015).
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Abstract
Introduction. The study of photo-reactive varnishes can serve as a basis for choosing alternatives in the restoration and 
preservation of historical and cultural heritage sites. Purpose of the study: The study aimed to explore the possibility of 
using photoreactive acrylic-alkyd composition with biocide additive as a paint and varnish material in construction as well 
as restoration and preservation. Methods. The possibility of obtaining protective thick-layer coatings from the proposed 
compositions with a thickness up to 80 μm without compromising polymerization efficiency in the layer was demonstrated 
by express Raman spectroscopy. Results. The coatings obtained by UV-curing from the composition with vinylated alkyd 
oligomers were tested to analyze vapor permeability, hardness, and hydrophobicity. The resistance of the specimens 
coated with the developed compounds against a mixture of mold fungi was studied. Aspergillus, Chaetomium, Trichoderma 
and Penicillium fungi were used as strains of micromycetes as those most infesting the open surfaces of timber. The 
effectiveness of biocide additive in the amount of 0.24 wt % is shown. The developed photo-reactive varnishes make it 
possible to form a finished wood coating within 1–2 minutes.

Keywords: photo-reactive varnishes, wood coatings, restoration, preservation and construction, alkyd oligomers.
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(2014) proved the possibility of using modified alkyd 
resins  — vinyl toluene alkylated alkyds  — as film 
formers of photo-reactive compositions developed 
to produce coatings using UV-curing. UV-curable 
compositions can be used for operational object 
preservation and for restoration using the synthetic 
method, which involves a balanced combination 
of archaeological restoration and compilation 
stylization. They also can be used during restoration 
and preservation using anastylosis and during 
renovation as a reasonable choice of preservation of 
severely destroyed objects not included in the World 
Heritage List.

Subject, tasks, and methods 
The subject of the study was photo-reactive 

compositions based on two film formers: ethoxylated 
TMPTA (CAS 28961-43-5) and VAO with different 
vinyl-toluene content. A photo-initiating mixture of 
1-hydroxycyclohexyl phenyl ketone (CAS 947-19-3) 
with benzophenone (TS 6-09-08-2006-89) in a ratio 
of 3.6:2 was used as a reaction activator, with a total 
initiator content in the formulation of 5.6 wt %.

The task of the study was to develop a highly 
reactive composition that would allow for the rapid 
formation of a ready-to-use coating comparable 
in hardness to an organic solvent-based varnish 
coating. The technical requirements for the coating 
also included hydrophobicity, optical transparency 
(to preserve the visual effect of the natural wood 
surface), and biological resistance.

The compositions were prepared in a laboratory 
vertical bead mill with glass beads in accordance 
with GOST R 50563.4-93, observing the following 
order of component introduction: first, ethoxylated 
TMPTA was loaded into the working vessel, 
then 1-hydroxycyclohexyl phenyl ketone and 
benzophenone photoinitiators were added to it; then 
grinding was carried out, with the process control 
regarding the degree of initiator dissolution. The 
degree of dissolution was determined visually by 
pouring the mixture onto glass. The homogeneity of 
the composition and the absence of inclusions on the 
glass were checked. Then process additives were 
introduced to ensure further process (dispersant 
Tego Dispers 670, defoamer Tego Airex 991), and 
mixing was carried out. The prepared homogeneous 
mass was filtered, introduced into a VAO solution 
(80 % solution in vinyl toluene), and mixed.

The Brookfield viscosity of the prepared 
compositions was determined using a Brookfield 
DV-E viscometer (530 mPa∙s).

The prepared compositions were stored 
in containers protected against active UV radiation 
with tightly closed lids.

The criteria for the selection of biocide additive 
were as follows: minimum possible toxicity and 
aggressiveness to the surface to be protected + high 
biocidal protection + minimum particle size in case 

large, and the main patterns of the growth of the 
coating biological resistance due to the introduction 
of such additives are easy to predict. However, there 
is a disadvantage: additives not chemically bonded 
to the polymer easily migrate within the layer to 
the surface, and further from the surface, and over 
time the protection weakens. It is obvious that the 
kinetics of this process will accelerate if the external 
conditions of the object operation promote the 
washing-out of additives from the thin coating layer. 
There is a solution, which is employed in production 
wood coatings using photo-reactive varnishes, when 
the surface is pre-prepared (grinding, surface priming 
or impregnation) and only after that covered with a 
thin layer of liquid photo-reactive varnish, almost 
instantly forming a preserving varnish film. This 
method is mainly suitable for construction and is not 
always adequate for restoration and preservation, 
especially when it comes to an object for which it 
was decided to perform scientific restoration using 
authentic materials and recreating the historical 
appearance of the object.

The second option is more complicated in terms 
of technology, and, although it is not difficult to select 
a copolymerizing film former due to the limited 
choice (among the available options, alkyds are 
suitable for this purpose), later the process becomes 
only relatively predictable, since alkyds (and their 
derivatives — vinylated alkyd oligomers (VAO)) are 
made from natural raw materials (Drinberg, 2014). 
Reproducibility of VAO properties in different batches 
does not always meet expectations  — the main 
difficulty lies in the fact that VAO are characterized by 
wide and variable molecular-mass distribution with 
an average molecular mass of 2000–3000. Such 
variability of properties is determined in synthesis by 
the use of vegetable oil — a natural raw material, the 
quality of which depends on a set of unpredictable 
conditions, including climatic ones, and the amount 
of vinyl toluene used in resin modification. Therefore, 
when handling raw materials from different batches, 
every time it is required to adjust formulations, check 
curing kinetics, determine the properties of the 
coatings formed, and take other actions to match the 
properties set during the initial use of resin (Drinberg, 
2014; Poth, 2009; Yakhontova, 1988).

In addition, the effectiveness of biological 
protection in this case is much lower than when using 
synthetic biocides. Thus, given the pros and cons 
of both methods, it is logical to use the third option, 
when in the formulations of photo-reactive varnishes, 
synthetic biocides, introduced prior to the application 
to the surface, are used simultaneously with the film 
former, which inherently has a bioprotective function. 

Alkyd resins, which are traditionally used in the 
domestic paint and varnish industry, but mainly in 
siccative systems, can serve as such a film former 
(Drinberg, 2014; Yakhontova, 1988). Babkin et al. 
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each composition of photo-reactive varnish (without 
biocide as well as with the addition of biocide in 
different concentrations); wood without coating 
served as a control. After that, the specimens were 
infested with aqueous suspension of spores of the 
mold fungi mixture, containing the test cultures 
under consideration, using a sprayer and placed in 
Petri dishes.

Fungi of the following genera were used as 
strains of micromycetes for modeling of real 
operation conditions: Aspergillus (as the most active 
biodegradants of acrylic paint materials (Anikina 
and Smirnov, 2013)), Chaetomium, Trichoderma, 
and Penicillium (as those most infesting the open 
surfaces of timber (Mazanik and Snopkov, 2009)). For 
instance, the following strains of micromycetes were 
considered in the course of the study: Aspergillus 
niger van Tieghem; Aspergillus terreus Thom; 
Chaetomium globosum Kunze; Trichoderma viride 
Pers. ex. Fr.; Penicillium ochrochloron Thom. To 
prepare spore suspension, dry spores of the selected 
species of mycelial fungi were transferred into a flask 
containing 50 cm3 sterile tap water, thoroughly mixed 
by shaking and rubbing with a glass rod with a rubber 
tip until all lumps were dispersed. The prepared 
suspension was filtered through four layers of sterile 
gauze. The spore concentration of each fungal 
species in the suspension was 1–2 million/cm3.
To prepare spore suspension, a working batch of 
14-day-old (counting from the day of Inoculation) 
test-cultures of micromycetes was used. The Petri 
dishes were stored under conditions for optimal 
fungal growth: at 29 °C and 90 % relative humidity.

The study was aimed to reveal the nature of 
growth and development of fungi on the surface of the 
investigated specimens with and without coating. As a 
characteristic for the determination of microbiological 
resistance of materials, their fouling by microscopic 
fungi was considered, which was established after 
28 days from the beginning of the experiment; the 
degree of fungi development was evaluated on a 
5-score scale (Table 1), according to GOST 9.048–89 
“Unified system of protection against corrosion and 
aging. Technical items. Methods of laboratory tests 
for resistance to mold fungi”.

Vapor permeability and microhardness were 
evaluated on free films. The films were obtained 
using the method of obtaining free films according 
to GOST 14243-78 “Paint and varnish materials” 
on plates (fluoroplastic-4), previously degreased 
with acetone.

The hydrophobicity of the applied coating was 
evaluated by the value of surface energy, evaluation 
was carried out by the value of the wetting angle on a 
laboratory unit using the sessile drop method (Fig. 1).

Comparison liquids  — water and glycerin  — 
were used, which were applied to the coating 
with a dispenser, to exclude stochastic error  — 

of powder-type additive (limitations on the particle 
size of the solid phase were imposed due to the 
utilized coating formation technology). Polyphase 
biocide (trade name Polyphase R2085) was chosen 
as the optimal additive. It is recommended for 
protecting interior materials and exterior surfaces 
against fungal infestations. It is known for ensuring 
protection against mold fungi in coatings for interior 
and exterior applications: paint, plaster, pigment 
dispersions, pigmented wood stains. It is believed 
to be active against a wide variety of fungal 
microorganisms (mold, wood-staining fungi). The 
active biocide components are carbendazim (ISO) 
and 3-iodo-2-propynyl-butyl carbamate.

The choice of Polyphase biocide, among the 
existing range of active additives for wood protection, 
is due to the previously proven effectiveness of its 
use for alkyd systems, as the primary task of the 
study was to test the hypothesis of the possibility 
of use and effectiveness of the biocide in photo-
reactive systems with the addition of VAO.

Additional advantages of this additive were its liquid 
form (free-flowing dispersion), low content of volatile 
organic substances, and previously demonstrated 
high efficiency in alkyd systems (Anikina, 2014), since 
in this study it is planned to use it in compositions 
containing VAO. The intrinsic viscosity of the additive 
(400 mPa∙s at 25 °C) was comparable to that of 
the prepared composition (530 mPa∙s at 25 °C); 
the biocide was introduced into the composition 
directly prior to its application on wood.

Coatings for fungus resistance studies were 
obtained by applying the composition with VAO to 
wooden planks (spruce) of 30×40×15 mm. Different 
wood moisture conditions were simulated. The wet 
wood batch was held in desalinated water for 7 days. 
The dry wood batch was maintained in a thermostat 
at a constant temperature of +60 °C for 7 days. 
The specimens of the wood treated and maintained 
at different moisture conditions were kept under 
standard storage conditions, at room temperature, 
without direct exposure to sunlight, heating, or forced 
air conditioning. The moisture content in the wood was 
assessed by changes in the weight of the specimens.

The compositions were applied using a four-
range rectangular applicator with a gap thickness of 
30 μm. The coatings were cured using an ORK-21 
M1 unit with a DRT-400 mercury lamp. Radiation 
intensity was recorded using a UV Power Puck II 
UV photometer. UV radiation intensity amounted 
to: HA = 135 mW/cm2; НВ = 150 mW/cm2; 
HC = 24 mW/cm2; HV = 90 mW/cm2. The coating 
thickness was not determined; the concept of 
“material consumption per surface area” was used 
for evaluation.

To study the fungus resistance of the 
compositions considered in this work, three wood 
specimens (30×40×15 mm) were prepared for 
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Hardness measurements were performed using 
a PMT-3 microhardness tester (GOST 7865-77). 
Hardness values were calculated based on the 
length of the diamond pyramid impression diagonal 
(mm). Microhardness was calculated according 
to Eq. 2:

Н = 1.854 × Р / С,                      (2)
where P — load, g; C — impression diagonal length, 
mm.

Raman spectroscopy was used to determine the 
degree of conversion of unsaturated bonds. The 
study was carried out using a SENTERRA express 
Raman spectrometer with a Raman spectrum range 
of 80–4500 cm–1 at spectral resolution of 3 cm–1, 
laser wavelengths of 488 nm, 532 nm, 785 nm.

The optical properties of the finished coating 
were determined by the optical density of the free 
films measured using a SR-25M densitometer 
in transmitted light. The measurement error was 
determined with an accuracy up to 0.1.

Results and discussion 
I. Analysis of hydrophobicity, vapor 

permeability, and microhardness of the coatings 
obtained by UV-curing from the base formulation 
composition

At the initial stage of studies, the hypothesis of 
the influence of the nature of the vegetable oil used 
in VAO production on the nature of its behavior in 
the photo-reactive system was tested. It is known 
(Drinberg, 2014) that the most demanded natural raw 
materials for VAO production are linseed, rapeseed 
and sunflower oils, which belong to different groups 
in terms of the film formation nature. Corresponding 
findings on the peculiarities of their behavior 
in siccative systems are available. However, in 
synergistic systems, including compositions of 
VAO with acrylic oligomers, the influence of the 
nature of the oil used is not so obvious. Only 
identifying the relationship of the nature of the VAO 
origin with the physical-mechanical and physical-
chemical properties of coatings formed on wooden 
surfaces can serve as the basis for formulations and 
development of recommendations on the use of this 
type of materials for further application. 

Based on the results of the hydrophobicity study, 
in accordance with the obtained values of the surface 
energy of the formed coatings (Table  2), it is shown 
that all coatings are hydrophobic. Comparison of the 

3–5 drops at a time, 2–3 mm in diameter. Imaging 
was performed under darkened conditions, with a 
time delay of no more than 30 s after drops were 
applied to the surface. The photos of the drops 
were processed in a graphic editor. The values of 
the wetting angles were calculated in MatLab with 
a special application by arithmetic mean of five 
measurements for each point. Based on the data 
obtained, surface energy values were calculated 
using the Owens–Wendt–Kaelble equation:

1

2
1

1

2

1

2

1

2

1

2� � � � � �� �
lg lg lg
cos ,�� � � � � � � � � � � �d

sg
d

sg   (1)

where q  — the wetting angle of water or glycerin; 
σd and σp  — dispersion and polar components of 
surface energy at the interfaces, SG  — solid/gas, 
LG — liquid/gas.

The vapor permeability of the free films was 
determined according to GOST 25898-2020 
“Building materials and products. Methods for 
determination of vapor permeability and vapor 
permeability resistance” (dry cup method), using 
a laboratory analog as a test vessel.

Mendeleev cement was used as a sealant. 
Phosphoric anhydride according to GOST 212317 
was used as an absorbing material. The device was 
placed in a desiccator where a constant humidity of 
~95 % was maintained due to a saturated solution 
of copper sulfate (GOST 19347-99). The testing 
devices with the specimens were weighed on 
analytical scales every 24 hours for 8 days.

Table 1. Intensity of fungi development
Score Score characteristics

0 No germination of spores and conidia was found under the microscope
1 Under the microscope, germinated spores and slightly developed mycelium can be seen
2 Under the microscope, developed mycelium can be seen, possible sporulation
3 Mycelium and/or sporulation are barely visible to the naked eye, but clearly visible under the microscope
4 Development of fungi covering less than 25 % of the test surface is clearly visible to the naked eye
5 Development of fungi covering more than 25 % of the test surface is clearly visible to the naked eye

Fig. 1. Unit to determine the wetting angle, where: 1 — light 
source; 2 — test surface (specimen) on the work table; 

3 — set of lenses, 4 — screen, 5 — photo camera
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The values of microhardness in the coatings with 
VAOLO synthesized using linseed oil compared 
to VAOSO and VAORO were 1.5–2 times higher.

The observed presence of VAOLO in the 
compositions is due to the chemical composition of 
linseed oil, which contains a greater number of acids 
with two and three double bonds in the molecule 
(glycerides of linoleic and linolenic acids predominate in 
the composition), compared to sunflower and rapeseed 
oils. In comparison, sunflower oil, for example, 
contains mainly fatty acids with only two double bonds 
(glycerides of linoleic and oleic acids predominate in the 
composition). As for rapeseed oil, unsaturated acids 
with only one double bond (glycerides of oleic acid) 
predominate in the composition. A large number of 
double bonds in the raw material molecule determines 
the greater ability of VAOLO to form a dense spatial 
polymer mesh, which ultimately leads to the formation 
of a harder coating.

Thus, on the basis of the foregoing, VAOLO 
synthesized based on linseed oil was selected for 
further modification with biocide additive of the 
benzimidazole class. The coating formed after the 
complete drying of VAOLO is characterized by the 
following physical-mechanical and physical-chemical 
properties: surface energy  — 27 mJ/m2, vapor 
permeability — 9.5 mg×cm2/day, microhardness — 
0.76 c.u. relative to glass (Fig. 2).

coatings from the compositions with formulations 
including VAO obtained based on three types of 
vegetable oils (sunflower, rapeseed, and linseed oil) 
shows a minimal preference for linseed oil due to 
lower surface energy and, as a consequence, higher 
hydrophobicity. However, in practical terms, the type of 
oil is not determinant for this characteristic — all values 
of surface energy lie within the range of 27–33 mJ/m2.

In terms of vapor permeability, the best results 
were demonstrated by the coatings with VAO 
obtained using linseed oil, which is higher than 
the values of vapor permeability of the coatings 
synthesized based on sunflower oil  — 3.5 times, 
rapeseed oil — 2.5 times (Table 2).

The use of oligomer, synthesized with rapeseed 
or sunflower oil, in the formulations of photo-
reactive compositions leads to the formation of 
low-permeable coatings. This is a positive result for 
surfaces requiring effective protection in very humid 
environments, or coatings on metal or other non-
porous material. It can also be suitable for coating 
particleboard or fiberboard, or other composite 
materials with wood filler and resin binders, but it is 
hardly suitable for coating porous surfaces, including 
natural wood.

In terms of microhardness, the best results 
(almost twofold increase) were demonstrated by 
the coatings with VAO synthesized using linseed oil. 

Table 2. Values of the surface energy of the coatings made of compositions with VAO, prepared 
based on different types of vegetable oils

Type of vegetable 
oil

VAO 
designation

Indicators
Surface energy, 

mJ/m2
Vapor permeability, 

mg×cm2/day
Microhardness, c.u. relative 

to glass
Sunflower VAOSO 33 2.7 0.48
Rapeseed VAORO 32 3.7 0.34
Linseed VAOLO 27 9.5 0.76

Fig. 2. Changes in the properties of VAO coatings prepared based on different types of vegetable oils

33

2,7
0,48

32

3,7
0,34

27

9,5

0,76

Surface energy, mJ/m2 Vapor permeability,
mg×cm2/day

Microhardness, c.u.

Sunflower Rapeseed Linseed
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Fig. 3. Changes in the properties of the coatings with compositions with VAOLO and Polyphase additive

27

9,5

0,76

26,5

9,1

0,76

26

9,3

0,76

Surface energy, mJ/m2 Vapor permeability,
mg×cm2/day

Microhardness, c.u.

No additive 0.24 wt% additive 0.66 wt% additive

Fig. 4. Resistance of wooden surfaces to mold fungi: a — specimen without coating; b — specimen with coating without biocide; 
c — with biocide additive 0.24 wt %

а) b) c)

The choice of the amount of biocide additive 
introduced into acrylic systems modified with alkyd 
oligomers was justified by the recommendations 
of paint and varnish manufacturers (Novikova and 
Chizhova, 2019). It was found that the addition 
of Polyphase biocide in the amount of 0.24 and 
0.66 wt % into the composition does not affect 
the change of all three parameters (Fig.  3). This 
fact indicates the indifference of the additive, 
which does not deteriorate the performance of 
the compositions and coatings obtained from 
them. Hence, an important conclusion follows 
that the biocide additive introduced as free 
dispersion does not reduce the efficiency of photo-
initiated polymerization, which can be judged by 
the unchanged hardness of the formed coating 
(0.76 c.u.), which is the main requirement for 
additives of photo-reactive compositions.

II. Analysis of the fungus resistance of the 
coatings obtained by UV-curing

To study the fungus resistance of the coated wood 
specimens, compositions with VAOLO (synthesized 
based on linseed oil) were selected since this 
composition ensure the best coating performance, 
including the highest microhardness values. 

During visual inspection (Fig.  4) of the wooden 
plates, the active growth of the test cultures was 
noted on the specimens without protective coating. 
The Aspergillus niger van Tieghem mold fungus 
turned out to be the most aggressive towards the 
developed materials, which was expected since this 
mold fungus is an active degradant for both wood 
and the acrylic coating (Anikina and Smirnov, 2013). 
In the case of control specimens, 90 % of the surface 
were infested and the development intensity did not 
decrease below 5 in all options (Table 3).
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The response of microscopic fungi to the new 
material is ambiguous. Coating the wood with 
photo-reactive varnish without biocide forms 
a slight resistive barrier, reducing the intensity 
of development to 3, but this composition does not 
allow to achieve 100 % fungus resistance. 

The introduction of biocide additive contributes 
to the reduction of fungi fouling on the surface of the 
model specimens (Table  2, Fig.  4). There is also a 
direct correlation between the amount of biocide in the 
coatings and the absence of growth and development 
of the considered micromycetes on the surface, which 
indicates the effectiveness of the resulting coating 
with account for the minimum biocide dosage.

III. Studying into the possibility of obtaining 
thick-layer coatings from the proposed acrylic-
alkyd photo-reactive composition

Since the coatings obtained by UV-curing from 
the compositions with VAOLO demonstrate relatively 
high vapor permeability, the possibility of obtaining 
thick-layer coatings that simultaneously provide 
both air exchange of the protected wood surface 

and maximum protection against mechanical and 
biological damage is considered. 

It was taken into account that the transparency 
of the cured coating may decrease with increasing 
thickness; however, in the measured thickness 
range of 30–80 μm, the diffuse optical density of the 
free varnish films was 0–0.2; with no opalescence 
effect during visual inspection.

Assessment of the double bond conversion by 
layer depth showed that there was a slight decrease 
in the double bond conversion by depth (20, 40, 60, 
and 80 μm) (Fig. 5). This indicates that, despite an 
increase in the coating thickness, polymerization 
reactions in the depth of the coating layer take place 
in full, like on the surface. Therefore, it is possible to 
obtain thick-layer coatings in a single applied layer 
without changing the curing conditions.

Thus, based on the mentioned stages of the study, 
it is worth noting that for photo-reactive materials 
(UV-curing), it is important to have film formers 
with unsaturated bonds, capable of opening and 
participating in chain polymerization, in the formulation. 

Fig. 5. Changes in the double bond conversion by depth to 80 μm in the coating obtained 
from the photo-reactive acrylic-alkyd composition

Table 3. Fungus resistance of coatings
Specimen characteristics Species composition of test cultures of fungi (mixture) Score in points

specimen without coating Aspergillus niger van Tieghem,
Aspergillus terreus Thom, Chaetomium globosum Kunze
Trichoderma viride Pers. ex. Fr.
Penicillium ochrochloron Thom

5
specimen with coating without biocide 3
specimen with coating 
with biocide additive 0.24 wt %

1

specimen with coating 
with biocide additive 0.66 wt %

1
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It is explained theoretically and proved in practice 
that oligomer having a large number of unsaturated 
bonds in the molecule (VAO) can polymerize with 
multifunctional (trifunctional) monomer (TMPTA) 
on each of the unsaturated bonds, forming a three-
dimensional cross-linked matrix. The consequence of 
this is the relatively high microhardness of the formed 
coating film with the addition of VAO, which has a 
large number of unsaturated bonds determined by 
the nature of the raw material (linseed oil). 

The combined use of alkyd and acrylic film formers 
resulted in a coating with high vapor permeability — 
the resulting coating allows the surface to “breathe”.

In case of such coatings, biological protection 
important for the surfaces of wooden materials 
is ensured, in our case, by the presence of alkyd 
(mild natural antiseptic) in the formulation and is 
additionally provided by the introduction of process 
additive in the photo-reactive composition. The main 
condition for all process additives  — indifference 
to the main ingredients (film formers) — in the case 
of the recommended additive is indirectly confirmed 
by the absence of significant quantitative changes in 
the studied parameters of coatings when the additive 
is introduced in the recommended amounts.

Conclusions
Technological multitasking of developing 

coatings for wood  — a natural material with 

particular qualitative characteristics, including 
its application environment  — implies obtaining 
a coating that is simultaneously protective (i. e., 
with maximum moisture, chemical and biological 
resistance), decorative, and preserving. The 
solution should ensure the formation of a surface 
coating preserving all natural qualities of the 
material and providing it with new characteristics. 
As a result, it was proposed to use photo-reactive 
paint and varnish material based on a mixture of 
artificial (alkyd) and synthetic (acrylic) film formers 
with the addition of biocide, allowing to form a 
finished wood coating within 1–2 minutes. The 
possibility of obtaining single-layer coatings up to 
80 μm thick with a high degree of conversion of 
double bonds from the proposed formulation was 
shown.
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Аннотация
Введение. Изучение фотореактивных лаков может служить основой для выбора альтернативных путей 
в реставрационно-консервационных работах на объектах историко-культурной ценности. Цель исследования: 
изучение возможности использования фотореактивной акрил-алкидной композиции с добавкой биоцида в 
качестве лакокрасочного материала для строительных и реставрационно-консервационных работ. Методы. 
Методом экспресс-рамановской спектроскопии показана возможность получения защитных толстослойных 
покрытий из предложных композиций толщиной до 80 мкм без ущерба эффективности процесса полимеризации 
в слое. Результаты. Проведены испытания покрытий, полученных технологией УФ-отверждения из композиции 
с винилированными алкидными олигомерами, по параметрам паропроницаемости, твердости и гидрофобности. 
Изучена резистентность образцов с покрытиями из разработанных составов по отношению к смеси плесневых 
грибов. В качестве штаммов микромицетов были использованы грибы родов: Aspergillus, Chaethomium, Trichoderma 
и Penicillium, как наиболее заселяющие открытые поверхности деревянных материалов. Показана эффективность 
введения добавки биоцида в количестве 0,24 масс.%. Разработанные фотореактивные лаки позволяют формировать 
готовое покрытие по древесине в течение 1–2 минут.

Ключевые слова: фотореактивные лаки, покрытия по древесине, реставрационно-консервационные 
и строительные работы, алкидные олигомеры.



63
For citations: Kornilov, T. A. , Fedotov, P. A. , Kornilov, A. T. (2024). Reducing the influence of thermal bridges in the basement slab 
of cast-in-situ frame buildings in extremely cold regions. Architecture and Engineering, No 3 (9), pp. 63–74. 
DOI: 10.23968/2500-0055-2024-9-3-63-74.

DOI: 10.23968/2500-0055-2024-9-3-63-74

REDUCING THE INFLUENCE OF THERMAL BRIDGES 
IN THE BASEMENT SLAB OF CAST-IN-SITU FRAME BUILDINGS 

IN EXTREMELY COLD REGIONS
Terentii Afanasevich Kornilov*, Petr Anatolevich Fedotov, Alexey Terentevich Kornilov

М. K. Ammosov North-Eastern Federal University, Russian Federation

*Corresponding author: kornt@mail.ru

Abstract
Introduction. Heat insulation of multi-story buildings with a reinforced concrete frame on pile foundations under climatic 
conditions with extremely low outdoor air temperatures is complicated by high air infiltration. When such buildings are 
used in winter, the most characteristic are temperature regime violations on the first floor. Purpose of the study: The 
study aimed to evaluate various methods to reduce the influence of thermal bridges in the basement floor of a cast-in-situ 
frame building with pile foundations under extreme climatic conditions. Methods: Thermal performance of 3D models of 
enclosing structures was determined using the certified HEAT3 program. Options of internal and external heat insulation 
of the basement floor with thermal breaks in the structures were considered. Results: As a result of numerical analysis of 
standard basement floor designs, it was established that low temperature on the inner surface and significant heat losses 
are associated with the presence of through thermal bridges: reinforced concrete raft — basement slab — column — 
concrete block masonry. The most effective solution for heat insulation of cast-in-situ frame buildings is external heat 
insulation of the basement floor with a thermal break in the raft. Compared to the standard solution, heat losses through 
the corner section of the slab with the offset column are reduced by 33.6 %, and the minimum temperature on the inner 
surface is higher than the dew point.

Keywords: thermal bridge, basement floor, thermal break, column, raft.

Introduction
Nowadays, the construction of low-energy 

buildings has become one of the ways to improve 
the world’s environment. Many developed countries 
have adopted legislative acts and energy saving 
programs that encourage the construction of energy 
efficient buildings and introduction of energy saving 
technologies. The countries of Europe and the 
United States of America were the first in the world 
to pay special attention to the issue of energy saving. 
According to the global ranking of energy-efficient 
countries published at the end of 2018 by the 
American Council for an Energy-Efficient Economy 
(ACEEE), Western European countries are the most 
advanced and developed in terms of development 
and application of energy efficiency measures 
(Castro-Alvarez et al., 2018; Gushchin et al., 2020). 
Looking forward, Germany is focused on only passive 
buildings with an energy consumption of less than 
15 kW·h/m² or even zero energy consumption. 

Energy-efficient buildings are, first of all, 
characterized by a high level of heat insulation 
of external enclosing structures. The minimum 
requirements for heat insulation of external enclosing 
structures in the regulatory documents of various 
countries are determined by economic criteria with 
account for natural and climatic conditions, and, 
therefore, have different levels. Buildings of any 
design have thermal bridges that increase heat 
losses through the enclosing structures. Therefore, 

one of the basic rules for designing energy-efficient 
buildings is to reduce the influence of thermal bridges 
by structural methods and properly take them into 
account when determining the thermal performance. 
The development of innovative thermal breaks using 
advanced heat insulation and structural materials is 
paramount to reduce the influence of thermal bridges 
(Alhawari and Mukhopadhyaya, 2018). 

Numerous works address mathematical modeling 
of heat flow through enclosing structures with thermal 
bridges under steady and unsteady influence of air 
temperature (François et al., 2019; Fuchs, 2022; 
Gagarin and Kozlov, 2010; Kang et al., 2021; Kim and 
Yeo, 2020; Kim et al., 2022b). It should be noted that the 
thermal performance of thermal bridges in operating 
buildings may differ from the design performance of 
thermal bridges obtained theoretically due to the actual 
construction conditions. Currently, there are methods 
available to quantify heat losses of enclosing structures 
due to thermal bridges inside using IR thermography 
(François et al., 2019; Kang et al., 2021; Mayer et al., 
2021). In sections of enclosing structures with thermal 
bridges, in addition to increasing heat losses, the 
temperature on the inner surface decreases, which 
can lead to condensate formation both inside and on 
the surface of the structures.

The applicable regulatory documents on heat 
insulation of buildings employ engineering methods 
for calculating the reduced resistance of external 
enclosing structures with account for different 
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types of thermal bridges. In European countries, 
standards for thermal bridges are established 
separately, and in most cases their influence is not 
fully taken into account in the design of enclosing 
structures (Citterio, 2008; Gagarin and Dmitriev, 
2013; Theodosiou et al., 2021). Modern software 
suites enable heating and heat insulation analysis of 
spatial units of building structures under steady and 
unsteady influence of air temperature.

Currently, the technology of frame construction 
with the use of cast-in-situ reinforced concrete 
structures is the most widely used in the construction 
of multi-story buildings. To ensure heat insulation of 
such buildings, depending on the climatic region of 
construction, two external wall options are usually 
used: a two-layer wall made of concrete blocks 
with external heat insulation made of mineral wool 
boards and a ventilated facade or a single-layer 
wall made of aerated concrete or other lightweight 
blocks. As for the first type of external wall, numerical 
and experimental studies have resulted in the 
development of methods for calculating the thermal 
performance of ventilated facades, with account for 
the thermally conductive elements of the cladding 
support, fasteners of heat insulation boards, air gap, 
and air filtration (Gagarin et al., 2016; Kornilov and 
Ambrosyev, 2008; Tusnina et al., 2013).

When using a single-layer external wall, one of 
the traditional solutions to reduce the influence of 
thermal bridges is the use of perforations in the 
reinforced concrete floors around the perimeter 
of the external walls. Umnyakova et al. (2012) 
presented the results of evaluating heat engineering 
homogeneity of external walls in the area of contact 
with balcony slabs with perforations depending 
on the thickness of the reinforced concrete slab, 
dimensions of perforations and the wall. In buildings 
with a reinforced concrete frame, when single-layer 
external walls are used, thermal bridges occur 
at the locations of columns. In this case, partial 
heat insulation of columns using aerated concrete 
blocks is suggested for cold regions in China. 
The results of numerical studies on the effect of 
thermal bridges in L-shaped and T-shaped aerated 
concrete wall structures were confirmed by a full-
scale experiment (Li et al., 2018b). Additional heat 
insulation of the outer surface of columns with an 
EPS plate leads to a greater effect in reducing heat 
losses (Li et al., 2018a). Unfortunately, these works 
did not consider the sections of the external wall 
with columns, including reinforced concrete floors, 
especially in the corner sections of the building. 
It is known that at these sections of external 
walls, the reduced resistance and temperature on 
the inner surface decrease sharply as the angle 
between adjacent walls decreases (Ingeli, 2018a, 
2018b). Evola and Gagliano (2024) performed 
numerical and experimental studies of the corner 

section of a lightweight block wall with a reinforced 
concrete column and established the thermal 
bridging effect.

In Russia, longitudinal perforation with a thermal 
liner made of polystyrene foam board in a reinforced 
concrete slab is most commonly used to reduce the 
impact of the balcony slab. In European countries and 
South Korea, load-bearing thermal breaks are used. 
Umnyakova et al. (2013b) presented the results of 
studies on the thermal performance of a section of 
a balcony slab and cast-in-situ external wall with 
perforations in the slab and installation of a Schöck 
(Germany) load-bearing heat insulation element. 
Umnyakova et al. (2013a) also demonstrated the 
effectiveness of using a load-bearing heat insulation 
element in the joints of a cast-in-situ reinforced 
concrete slab and balcony slab, external wall. 

Numerical studies of a concrete balcony slab–
wall section were conducted in South Korea by 
applying two types of thermal breaks using extruded 
polystyrene: TB  — stainless steel reinforcement 
and TB-GFRP — glass fiber reinforcement. It was 
shown that the fragments of the balcony slab with the 
TB-GFRP thermal break in case of external wall 
heat insulation and floor heating system show the 
best thermal performance (Zhang et al., 2022). In 
other heat engineering studies (Kim et al., 2022a), 
a corner balcony with a thermal break along the 
long side was considered. In that case, heat 
losses of a three-story building were evaluated 
and their general reduction upon the application 
of thermal breaks in the balcony slabs by 4.5 % 
was established. In many other studies, based on 
numerical calculations, the thermal performance of 
balcony slabs of various designs was determined 
and the effectiveness of thermal break application 
was demonstrated (Aghasizadeh et al., 2022; 
Alhawari and Mukhopadhyaya, 2018).

The northern climatic zone of the Russian 
Federation is characterized by extreme climatic 
conditions with outdoor air temperatures below 
–40 °C for 50–60 days and permafrost soils. Under 
these conditions, multi-story buildings are mainly 
constructed using a cast-in-situ reinforced concrete 
frame on pile foundations with a ventilated under-floor 
space to preserve permafrost. The piles in a cluster 
under the frame column are united by a cast-in-situ 
reinforced concrete structure — a raft. Heat insulation 
of buildings is complicated by high air infiltration during 
the period of extremely low outdoor air temperatures. In 
the basement part of cast-in-situ frame buildings, there 
are extensive thermal bridges: reinforced concrete 
columns, rafts and piles, which significantly increase 
heat losses through the basement floor. Several 
studies (Kornilov and Vasilyeva, 2022; Kornilov et al., 
2021) showed that particularly in these sections, the 
temperature regime of buildings is not observed and 
at the design outside air temperature of –52 °C, the 
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temperature on the inner surface of the corner joints 
of external walls is lower than the dew point. 

High air infiltration in winter especially affects 
the heat insulation of the basement part of buildings 
on pile foundations. For example, for the design 
outside air temperature text = –52 °C, the difference 
in air pressure on the outer and inner surfaces of the 
enclosing structures on the first floor of a 9-story and 
16-story buildings is Δp = 72.0 Pa and Δp = 116.9 Pa, 
respectively. Nowadays, mostly 16-story frame cast-
in-situ buildings are being constructed in Yakutsk. 
The experience of operating such buildings showed 
that high air infiltration of more than 110 Pa in winter 
and the presence of defects in the heat insulation of 
the basement floor leads to intensive penetration of 
cold air (Kornilov and Vasilyeva, 2022).

The studies aimed to evaluate methods to reduce 
the influence of thermal bridges in the basement floor 
of multi-story buildings with a reinforced concrete 
frame and pile foundations under extreme climatic 
conditions. In standard buildings, the basement floor 
is heat insulated from the inside for ease of installation. 
With this solution, there are extensive thermal bridges 
in the basement slab sections: reinforced concrete 
columns, rafts, and the slab itself, which are load-
bearing structures. In case of 16-story buildings with a 
reinforced concrete frame, the columns have a cross-
section of 600×600 mm, the size of the raft for clusters 
of four piles can reach 2500×2500 mm in plan and up 
to 1200 mm in height. Since the under-floor space of 
buildings on pile foundations is ventilated, then the 
cold space is located in the middle of the building 
on the bottom side, at the edges of the building on 
the bottom side and the outer side of the wall, and 
in the corner sections of the basement floor on three 
sides. All these structural features of cast-in-situ 
frame buildings with pile foundations pose difficulties 
in ensuring heat insulation of buildings under extreme 
climatic conditions. In case of long-lasting outside air 
temperatures below –40 °C, a massive reinforced 
concrete raft with high thermal conductivity and inertia 
essentially represents a cold storage.

Methods
To evaluate the proposed methods of thermal 

bridge reduction for the basement floor of buildings 
with a reinforced concrete frame, the thermal 
performance of structural fragments was determined 
using the certified HEAT3 program. This computer 
program is designed for 3D modeling of steady and 
unsteady heat transfer processes. The software has 
been tested for compliance with EN ISO 10211–
2022. In thermal bridge modeling, the design outside 
air temperature of the coldest five-day period with a 
probability of 0.92 was assumed to correspond to the 
climatic conditions of Yakutsk (Russia): to = –52 °С, 
while the indoor air temperature was as follows: 
ti = +21 °С. Heating and heat insulation analysis was 
performed for 3D models of enclosing structures.

Thermal bridge reduction methods are evaluated 
based on the following thermal performance:

- minimum temperature on the inner surface of 
the enclosing structures (in this case, the minimum 
temperature on the floor);

- minimum distance from the floor surface to the 
zero temperature line inside the structure;

- heat losses through a fragment of the enclosing 
structure.

The dew point on the inner surface of the 
enclosing structures of residential buildings at 
design parameters of climate in Yakutsk and internal 
humidity of 50 % is 10.2 °С. The second characteristic 
is very important for comparative evaluation from a 
practical point of view. The close proximity of the 
zero temperature line to the floor surface leads to 
an unfavorable situation in the event of the slightest 
installation errors under conditions of increased 
air infiltration. Therefore, in climatic conditions 
with extremely low outside air temperatures, all 
connections of external enclosing structures must 
have high operational reliability.

•	 Standard solutions
At first, standard solutions of basement floor 

fragments in the outermost rows with an external 
wall, a corner basement floor section with a column 
and external wall are considered as models. In the 
outermost axes, there may still be structural solutions 
of the basement floor with a balcony. This case is not 
considered in this research, given that the first floor 
of multi-story buildings traditionally houses public 
spaces where balconies are not provided. The paper 
does not present the results of heat engineering 
studies on a basement floor section with a column 
in the middle rows, where the temperature regime 
is more favorable than at the edges of the building. 
For convenience of analysis, let us designate the 
row section of the basement floor with a column and 
external wall as type A, and the corner section of the 
basement floor with a column and two adjacent walls 
as type B (Fig. 1).

In all models, the reinforced concrete columns 
are assumed to be 600×600 mm in cross-section, 
the reinforced concrete raft connecting the piles is 
1800×1800 mm in plan and 1200 mm in height. The 
thermal conductivity coefficient of reinforced concrete 
structures is λ = 1.92 W/(m·°C). The characteristics of 
the other materials of the external wall and basement 
slab are taken in accordance with Russian standards 
for heat insulation of buildings (Table 1). Taking into 
account the materials used, the thermal resistance of 
the flat part of the external wall is 5.26 (m2·°C)/W, and 
that of the basement slab is 7.74 (m2·°C)/W, which is 
higher than the standard values for Yakutsk.

Fig.  1 shows that in standard designs of the 
basement slab with internal heat insulation, there 
are through thermal bridges in reinforced concrete 
elements with high thermal conductivity, occurring in 
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the following sequence: raft – basement slab – col-
umn and concrete block masonry. In buildings with 
a reinforced concrete frame, the use of concrete 
blocks as the base of the external wall leads to the 
rupture of thermal protection. These thermal bridges 
have a particular adverse effect in the corner sec-
tions of the basement floor where two adjacent ex-
ternal walls are connected with the column and cold 
space is located on three sides (Fig. 1, type B).

•	 Energy-efficient solutions
The basic rule for reducing the influence of 

thermal bridges is to create thermal breaks using 
efficient heat insulation materials. With this in 
mind, the authors of the paper developed methods 
of constructing a basement floor with a column 
over cold and ventilated under-floor spaces and 
obtained corresponding patents. The idea is to 
install a thermal break made of extruded polystyrene 
foam between the reinforced concrete raft and the 
basement slab. Such a structural solution of the 
frame is quite possible if the load-bearing capacity of 
the reinforced concrete basement slab is ensured. In 
this case, the column is continuous and rests on the 
raft, which combines all the piles into a single cluster.

When a thermal break is made in the raft, there 
are two options of basement floor heat insulation: 

internal and external. It should be noted that 
labor intensity of installation for internal heat 
insulation is much lower than that for external heat 
insulation under the basement slab in constraint 
environment.

 In case of internal heat insulation of the basement 
slab, it is suggested to use polystyrene foam boards 
as individual layers (Table  2). In case of internal 
heat insulation, all that is left to do is to solve the 
issue of thermal bridging occurring in areas where 
the concrete block masonry rests on the basement 
slab. Here, two options are possible to reduce the 
influence of this thermal bridge:

1. Types A-1 and B-1. Use of a perforated beam 
with a thermal insert made of extruded polystyrene 
foam instead of the first row of concrete block 
masonry (Patent RU117943U1 (Danilov et al., 2012) 
obtained by one of the authors). The perforated 
beam can be either cast-in-situ or prefabricated. The 
width of the beam should be equal to the width of the 
concrete block masonry, i. e., 200 mm. The thermal 
insert is made of 200 mm thick extruded polystyrene 
foam. The beam supports are spaced at 1500 mm. 
At the wall-column junctions, the beam has a 
cantilever, which reduces the influence of thermally 
conductive elements — beam supports (Fig. 2).

Fig. 1. Standard basement slab designs

Table 1. Characteristics of materials for standard external wall and basement slab designs

Structure Material Density,
kg/m3

Thickness,
mm

Thermal conductivity, 
W/(m·°С)

External wall Cement-sand mortar plastering 1800 20 0.76 
Concrete block masonry 1800 200 0.64 

Mineral wool boards 100 200 0.042 
Basement slab Cement-sand screed 1800 60 0.76 

Foam polystyrene boards 35 300 0.040 
Reinforced concrete slab 2500 220 1.92 

Type A - the basement slab row section Type B - the basement slab corner section
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Fig. 2. Thermal break in masonry with the use of a perforated beam

2. Types А-2 and В-2. Use of lightweight blocks, 
e. g., polystyrene concrete blocks as the first row of 
wall masonry (Patent RU170253U1 (Kornilov et al., 
2017) obtained by one of the authors). Polystyrene 
concrete blocks with a density of 500 kg/m3 have a 
thermal conductivity coefficient of 0.14 W/(m·°C). It is 
recommended to use blocks of 200×300 mm cross-
section. This ensures an L-shaped connection; the 
joint between the lightweight masonry blocks and 
the end of the heat insulation boards is covered by 
the top layer (Fig. 3).

3.	Types A-3 and B-3. External heat insulation of 
the basement floor from the bottom side with thermal 
breaks in the raft ensures the continuity of thermal 
protection (Patent RU2780187C1 (Kornilov et al., 
2022) obtained by the authors). For external heat 
insulation of the basement floor, mineral wool boards 
with a density of 90–125 kg/m3 and a tensile strength 
perpendicular to the front surfaces of not less than 
15 kPa should be used. The external heat insulation 
layer is recommended to be made of mineral wool 
boards with a laminated surface or to be covered 

Fig. 3. Thermal break in masonry with the use of lightweight blocks

Table 2. Characteristics of the materials for the proposed solutions for the internal and external 
heat insulation of the basement slab

Type of heat 
insulation

Material Density,
kg/m3

Thickness,
mm

Thermal conductivity,
W/(m·°С)

Internal Cement-sand screed 1800 60 0.76 
Foam polystyrene boards 35 300 0.040 
Reinforced concrete slab 2500 220 1.92 

External Cement-sand screed 1800 60 0.76 
Reinforced concrete slab 2500 220 1.92 

Mineral wool boards 125 300 0.042 
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Fig. 4. External heat insulation of the basement slab with a thermal break in the raft in the section of the slab 
with a column of the outermost rows

Table 3. Energy-efficient solutions for the basement slab with a column in the outermost axes 
in the row (A) and corner (B) sections

Type 
Heat insulation 

of the basement 
slab

Thickness of the basement floor heat 
insulation layer, mm Thickness 

of the thermal break 
in the masonry wall, mm

Thickness 
of the thermal break 

in the raft, mmPolystyrene foam Mineral wool board
А-1
В-1

Internal 300 200
(perforated beam)

100

А-2
В-2

Internal 300 200 
(lightweight block)

100

А-3
В-3

External - 300 - 300

with a non-combustible water- and wind-proofing 
membrane. To ensure the integrity of the corner joint 
between the external heat insulation of the wall and 
the basement slab, galvanized wire mesh should be 
fixed in this area (Fig. 4).

Table  2 lists the materials used for the heat 
insulation of the basement slab. The fragments of 
the basement slab with internal and external heat 
insulation analyzed in the paper are summarized in 
Table 3. All the considered fragments of the enclosing 
structures have a thermal insert between the raft and 
the basement slab made of extruded polystyrene 
with a density of 30 kg/m3 and thermal conductivity 
coefficient λ = 0.030 W/(m·°C). Extruded polystyrene 
is also used in the perforated wall beam.

Results
•	 Standard solutions
In the middle part of a cast-in-situ frame building, 

the heat flow passes through the column to the raft, 
which form a through thermal bridge (Fig. 5A). In the 
outermost row sections of the basement floor, the 
heat flow (in addition to the column with the raft) also 
passes through the concrete block masonry, but with 
less intensity (Fig. 5B). In this section of the basement 
floor, the minimum temperature is observed in the 
corner area between the column, wall and floor and 
amounts to +5.59 °C, which is lower than the dew 
point (Table 4, type A).

The worst situation is observed in the corner 
section of the basement slab with the column. 
In this section, the minimum floor temperature 
occurs in the corner between the column and the 
external wall and has a negative value of –1.52 °C, 
which is significantly below the dew point. The zero 
temperature line is 60 mm from the floor surface, 
i. e., under the cement-sand screed (Table 5, type B). 
Such a temperature regime on the inner surface of 
the enclosing structures in the corner section of the 
basement floor is due to not only the influence of 
thermal bridges but also the presence of cold space 
on three sides.

To determine the significance of thermal bridges, 
the thermal performance of the corner section of the 
standard basement slab (Type B) was determined 
depending on the size of the column or raft cross-
section. The following variable cross-sections were 
assumed for the calculations:

- columns of 0.3×0.3 m, 0.4×0.4 m, 0.6×0.6 m, 
and 0.8×0.8 m, with a fixed raft cross-section of 
1.8×1.8 m;

- raft of 1.5×1.5 m, 1.8×1.8 m, 2.2×2.2 m, 
and 2.5×2.5 m with a fixed column cross-section 
of 0.6×0.6 m;

As a result of heating and heat insulation analysis, 
it was found that the thermal protection of the corner 
section of the basement slab is mostly affected by 
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Fig. 5. Heat flow diagrams for the standard rafts and basement slab with a column 
of the middle (A) and outermost (B) rows

A B

the size of the column cross-section. When the 
column cross-section is changed from 0.3×0.3 m 
to 0.8×0.8 m, the minimum floor temperature 
decreases from +0.2 °C to –2.88 °C, and heat losses 
increase by 37.0 % (Fig. 6A).

In standard designs, the reinforced concrete raft 
is completely in the cold zone and freezes through 

the entire volume, therefore, an increase in the cross-
section results in a slight increase in the minimum 
floor temperature within 1 °C and a decrease in heat 
losses by only 3.9 % (Fig. 6B). 

Thus, in standard basement floor designs, in all 
areas under consideration, the temperature regime 
does not meet the regulatory requirements and the 

Table 4. Results of heat transfer modeling in the basement slab row section
Temperature distribution in the vertical section along the inner surface of the wall

Type А, standard: tmin = +5.59 °С; L = 100 mm Type А-1: tmin = +6.82 °С; L = 150 mm 

Type А-2: tmin = +6.00 °С; L = 155 mm Type А-3: tmin = +11.88 °С; L = 340 mm

L — the distance from the inner corner of the structure to the zero temperature line
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Table 5. Results of heat transfer modeling in the basement slab corner section 
Temperature distribution in the vertical section along the inner surface of the wall

Type В, standard: tmin = –1,52 °С; L = 60 mm Type В-1: tmin = +0.13 °С; L = 100 mm

Type В-2: tmin = +0.25 °С; L = 170 mm Type В-3: tmin = +4.8 °С; L = 320 mm

 

L — the distance from the inner corner of the structure to the zero temperature line

Fig. 6. Graphs of the minimum floor temperature and heat losses through the corner section of the slab 
as a function of the cross-section of the column (A) and raft (B)

A B
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minimum temperature on the inner surface of the 
enclosing structures is below the dew point.

•	 Energy-efficient solutions with internal heat 
insulation of the basement slab

In the proposed designs of the basement slab 
with internal heat insulation, the total heat flow 
passes through the column and raft. The heat flow 
through the concrete block masonry is interrupted by 
a perforated beam (Type A-1) or lightweight block 
(Type A-2) thermal insert.

In the row section of the basement slab with 
a column of the outermost rows, the minimum 
floor temperature increases by only 1.23–0.41 °C 
compared to the standard solution. The minimum 
floor temperature tmin = +6.82 °C and tmin = +6.00 °C 
when creating a thermal break in the masonry 
using a perforated beam and lightweight blocks, 
respectively, is significantly lower than the dew 
point. The zero temperature lines are 150 mm 
apart (Table 4, Types A-1 and A-2).

In the corner section of the basement slab 
with a column, the minimum floor temperature 
is observed in the corner between the column 
and the external wall and amounts only to +0.13 °C 
with the use of a perforated beam and +0.25 °C with 
the use of a lightweight concrete thermal insert, 
which is significantly below the dew point (Table 5, 
Types B-1 and B-2).

Particularly in these sections with the column, 
the thermal bridge in the form of the column has 
a significant influence on the temperature regime 
inside the structure. At a distance of 0.6 m from 
the column at the junction of the external wall to 
the basement slab, the minimum floor surface 
temperature is +12.5 °C when a perforated beam 
outside the support is used and +12.2 °C in case of 
a thermal insert made of lightweight concrete.

•	 Energy-efficient solutions with external 
heat insulation of the basement slab

The external heat insulation of the basement slab, 
along with the thermal break between the raft and the 
slab, significantly improves the thermal protection of 
all structural fragments under consideration. In the 
outermost sections of the basement slab with the 
column and the external wall, the thermal break 
between the raft and the slab completely excludes the 
concrete block masonry from the thermal bridge, which 
is confirmed by the heat flow distribution. The thermal 
protection of the building in these sections has no 
breaks, which has a positive effect on the temperature 
distribution inside the enclosing structures.

In the row section of the basement floor, the 
minimum floor temperature is +11.88 °C, which is 
higher than the dew point. The zero temperature line 
is in the external heat insulation layer of the basement 
floor (Table 4, Types A-3). When external basement 
floor heat insulation is used, the zero temperature 
line is shifted outwards and is far away from the 

inner surface at a distance of 320–340 mm. This is 
facilitated by the presence of a thermally conductive 
element in the form of a reinforced concrete slab on 
the inner side, which can be clearly seen in the heat 
flow distribution pattern within the structure (Table 4, 
Type A-3 and Table 5, Type B-3).

In the problematic corner section of the basement 
floor with the column and adjacent external walls, the 
minimum floor temperature rises to +4.80 °C, which 
is significantly higher compared to the temperature on 
the inner surface of the standard design. However, 
this temperature value is below the dew point. In the 
corner section of the basement floor, the presence 
of a through thermal bridge in the form of a reinforced 
concrete column with a cross-section of 600×600 mm 
has a negative impact on the temperature regime. 
The zero temperature line is at a significant distance 
from the floor — 320 mm (Table 5, Type B-3).

Discussion
The results of heat transfer modeling in different 

designs of basement slab sections showed that the 
use of a thermal break between the raft and the 
basement slab is crucial for reducing heat losses 
through the basement floor. In case of internal heat 
insulation of the basement slab, the formation of 
thermal breaks in the raft and wall masonry does 
not lead to a significant improvement in thermal 
protection. Compared to the standard design, heat 
losses through the row section of the basement floor 
with the column and the external wall are reduced 
by only 5.1–14.3 %, through the corner section — 
by 4.1–13.9 % (Fig. 7).

The use of external heat insulation of the 
basement slab together with the thermal break in 
the raft significantly reduces heat losses through 
all the sections considered. Compared to standard 
solutions, heat losses are reduced (Fig. 7):

- through the row section of the slab with the 
column of the outermost rows and the external 
wall — by 20.9 %;

- through the corner section of the slab with the 
column of the outermost rows and two adjacent 
walls — by 33.6 %.

At the design outside air temperature of 
–52.0 °C, the minimum temperature in the corner 
section with the use of external heat insulation 
of the basement floor and a thermal break in 
the raft is significantly lower than the dew point, 
which results in condensate formation (Table  5, 
Type B-3). To improve the situation, the option of 
shifting the column from the edge of the basement 
slab inward was considered. In this case, the 
thermal bridge in the form of a reinforced concrete 
column is completely eliminated in the corner 
area. When the column is displaced by 600 mm, 
the temperature on the floor in the corner between 
the adjacent external walls is t1min = +13.6 °C, the 
temperature in the corner between the column 
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and the wall is t2min = +9.5 °C, and when displaced 
by 1200 mm: t1min = +14.8 °C and t2min = +9.6 °C 
(Table 6).

Conclusion
The specifics of constructing multi-story cast-in-

situ frame buildings in permafrost soils is related to 
massive thermal bridges in the basement part and 
cold ventilated under-floor space. In the period of 
especially low outside air temperatures of –45 °С 
and below, a significant difference of air pressure 
on the inner and outer surface of the enclosing 
structures on the lower floors of more than 100 Pa 
leads to intensive infiltration processes. As a result 
of heat engineering analysis of standard design of 
the basement part of cast-in-situ frame buildings, 
it was shown that the main cause of low temperature 
on the inner surface of the enclosing structures is 
the presence of extensive through thermal bridges: 
reinforced concrete raft  — basement slab  — 
column — concrete block masonry. In this case, the 
cross-section of the reinforced concrete column has 
a greater negative effect. There is also a rupture of 
thermal protection in the connections between the 
external wall and the basement slab.

To reduce the influence of thermal bridges in the 
basement part of buildings, several options of structural 
solutions with internal and external heat insulation 
of the basement slab were proposed. The results 
of heat engineering analysis showed that external 
heat insulation of the basement floor with a thermal 
break between the raft and the basement slab is the 
most efficient for thermal protection of cast-in-situ 
frame buildings on pile foundations. Compared to the 
standard solutions, heat losses through the row section 
of the floor with the column of the outermost rows 
and external wall were reduced by 20.9 %, through 
the corner section of the floor with the column of the 
outermost rows and two adjacent walls — by 33.6 %. 
To improve the temperature regime in the corner 
section of the basement floor, it is recommended to 
locate the columns at the ends of the building with the 
inward displacement from the edge of the slab.

Funding: comprehensive research project 
“Development of scientifically-substantiated 
solutions in the design, construction, and operation 
of Arctic settlements meeting modern standards of 
sustainable development and comfortable living. 
Stage 1” (SC No. 8019).

Table 6. Results of heat transfer modeling in the corner section of the basement 
slab with the column displacement from the edge of the basement slab

Temperature distribution in the vertical section along the inner surface of the wall
Displacement of 600 mm: t1min = +13.6 °C 

and t2min = +9.5 °C; L = 350 mm
Displacement of 1200 mm: t1min = +14.8 °С 

and t2min = +9.6 °С; L = 360 mm

Fig. 7. Heat losses through the section of the slab with the column of the outermost rows (A) 
and the corner section of the slab (B)
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КАРКАСНО-МОНОЛИТНЫХ ЗДАНИЙ В ЭКСТРЕМАЛЬНО ХОЛОДНЫХ 
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Аннотация
Введение. Обеспечение теплозащиты многоэтажных зданий с железобетонным каркасом на свайных 
фундаментах в климатических условиях с экстремально низкой температурой наружного воздуха усложняется 
высокой инфильтрацией воздуха. При эксплуатации таких зданий в зимний период наиболее характерными 
являются нарушения температурного режима на первом этаже. Цель: оценка различных методов снижения 
влияния термических мостов в цокольном перекрытии каркасно-монолитного здания со свайными фундаментами 
в экстремальных климатических условиях. Методы: Теплотехнические характеристики 3D моделей ограждающих 
конструкций определены с использованием сертифицированной программы HEAT3. Рассмотрены варианты 
внутренней и наружной теплоизоляцией цокольного перекрытия с термическими разрывами в конструкциях.  
Результаты: В результате численного анализа типовых решений цокольных перекрытий зданий установлено, что 
низкая температура на внутренней поверхности и значительные тепловые потери связаны с наличием сквозных 
термических мостов: железобетонный ростверк – цокольная плита – колонна – кладка из бетонных блоков. Наиболее 
эффективным для тепловой защиты каркасно-монолитных зданий является наружная теплоизоляция цокольного 
перекрытия с термическим разрывом в ростверках. По сравнению с типовым решением тепловые потери через 
угловой участок перекрытия со смещенной колонной снижаются на 33,6 %, а минимальная температура на 
внутренней поверхности выше температуры точки росы.

Ключевые слова: термический мост, цокольное перекрытие, терморазрыв, колонна, ростверк.
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Abstract: This paper provides a brief overview of the current research on timber-concrete composite beams and PBL 
shear connectors. Five representative calculation formulas were selected, and the effects of concrete strength and opening 
diameter on the ultimate bearing capacity of shear connectors were compared and analyzed using the controlled variable 
method. This study can serve as the basis for further optimizing the design parameters of composite beams.

Keywords: timber-concrete composite beam; PBL shear connector; shear capacity calculation method; design optimization.

Introduction
The Perfobond Leiste (PBL) shear connector 

consists of a perforated steel plate, concrete 
tenon, and through steel reinforcement. The PBL 
shear connector has become the most promising 
connector due to its high shear stiffness, high bearing 
capacity, good fatigue resistance, and convenient 
construction. da C. Vianna et al. (2013) analyzed 
PBL shear key composite structures experimentally 
and discovered that the thickness of the steel plate 
had a significant impact on the anti-slip performance 
of the shear key. Yang and Chen (2018) conducted 
monotonic loading push-out tests on PBL connectors 
and found that the end-bearing type specimens had 
higher shear bearing capacity and shear stiffness 
than the non-end-bearing type specimens. Huang 
et al. (2021) introduced a new type of bent-through 
steel reinforcement PBL shear key and conducted 
push-out tests, which revealed that bent-through 
steel reinforcement could effectively enhance the 
ductility of PBL shear keys and extend the service 
life of structures. Zhao et al. (2015) utilized ANSYS 
12.0, a large-scale nonlinear finite element analysis 
software, to investigate the impact of parameters 
such as concrete grade and diameter of penetrating 
rebars on the stress distribution and shear bearing 
capacity of PBL shear keys. This study emphasized 
the significant influence of factors such as rebar 
diameter, concrete strength grade, and the bond 
strength between concrete and steel plate on shear 
bearing capacity. Zhu and Wang (2016) conducted 
experimental research on PBL shear keys in steel-

concrete composite beam bridges, considering 
the effect of transverse prestressing. It proved 
that increasing the diameter of penetrating rebars, 
the aperture size of steel plate openings, and the 
thickness of the steel plate effectively increases the 
shear bearing capacity of PBL shear keys. However, 
it also noted that the introduction of transverse 
prestressing accelerated concrete cracking, which 
limited the full utilization of the potential strength and 
stiffness of concrete, steel plates, and penetrating 
rebars, thereby reducing the bearing capacity of PBL 
shear keys. Cui et al. (2017) conducted a statistical 
analysis on the load-slip curves of single-hole PBL 
connectors, which included 22 groups without 
penetrating rebars and 21 groups with penetrating 
rebars. According to them, in the plastic phase, 
the residual shear bearing capacity of single-hole 
PBL connectors results from the combined effects 
of bonding force along the shear failure surface 
of the concrete tenon, the shear bearing capacity 
provided by lateral restraint, and the anchoring effect 
of penetrating rebars. Zhao et al. (2018) conducted 
push-out tests on wave-shaped PBL connectors, 
varying the diameter of the penetrating rebars. 
It was found that beyond a certain rebar diameter, 
the rate of increase in the connector’s shear bearing 
capacity started to decrease. Shi (2019) performed 
comprehensive experimental research and finite 
element simulations on lightweight aggregate 
concrete PBL shear connectors. The research 
highlighted that the shear bearing capacity of these 
connectors is mainly influenced by concrete strength, 
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opening size, and rebar diameter. A formula for 
calculating the ultimate bearing capacity of lightweight 
aggregate concrete PBL shear connectors was 
proposed. Wang (2020) investigated the impact of 
additional constraints on the bearing mechanism 
of PBL shear connectors. It was shown that such 
factors as restraining rebars and friction between 
the specimen and the test base had a significant 
effect on the failure mode, rebar strain, and load-slip 
curve of PBL connectors. Furthermore, a method for 
calculating the bearing capacity of PBL connectors 
was proposed, taking into account the influence of 
these additional constraints. Xue et al. (2020) applied 
finite element analysis to conduct push-out tests on 
perforated plate connectors. They highlighted the 
significant influence of both yield strength and rebar 
diameter on the ultimate shear bearing capacity 
of these connectors. This study demonstrated a 
linear relationship, where increased yield strength 
and rebar diameter led to enhanced shear bearing 
capacity. Zhang (2021) conducted static push-out 
tests on 16 U-shaped PBL shear keys across four 
groups of specimens. Zhang noted that the ultimate 
bearing capacity of these shear keys was mainly 
determined by the compressive concrete at the end 
steel plate, along with the penetrating rebars and 
concrete tenon. Liao (2022) conducted push-out 
tests and finite element analysis on UHPC-reinforced 
PBL connectors. The tests indicated that the use of 
UHPC approximately doubled the bearing capacity 
and increased shear stiffness by about 1.75 times. 
They also confirmed the accuracy of the nonlinear 
finite element analysis. Ren (2023) conducted a 
lateral bending static test with varying diameters of 
perforated rebars. Ren stated that the diameter of 
the perforated rebars had a relatively minor impact 
on the failure mode of T-PBL connector specimens. 
It was suggested that the current industry standard 
for calculating the lateral bending bearing capacity of 
T-PBL connectors might be relatively conservative. 
Yang et al. (2024) conducted push-out tests on 
bolted PBL connectors in waveform steel-UHPC 
composite bridge decks, along with finite element 
analysis of beam tests. This study illustrated that 
increasing the diameter of short bolts, PBL aperture, 
and UHPC strength effectively increases the shear 
bearing capacity of the composite connectors. 
A modern timber-concrete composite structure is a 
novel construction that combines wood and concrete 
materials. By combining wood and concrete flanges 
with shear connectors, the corresponding good 
tensile and compressive properties can be fully 
utilized, effectively transferring longitudinal shear 
forces and preventing the separation of the wood 
beams and concrete flanges. Modern timber-
concrete composite beams have significantly higher 
overall integrity, bending stiffness, and fire resistance 
compared to traditional timber beams. PBL shear 

connectors have been widely used in timber-
concrete composite structures. Many researchers 
have conducted experimental and theoretical 
studies on mechanical performance. Schanack et al. 
(2015) conducted shear, static, and numerical tests 
on timber-concrete composite beams and compared 
the numerical results with the experimental ones. 
It was found that the finite element model could 
better predict the test results. Li (2017) conducted 
static tests and numerical simulations on glued 
laminated timber composite beam bridges, and 
demonstrated that the support type influenced the 
beam end slip. Yuan (2019) investigated the bearing 
capacity of modern timber-concrete composite 
beam bridges and proposed a formula for bending 
resistance. The numerical results agreed with the 
theoretical ones. Kim et al. (2014) conducted static 
load tests on composite beams with Y-shaped PBL 
shear keys and demonstrated that Y-shaped PBL 
shear keys had higher stiffness and ultimate loads 
than traditional ones.

There is no unified design theory or method 
for calculating the shear capacity of PBL shear 
connectors. In the course of this study, five 
representative calculation formulas were selected 
and combined with the load characteristics of PBL 
shear connectors. Using the controlled variable 
method, the effects of concrete compressive 
strength and aperture diameter on the shear 
capacity of PBL connectors were compared and 
analyzed using different calculation equations. The 
design parameters of composite beams were also 
optimized. The research results can serve as a 
reference for the design of modern timber-concrete 
composite beam bridges and for optimizing PBL 
shear connector designs.

Calculation Methods
(1) The Specifications for the Design of Highway 

Steel Bridges (JTG D64-2015) (Ministry of Transport 
of the People’s Republic of China, 2015) provide a 
calculation equation for the shear bearing capacity 
of PBL shear connectors. This equation mainly takes 
into account the shear resistance of concrete keys 
and the effect of penetrating steel bars.

V d d f d fu s c s sdP
� �� � �1 4 1 2

2 2 2
. . ,            (1)

where:
VuP 

— ultimate shear capacity of the connection, 
N;

d — diameter of the opening, mm;
ds — diameter of the penetrating reinforcement, 

mm;
fc — design value of the compressive strength of 

concrete at the centroid, MPa;
fsd — design value of the tensile strength of the 

penetrating reinforcement, MPa.
(2) Eurocode 4 (European Committee for 

Standardization, 2004) provides specific calculation 
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formulas that account for the influence of through-
bars and concrete, based on a statistical analysis of 
a large number of test results.
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(3) Hu et al. (2006) derived a calculation formula 
for the bearing capacity of the connection member 
consisting of transverse ordinary steel bars, 
penetrating steel bars, and concrete tenons.
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where:
α — coefficient of influence of the penetrating 

steel bar, taken as 1.32;
f y 

— yield strength of the penetrating steel bar, 
MPa;

β — coefficient of influence of the transverse 
steel bar, taken as 1.204479;

�At� 
— sectional area of hoop reinforcement, mm²;

′f y 
— yield strength of hoop reinforcement, MPa;

γ — coefficient of influence of concrete keys, 
taken as 1.95.

(4) Zheng et al. (2016) derived a calculation 
formula for the connection capacity of PBL 
shear connectors, which takes into account the 
contributions of the end concrete, hole concrete, and 
penetrating steel bars. Their formula was based on 
the experimental results.
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where: αA reflects the restraining effect of the 
penetrating steel bars on the concrete in the hole.

Yang and Chen (2018) argued that the 
compressive action of the concrete at the end of 
the perforated plate, the shear resistance of the 
concrete in the hole, and the shear resistance of the 
penetrating steel bar are the main components of the 
shear bearing capacity of the PBL shear connector. 
The following calculation formula was derived:
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where:
fcu — compressive strength of concrete in cubic 

form, MPa;
h — height of the perforated plate, mm;
t — thickness of the perforated plate, mm.

Comparison and Analysis
To compare the effects of concrete compressive 

strength and opening diameter on the shear bearing 
capacity of PBL shear connectors using different 
calculation formulas, Eqs.  (1)–(5) were used, and 
a PBL opening diameter of 50  mm was selected. 
The relationship between the concrete compressive 
strength and the shear bearing capacity of PBL shear 
connectors is presented in Fig. 1. The relationship 
between the opening diameter and shear bearing 
capacity of PBL shear connectors is clear from 
Fig. 2, when a concrete cube compressive strength 
of 40 MPa is selected.

As shown in Figs.  1 and 2, the relationship 
between the concrete compressive strength, opening 
diameter, and PBL shear capacity exhibits a linear 
positive correlation among Eqs.  (1)–(5). The shear 
capacity calculated by Eqs. (1) to (4) mainly ranges 

Fig. 1. Relationship between the concrete compressive strength 
and the shear bearing capacity of PBL shear connectors

Fig. 2. Relationship between the opening diameter and the shear 
bearing capacity of PBL shear connectors
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around 100 kN, while the shear capacity calculated 
by Eq. (5) is much higher than that of other formulas, 
with a maximum difference of 629  kN. Yang and 
Chen (2018) explained that Eq.  (5) accounts for 
the compressive action at the end of the perforated 
plate, while other formulas only account for the shear 
resistance of the concrete tenon and the penetrating 
steel bar, neglecting the compressive action of 
the end concrete. Furthermore, the slopes of the 
curves obtained by calculating Eqs. (1), (3), and (5) 
are relatively gentle, indicating that the calculated 
shear capacity is less sensitive to the concrete 
compressive strength and opening diameter. In 
summary, the shear capacity calculated by Eqs. (2) 
and (5) deviates considerably from other calculation 
formulas. Given the general nature of the calculation 
method, it is important to specifically consider the 
applicability of the formulas in the design of modern 
timber-concrete composite beam bridges and in 
the optimization of PBL shear connector design. 
Alternatively, Eqs. (1), (3), and (4) can be used for 
calculation to prevent significant errors in the results. 
As a result, some suggestions for the optimal use of 
the formulas are shown below:

• Eqs. (1) and (3) are suitable for estimating the 
shear capacity of PBL shear connectors with low 
concrete compressive strength and small opening 
diameter, as they are relatively conservative and 
stable.

• Eq.  (4) is suitable for estimating the shear 
capacity of PBL shear connectors with moderate 
concrete compressive strength and opening 
diameter, as it is close to the average value of other 
formulas.

Conclusions
In the course of this study, five representative 

calculation formulas were selected and combined 
with the load characteristics and test data of PBL 
shear connectors. The study analyzed the effects 
of concrete strength and aperture diameter on the 
ultimate bearing capacity of the connectors using the 
controlled variable method. The main conclusions 
were as follows: concrete strength and aperture 
diameter had a significant impact on the shear 
capacity of Eqs. (2) and (5), but a minor impact on 
the other three formulas. Concrete strength had a 
significant impact on Eq.  (4), while the impact of 
aperture diameter was not significant and requires 
further verification by increasing the variables. The 
calculation results using Eq.  (5) indicate that the 
compressive effect at the end of the perforated plate 
might cause a significant deviation in the calculated 
bearing capacity, which could affect the evaluation of 
the shear capacity of PBL connectors.
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Аннотация: В данной статье представлен краткий обзор современных исследований составных деревобетонных 
балок и соединительных элементов PBL, работающих на сдвиг. Выбраны пять репрезентативных расчетных 
формул, проведены сравнение и анализ влияния прочности бетона и диаметра отверстия на предельную несущую 
способность соединительных элементов, работающих на сдвиг, с использованием метода контролируемых 
переменных. Данное исследование может послужить основой для дальнейшей оптимизации параметров 
проектирования составных балок.

Ключевые слова: составная деревобетонная балка; соединительный элемент PBL, работающий на сдвиг; метод 
расчета прочности на сдвиг; оптимизация конструкции.
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Abstract
Introduction: This paper presents an experimental investigation that aims to study the influence of silt content, glass fiber 
content, and their combined effect on the shear behavior of silty sand. For this purpose, a series of tests using direct shear 
apparatus (as methods) were carried out on sand mixed with various silt and fiber contents. Samples were prepared 
with a relative density of 50 %, and each mixture was tested at three different normal stresses. The experimental results 
indicated an increase in shear strength at 10 % silt content, followed by a decrease in shear strength with increasing silt 
content from 10 % to 30 %. It was also found that 0.5 % is the optimal content that can be added to sand-silt mixtures to 
enhance their shear strength and friction angle, although the mixtures become more contractive.

Keywords: sand, silt, glass fiber, shear strength, cohesion, friction angle.

Geotechnical Engineering

Introduction
It is widely recognized that the behavior of sand-

fines mixtures, frequently encountered in nature, is 
largely affected by the type, plasticity, and content 
of the fine particles they contain. These soils can 
have instability problems under certain conditions 
due to their unfavorable geotechnical properties, 
which make them incapable of supporting the 
loads to which they are subjected. This type of 
soil, therefore, needs its properties enhanced to 
make it exploitable and suitable for construction. 
Soil improvement methods, widely used today, are 
numerous and varied. Han (2015) classified soil 
improvement methods according to their function 
into six categories: densification, replacement, 
drainage and consolidation, chemical stabilization, 
reinforcement, and thermal and biological treatment. 

Geotechnical engineering has recently witnessed 
an increasing interest in the study of soils reinforced 
with randomly distributed fibers (Benziane et al., 
2019; Chen and Loehr, 2008; Consoli et al., 2007; 
Diambra et al., 2010; Gray and Al-Refeai, 1986; 
Khebizi et al., 2019; Michalowski and Cermák, 
2003; Benziane et al., 2022; Romero, 2003; Safdar 
et al., 2020; Tang et al., 2007). Various synthetic 
fibers are currently in use, including polypropylene, 
polyethylene, polyester, nylon, steel, and glass 
fibers (Rabab’ah et al., 2021). Glass fibers have 
been extensively utilized in common and demanding 

applications due to their numerous advantageous 
features, such as high tensile strength, low 
fabrication costs, and superior chemical resistance 
(Derradji et al., 2018). The mechanical behavior of 
soils mixed with glass fibers has been studied by 
numerous researchers. Consoli et al. (1998) found 
that glass fiber reinforcement increases both peak 
and residual triaxial strengths, decreases stiffness, 
and changes the brittle behavior of the cemented soil 
to a more ductile one. Consoli et al. (2004) also found 
that the peak friction angle of both cemented and 
uncemented sand increased, and the peak cohesive 
intercept decreased slightly when glass fibers were 
added to the sand-cement mixture. According to 
Ahmad et al. (2012), the inclusion of randomly 
distributed glass fibers with soil particles creates a 
soil-fiber matrix that provides an interlocking effect 
to reinforce soil by implicitly preserving soil integrity 
and improving its interparticle frictional interface. 
By conducting direct shear tests on sand samples 
mixed with different percentages of glass fibers 
(0 %, 0.1 %, 0.3 %, and 0.5 %), Benessalah et al. 
(2016) found that sand containing 0.3 % fiber content 
generally exhibits higher shear strength and friction 
angle than other mixtures. Additionally, it is the most 
dilatant, particularly in the dense state. Bouaricha et 
al. (2017) found that specimens of sand mixed with 
glass fiber have a maximum shear strength greater 
than that of unreinforced soil, and that the optimal 
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value of the fiber content is 0.2 %. Bouaricha et al. 
(2017) also found that, for this optimal fiber content, 
adding fibers of 20 mm length gave the highest 
shear strength for both types of sand. The results 
obtained by Rabab’ah et al. (2021) showed that the 
addition of glass fiber to an expansive soil increases 
its unconfined compressive strength, indirect tensile 
strength, and CBR values, and decreases its swell 
potential. Benziane et al. (2022) found that glass 
fiber significantly improved the shear strength, 
cohesion interception, and friction angle of sand.

While there has been a significant amount of 
research on the mechanical behavior of granular and 
fine soils mixed with glass fibers, the impact of these 
fibers on the shear behavior of silty sands has not 
received as much attention as other soil types. The 
present study aims to investigate the shear behavior 
of sand mixed with different percentages of silt and 
glass fiber, focusing on the effect of silt content and 
fiber content, as well as their combined effect.

Methods and Materials
Sand-silt mixtures
The soil used in this study is sand extracted from 

the banks of the Chlef river, which flows through the 
city of Chlef to the west of Algiers. The decision to 
use this soil in an effort to improve it was not made 
randomly. Several researchers (Arab, 2009; Belkhatir 
et al., 2014; Della et al., 2011, 2014) showed that 

the soil in this region can exhibit instability problems 
under certain conditions. Durville and Meneroud 
(1982) also reported that, during the 1980 earthquake, 
liquefaction phenomena had appeared in the valley 
of the Chlef river where the soil was located.

After collecting the sand and transporting it to the 
laboratory, sand particles with a diameter greater than 
2 mm were removed through dry sieving. Particles 
smaller than 0.08 mm, which typically represent silt 
grains used in this study, were separated from the 
sand by dry sieving and washing. The clean sand 
and silt were then dried to a constant mass (Fig. 1).

The silty sand samples were obtained by mixing 
clean sand (Sc  = 0 %) with different silt fractions 
(Sc = 10 %, 20 %, and 30 % by dry soil mass). Fig. 2 
presents the grain size distribution curve of sand-silt 
mixtures, and their properties are given in Table 1.

Glass fiber
The fibers used are white glass fibers with circular 

cross-sections, which have a length of 12 mm and 
a diameter of 18 μm (Fig.  4). The physical and 
mechanical characteristics of fibers are presented in 
Table 2.

Testing procedure
To investigate the combined effect of silt and 

fiber reinforcement on the shear behavior of fiber-
reinforced sand-silt mixture at a medium-dense state 
(Dr = 50 %), a series of 48 direct shear tests, divided 

Fig. 1. Basic materials used: (a) clean Chlef sand, (b) Chlef silt

Table 1. Physical properties of sand and sand-silt mixtures
Properties Sand Sand-silt Silt
Silt content 0 % 10 % 20 % 30 % 100 %
Uniformity coefficient Cu 2.00 5.00 13.33 21.11 –
Coefficient of curvature Cc 0.82 1.95 4.41 3.29 –
Medium size D50 (mm) 0.45 0.36 0.34 0.30 0.029
Maximum diameter Dmax (mm) 2.00 2.00 2.00 2.00 0.08
Specific density Gs 2.741 2.698 2.692 2.686 2.667
Maximum void ratio emax 0.91 0.81 0.77 0.76 1.563
Minimum void ratio emin 0.61 0.49 0.42 0.40 0.991

a) b)
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Fig. 2. Grain size distribution curve of Chlef sand-silt mixtures

Fig. 3. Variation of the minimum and maximum void ratio 
as a function of fines content Fig. 4. Glass fiber reinforcement

Fig. 5. View of the direct shear apparatus

Table 2. Glass fiber characteristics

Properties Specific gravity Length (m) Diameter (mm) Mean tensile 
strength (MPa)

Elastic modulus 
(GPa)

Glass fiber 2.62 12 18 485 73

into three sets, was considered for this laboratory 
experiment. The first set of samples was obtained 
by mixing clean Chlef sand with various silt fractions 
(Sc = 0, 10, 20, and 30 %) to investigate the impact 
of silt fractions on the behavior of the sand-silt matrix. 
The second set was obtained using clean Chlef sand 
reinforced with various fiber contents (Fc = 0, 0.3, 0.5, 
and 0.8 %) to assess the reinforcing potential of glass 
fibers. The final set was obtained using unreinforced 
and reinforced sand-silt mixtures with glass fibers to 
evaluate the combined effect of silt fractions and fiber 
contents on the shear behavior of Chlef sand.

All tests were conducted at the Laboratory 
of Materials Science and Environment (LMSE) at the 
Hassiba Benbouali University of Chlef in Algeria. This 
experimental study was carried out using a standard 
laboratory direct shear apparatus with a square box 
measuring 60 × 60 inches. Fig. 5 presents a general 
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Fig. 7. Effect of silt content on the shear behavior of Chlef clean sand, Dr = 50 %, σN = 200 kPa: (a) variation of shear strength versus 
horizontal displacement, (b) variation of vertical displacement versus horizontal displacement, (c) intrinsic curve equation τ = σ·tgφ+c

a) b) c)

Table 3. Experimental program
Test set Fine fractions, Fc (%) Glass fiber content, Sc (%) Normal stress, σ (kPa)
1st set 0; 10; 20, and 30 0 50; 100, and 200
2nd set 0 0; 0.3; 0.5, and 0.8
3rd set 10; 20, and 30 0; 0.3; 0.5, and 0.8

view of the setup, showing the direct shear apparatus 
and the data acquisition system. Each test was 
repeated multiple times to ensure the reliability of the 
results. All the parameters considered in the testing 
program are listed in Table 3.

Sample preparation
The tested samples are mixtures composed 

of sand, silt, and glass fibers, prepared in a dry 
state (w  = 0 %). The initial height of the samples 
is constant and equal to 2.5 mm. To determine the 
dry mass of the sand-silt mixture needed to fill the 
required volume, the initial density of the sample is 
proposed, and the following equations are used:

Ws V Gs
e Id e e

T�
�

� � �� �1 max max min

,

where VT and Id are the total sample volume and the 
desired density index, respectively. The fiber mass 
was then calculated. The fiber concentration (Fc) to 
be added is defined as a percentage of the dry mass 
of the sand-silt mixture.

Sample preparation begins by securing the half-
boxes with two screws. Next, the holding plate is 
placed at the bottom of the shear box, followed by 
the grid plate. Once the masses of the constituents 
are determined, the sand, silt, and fibers are perfectly 
mixed until a homogeneous mixture is obtained 
(Fig.  6). This mixture is then deposited in the 
cavity of the shear box in three layers using the dry 
deposition method. To achieve the medium dense 
state (Dr  = 50 %), no compaction was necessary; 
only the surface of each layer was leveled off.

After depositing the sample, the second grid plate 
is placed above it, followed by the loading piston. 

The shear box must then be returned to its place in 
the frame if it has been moved to prepare the sample.

Consolidation and shearing
Each mixture was tested under three 

different normal stresses: 50, 100, and 200 kPa. 
Consolidation is considered complete when the 
vertical displacement stabilizes.

At the end of the consolidation, the two fixing screws 
of the two half-boxes are removed. Then, the sample 
is sheared at a constant speed of 1 mm/min until a 
horizontal displacement of approx. 7.5 mm is reached.

Results and Analysis
Influence of silt content
The results of direct shear tests conducted on 

sand-silt mixtures under a normal stress of 200 kPa 
are illustrated in Fig. 7. The shear stress (τ) evolution 

Fig. 6. Sand-silt-fiber mixtures



85

Feknous Hadjer, Della Noureddine, Denine Sidali, Missoum Benziane Mehdi, 
Flitti Abdelhamid, Sert Sedat, Ertan Bol, Apkyn Ozocak — Pages 81–90

INVESTIGATION OF THE SHEAR STRENGTH OF REINFORCED SILTY SAND

curves show that all mixtures reach a maximum 
shear stress (τmax) between approx. 2 and 5 mm of 
horizontal displacement (ΔH), after which the shear 
stress decreases slightly with the development of 
ΔH (Fig. 7a). Additionally, an increase in maximum 
shear strength is observed with increasing silt 
content up to 10 %, which represents a threshold 
content (Scth  = 10 %). Beyond this point, the 
maximum shear strength decreases proportionally 
with increasing silt content (Fig.  7a). This result is 
in good agreement with those of Aouali et al. (2019) 
and Missoum Benziane et al. (2022). According 
to Belkhatir et al. (2010), the overall void ratio 
does not accurately represent the intergranular 
interface in sand-silt mixtures. When granular soil 
contains fines, the overall soil void ratio (e) can no 
longer accurately describe soil behavior. Below the 
threshold, fines only occupy the void spaces and do 
not significantly affect the mechanical behavior of 
the mixture. However, if the fines content increases 
beyond the threshold level, the behavior of the soil 
is governed by the fine matrix, and the coarse grains 
float in the fines. The interchange of this governing 
role can be expressed through the intergranular void 
ratio concept (Fig. 8). The intergranular void ratio es 
is defined according to Monkul and Ozden (2007) as 
the following relationship:

e
e G Fc
G

G
G
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f
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�

�
�
�
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�
�
�

100

1
100

,

where Gs and Gf are the specific gravity of the sand 
and finer grain matrices forming the soil, respectively. 
G is the specific gravity of the soil. G values are 
assumed to be the weighted average of the specific 
gravities of the grain matrices forming the mixtures.

The curves showing vertical displacement versus 
horizontal displacement for medium-density sand-
silt mixtures under a confining pressure of 200 kPa 

are depicted in Fig. 7b. The results obtained show 
an increase in the contractive nature of the silty sand 
soil with the addition of silt content. Yamamuro and 
Lade (1997) attributed this behavior to the tendency 
of fines to occupy the void spaces after shearing, 
which generates a contractive behavior that results 
in the phenomenon of static liquefaction under 
undrained conditions.

Fig.  7c represents the evolution of maximum 
shear strength as a function of normal stress and 
silt content. It is clear that the maximum shear 
strength of the samples increased with increasing 
normal stress. However, sand-silt mixtures showed 
a decrease in maximum shear strength values after 
reaching the threshold fines content. Additionally, 
the shear strength parameters of sand-silt mixtures, 
obtained from the Mohr–Coulomb failure envelope 
(Fig.  7c) and summarized in Table  4, indicate that 
an increase in silt content leads to an increase in 
cohesion and internal friction angle up to a silt content 
of 10 %. After this point, the cohesion and friction 
angle of the mixture decrease. Missoum Benziane et 
al. (2022) attributed this loss of strength to the large 
volume that silt occupies in the voids between sand 
grains, causing them to dissociate and preventing 
them from interacting with each other. 

Influence of fiber content 
Fig. 9 illustrates the effect of glass fibers on the 

shear strength behavior of sand at a relative density 
of 50 % under a normal stress of 200 kPa. It has 
been found that the shear stress of unreinforced 
and fiber-reinforced sand increases steadily until it 
reaches its maximum value, and then it begins to 
decrease slightly with the development of horizontal 
displacement until the end of the test (Fig.  9a). 
Furthermore, it should be noted that the maximum 
shear strength (τmax) increases with increasing fiber 
content up to 0.5 % (Fig. 9a). Once the optimal fiber 
content is exceeded, the maximum shear strength of 
the sand-fiber composite decreases. Wei et al. (2018) 
stated that this behavior is attributed to the reinforcing 
mechanism of fibers. Initially, fiber-reinforced 
specimens show an increase in strength due to the 
rise in interfacial friction between the soil particles 
and fibers. As the shearing process continues, the 
shear stresses in the soil mobilize tensile resistance 
in the fibers, which in turn imparts greater strength to 
the soil. At the same time, fibers produce numerous 
crossing sites and form fiber networks that create a 
spatial confinement effect on the soil, resulting in an 
increase in the composite strength to its maximum. 
However, after reaching peak strength, the fiber 
content exceeds the permissible value, leading to an 
uneven distribution of fibers due to overlapping and 
stacking. This creates weak interfaces that decrease 
the resistance of the soil-fiber mixture.

The variation of the vertical displacement (ΔV) 
of the sand-glass fiber mixtures as a function of the Fig. 8. Variation of intergranular void ratio versus fine fraction
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horizontal displacement (ΔH) is presented in Fig. 9b. 
All specimens initially show a contraction phase 
until a threshold is reached, at approx. 2 to 3 mm of 
horizontal displacement, after which a slight increase 
in their volume is noted. Additionally, adding glass 
fiber to the sand promotes its contractive behavior. 
This can be attributed to the role of fibers in improving 
the soil confinement stress. A similar observation 
was made by Romero (2003).

Fig. 9c illustrates the evolution of maximum 
shear strength as a function of fiber content (Fc) 
and normal stress (σn). It can be observed from this 
figure that the maximum shear resistance increases 
proportionally with increasing normal stress, and 
that the optimal fiber content is 0.5 % (Fcopt = 0.5 %), 
which provides the best shear resistance for 
the three normal stresses. The shear strength 
parameters obtained from the Mohr–Coulomb failure 
envelope for the sand-fiber mixtures are presented 
in Table 4. An increase in the internal friction angle 
and cohesion of the sand-fiber mixture is observed 
when the fiber content increases from 0 to 0.5 %. 
This can be attributed to the special confinement 
effect of the fiber network. These results are in 
good agreement with those found by Benziane et al. 
(2022). Increasing the fiber content beyond 0.5 % 
leads to opposite results.

Influence of silt-fiber combination 
The results of direct shear tests carried out 

on unreinforced and fiber-reinforced sand-silt 
mixtures, at an initial density of 50 % under a 
constant normal stress of 200 kPa, are presented 

in Figs. 10, 11, and 12. The evolution of the shear 
strength of unreinforced and reinforced sand-silt 
mixtures as a function of horizontal displacement 
(ΔH) shows that it increases significantly at the 
beginning until reaching a maximum value, then 
it gradually decreases with the development of 
horizontal displacement (Fig. 10). Fig. 10a shows 
that the maximum shear stress of the mixture 
containing 10 % silt (Sc  = 10 %) increases with 
the rising fiber content from 0 to 0.5 % (Fcopt=0.5 
%), and then decreases when the fiber content 
increases to 0.8 %. The same trend is observed 
for sand-silt mixtures containing 20 % and 30 % 
silt (Sc  = 20 % and 30 %) (Figs  10b and 10c). 
However, it can be seen from Fig.  10 that the 
maximum shear strength of fiber-reinforced 
sand-silt mixtures increases with an increase 
in silt content until it reaches a ratio of 20 %. 
Then it starts to decrease. This result is due to 
an opposing effect between the fines matrix and 
the fiber inclusions. As mentioned earlier, when 
the fines content exceeds the threshold, the fines 
matrix dissociates the sand grains and prevents 
their interaction, leading to a decrease in strength. 
The fines matrix governs the behavior of the entire 
specimen. Conversely, fiber inclusion increases 
the contact area between the sand grains as a 
consequence of the confining effect of the fiber 
network, reducing the influence of the fines matrix 
and therefore increasing the strength of the sand-
silt-fiber composite. The shear strength behavior 
of fiber-reinforced sand-silt mixtures is mainly 

Fig. 9. Effect of fiber content on the shear behavior of Chlef clean sand, Dr = 50 %, σN = 200 kPa: (a) variation of shear strength versus 
horizontal displacement, (b) variation of vertical displacement versus horizontal displacement, (c) intrinsic curve equation τ = σ·tanφ + c

a) b) c)

Table 4. Shear strength parameters of unreinforced and fiber-reinforced sand-silt mixtures

Fiber content Sc = 0 % Sc = 10 % Sc = 20 % Sc = 30 %
c (kPa) f (°) c (kPa) f (°) c (kPa) f (°) c (kPa) f (°)

Fc = 0 % 8.14 44.54 8.74 46.52 8.55 45.01 7.99 42.9
Fc = 0.3 % 12.63 46.41 13.91 46.61 11.59 45.17 10.81 43.2
Fc = 0.5 % 19.05 46.78 14.71 47.19 15.26 45.85 11.12 44.12
Fc = 0.8 % 10.8 45.16 13.55 45.75 12.86 44.95 4.6 43.5
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Fig.11. Vertical displacement versus horizontal displacement of Chlef sand-silt mixtures reinforced with glass fibers: (a) Sc = 10 %, 
(b) Sc = 20 %, (c) Sc = 30 %

a) b) c)

Fig. 10. Shear strength versus horizontal displacement of Chlef sand-silt mixtures reinforced with glass fibers: (a) Sc = 10 %,
(b) Sc = 20 %, (c) Sc = 30 %

a) b) c)

Fig. 12. Variation of maximum shear stress versus normal stress of Chlef sand-silt mixtures reinforced with glass fibers: 
(a) Sc = 10 %, (b) Sc = 20 %, (c) Sc = 30 %

a) b) c)

governed by the silt threshold content and the 
optimum fiber content. It was found that the 
specimens with the most unsatisfactory results 
were those with Scth > 20 % and Fcopt = 0.5 %.

The variation of vertical displacement of 
unreinforced and fiber-reinforced sand-silt 
samples as a function of horizontal displacement 

is shown in Fig.  11. It is clear that all samples 
generally exhibit a contractive character followed 
by a dilative one at approx. 2–3 mm of horizontal 
displacement. The figure also shows that an 
increase in fiber content and silt content tends 
to accentuate the contractive behavior of fiber-
reinforced sand-silt mixtures.
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Fig. 13. Evolution of cohesion and friction angle as a function of silt content and glass 
fiber content

Fig. 12 represents the variation of the intrinsic 
curves for unreinforced and fiber-reinforced 
silty sand. The silty sand containing 0.5 % fiber 
generally exhibits the highest maximum shear 
stress (Fcopt  = 0.5 %), regardless of silt content 
or applied normal stress. The maximum shear 
stress for sand-silt mixtures reinforced with fibers 
increases with an increase in silt content from 
10 % to 20 %, then decreases at 30 %. Fig.  13 
shows the variation of shear strength coefficients 
for unreinforced and fiber-reinforced sand-silt 
mixtures, as summarized in Table 4, as a function 
of fines content and fiber inclusion. It can be 
noted that adding 10 % to 20 % silt to the sand, 
along with a 0.5 % increase in fibers, generally 
enhances the cohesion and internal friction of the 
sand-silt mixture. However, a further increase in 
fines content to 30 % leads to a decrease in both 
shear strength parameters, even with an increase 
in fiber content. This decrease in resistance is 
probably due to the presence of fine particles 
between the grains of sand, which promotes a 
reduction in the contact between sand particles. 
Arab (2009) found a similar trend in saturated 
sand. Additionally, Fig. 13 demonstrates that the 
shear strength parameters of sand-silt mixtures 
increase with the rising fiber content from 0 % 
to 0.5 %, and then decrease as the fiber content 
increases to 0.8 %.

Discussion
An experimental investigation was conducted to 

study the effects of glass fiber and silt content, as 
well as their combined effect, on the shear behavior 
of silty sand. Direct shear tests were conducted on 
sand mixed with different percentages of silt (0 %, 
10 %, 20 %, and 30 %) and glass fibers (0 %, 0.3 %, 
0.5 %, and 0.8 %). Samples were prepared with an 
initial relative density of 50 %, and each mixture 
was tested under three normal stresses (50, 100, 

and 200 kPa). Based on the experimental evidence, 
the following conclusions can be drawn:

The silt content has a significant effect on the shear 
behavior of the sand-silt mixture. Indeed, adding 10 
% silt to sand increases its shear strength, cohesion, 
and friction angle. Beyond the threshold content (Sc = 
10 %), a further increase in the silt content leads to an 
opposite trend.

The shear strength and shear strength characteristics 
of fiber-reinforced sand increase with increasing fiber 
content up to an optimum content of 0.5 %. On the 
other hand, the addition of glass fiber reinforces the 
contractive nature of the sand.

The shear behavior of fiber-reinforced silty sand 
is mainly governed by the silt and fiber content. The 
results obtained indicate that 0.5 % of glass fibers is 
the optimum content, which can be used to improve 
the shear strength of sand-silt mixtures and their 
shear strength parameters. However, it is necessary to 
consider the increase in the contractive behavior of the 
mixture when adding glass fibers.

Reinforcing silty sand with fibers is a promising 
solution for problematic soils because of the presence of 
fines fractions. Further studies on the subject should be 
carried out to assess the influence of other parameters 
on its shear response, such as relative density (loose 
and medium dense states), water content, and different 
types of fiber.
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Аннотация
Введение: в данной работе представлено экспериментальное исследование, целью которого является изучение 
влияния содержания ила, содержания стекловолокна и их совместного воздействия на поведение алевритового 
песка при сдвиге. С этой целью использованы следующие методы: проведена серия испытаний песка, смешанного 
с различным содержанием ила и волокон, с использованием аппарата для испытания на сдвиг. Образцы были 
подготовлены с относительной плотностью 50 %, и каждая смесь проходила испытания при трех различных 
нормальных напряжениях. Результаты эксперимента показали увеличение прочности на сдвиг при содержании 
ила 10 %, а также последующее снижение прочности на сдвиг с увеличением содержания ила от 10 до 30 %. Также 
было установлено, что 0,5 % — это оптимальное содержание, которое может быть добавлено в песчано-иловые 
смеси для повышения их прочности на сдвиг и угла трения, хотя при этом смеси становятся более сжатыми.

Ключевые слова: песок, ил, стекловолокно, прочность на сдвиг, когезия, угол трения.
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