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Foreword

The conference “Analytical Models and New Concepts in Concrete and Masonry 
Structures”, held in Bialystok on December 3–5, 2025, represents the eleventh edition 
of the international event series organised triennially in Poland.

After ten editions held in various cities–including Łódź (1996, 2008), Wrocław (1999, 
2014), Kraków (2002, 2011), Gliwice (2005, 2017), and Lublin (2020)–the Conference, 
which originated in Białystok in 1993, will return there in 2025.

The primary objective of the Conferences is to showcase recent research advances 
in the modelling and analysis of concrete and masonry structures, as well as to high-
light new ideas and noteworthy engineering projects. As in previous years, the event 
has been promoted through international networks and journals, including “Structural 
Concrete” and “fib-news”.

The 11th Conference was jointly organised by:
	y Faculty of Civil Engineering and Environmental Sciences, Bialystok University 

of Technology.
	y Concrete Structures Section of the Committee on Civil and Hydroengineering 

of the Polish Academy of Sciences.
	y Polish National Group of the Fédération Internationale du Béton (fib).
	y Podlaski Branch of the Polish Association of Civil Engineers and Technicians 

(PZITB) in Bialystok.

As in earlier editions of the Conference, participants were invited to organise 
their submissions according to the key thematic areas, which included Concrete 
and Innovative Materials, Structural Performance and Design, Construction 
Techniques and Management, Outstanding Structures, Masonry Structures, Composite 
Structures and Innovative Composite Materials, Structural Dynamic Diagnostics, 
Prefabricated Structures and Materials, and Sustainable Development.

With contributions from distinguished academics, researchers, designers, 
and practitioners representing numerous countries, we aim to create an outstanding 
platform for sharing ideas and advancing research in concrete and masonry struc-
tures. The three-day Conference will feature a diverse program of sessions, includ-
ing plenary and keynote lectures, as well as presentations of peer-reviewed papers.

A two-page abstract will appear in the electronic Conference Proceedings. Authors 
of conference submissions may have the opportunity to publish extended versions 
of their work as full papers–subject to journal-specific guidelines and selection 
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by the AMCM 2025 Scientific Committee–following an additional review pro-
cess. The eligible journals are: Archives of Civil Engineering, Materiały Budowlane, 
Environment and Economics, Builder.

Within the limited duration of the Conference, it became necessary to schedule 
presentations in two parallel sessions to accommodate oral contributions and foster 
direct discussions. We trust that every participant will gain valuable insights, both 
scientifically and through opportunities for establishing or renewing professional 
contacts.

We extend our sincere appreciation to the invited sponsors for their valuable con-
tributions and financial support. The organisers sincerely hope that the Conference 
proves engaging for all participants and that the tradition of these meetings will be con-
tinued in the coming years.

Marta Kosior-Kazberuk
Chairperson of the Scientific Committee

Bialystok, December 2025 
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Prediction of the service life of brick walls 
using the coefficient method 
for national conditions 

Beata Nowogońska 
University of Zielona Gora, Poland, b.nowogonska@ib.uz.zgora.pl

Keywords: brick walls, service life, prediction

1. Introduction

Understanding the aging process of a building is crucial for maintaining its technical 
condition throughout its lifetime [1–4]. Service Life Planning (SLP) is closely linked 
to predicting the service life of a building's components [5–7]. The standard [7] out-
lines a ratio method for predicting service life, which determines the Estimated Service 
Life (ESL) of a building component.

2. Forecasting the service life 
of walls using the coefficient method

To predict the service life of brick masonry walls ESL, it is necessary to apply a mod-
ification of the Reference Service Life (RSL) using a set of coefficients that account 
for actual service conditions, as outlined in the standard. The formula is as follows:

	 ESL RSL A B c D E F G= × × × × × × × 	 (1)

where:	 A, B, C, D, E, F, G – coefficients describing the differences between the condi-
tions include: coefficient A, which represents the quality of the building components; 
coefficient B, which indicates the design level; coefficient C, which reflects the execu-
tion level of the construction work; coefficient D, which pertains to the internal envi-
ronment; coefficient E, which addresses the external environment; coefficient F, which 
corresponds to the actual conditions; and coefficient G, which denotes the mainte-
nance level.

The values of the coefficients typically range from 0.8 to 1.2. A value smaller 
than 1.0 reduces the estimated useful life, while a value larger than 1.0 increases it.

The A-factor refers to the brick-and-mortar class. The higher the strength class 
and resistance to external agents, the better.
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The B-factor considers the quality of the technical documentation. Well-designed 
details (e.g., eaves, caps, damp proofing) protect the masonry from degradation, while 
design errors can lead to dampness, heaving, and cracking.

The C-factor pertains to the level of workmanship. The quality of the masonry 
work, execution of joints, and compliance with standards are assessed. Workmanship 
errors (e.g., bricklaying in poor weather conditions) shorten the useful life of the walls, 
while adherence to good building practices extends it.

The D-factor takes into account the conditions of the building's internal environ-
ment, such as humidity and temperature levels. Ventilation and heating influence 
the stability of the microclimate. In wet rooms (bathrooms, kitchens), degradation 
can be accelerated.

The E-factor determines the conditions of the external environment. Walls exposed 
to rain, frost, wind, and air pollution age more quickly. Additionally, high humidity 
and fluctuating temperatures promote the formation of cracks and defects.

The F-value pertains to the conditions of use. Walls in industrial buildings bear 
heavier loads than those in single-family homes. The intensity of use – such as impacts, 
vibrations, and dynamic loads – can shorten their service life.

The G-factor considers the level of maintenance. Regular inspection, maintenance, 
and repair of minor defects enhance durability, while neglecting maintenance results 
in the accumulation of issues, such as dampness and cracks.

3. Life cycle analysis of brick walls

In Zielona Góra, as in other Polish cities, tenement houses from the late 19th cen-
tury have been preserved. Since then, most building components, such as roof tiles, 
gutters, downpipes, plaster, and installations, have been replaced with new materials, 
while the brick walls have remained unchanged. The typical lifespan of solid brick 
walls is reported to be 130 to 150 years. The buildings analysed were constructed 
approximately 140 years ago, indicating that the useful life of the structural walls 
in these buildings is also 140 years. During periodic inspections, the walls' technical 
condition was assessed as average, with an estimated degree of technical deteriora-
tion around 50%.

In theory, brick masonry walls should be in poor condition after 140 years of use. 
However, due to the quality of the materials, good workmanship and design, proper 
environmental conditions, and adequate maintenance, the lifespan of the walls can 
be extended.

According to standard [7], the coefficient method should be employed. 
The Reference Service Life (RSL) of the walls is stated as 140 years, but this service 
life can be extended by applying specific coefficients. The reference RSL is adjusted 
based on a set of coefficients that reflect actual service conditions.

A well-maintained brick wall can last significantly longer than 140 years. Under 
optimal conditions, with each coefficient set at 1.2, it could even last up to 600 years.



16

4. Conclusion
The coefficient method enables the estimation of the actual lifetime of building com-
ponents. The results from the ratio method analysis of all building components can 
assist in decision-making regarding whether to invest in more expensive materials, 
superior workmanship, or more intensive maintenance.
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Optimizing calcination conditions 
of coffee-ground biochar 
for use in portland cement mortars

Adrieli Oliveira Soares1, Kárita Christina Soares Kanaiama Alves1  
Arthur Aviz Palma e Silva2 

1Federal Institute Tocantins, Brazil, adrieli.soares@estudante.ifto.edu.br, karita.alves@ifto.edu.br 
2Estácio de Sá University Center, Brazil, eng.aviz@gmail.com

Keywords: coffee-ground biochar, pozzolanic activity, calcination temperature, 
supplementary cementitious materials

1. Introduction
The construction sector is a major consumer of natural resources and a key source 
of CO₂ emissions, with cement production accounting for about 2.3% of Brazil’s 
industrial output. Reusing agro-industrial residues such as spent coffee grounds (SCG) 
through pyrolysis to produce biochar offers a sustainable alternative, promoting cir-
cular economy practices. This carbon-rich, porous material can enhance cement 
hydration and matrix densification [1–3], improving strength and pore refinement 
when properly calcined. This study investigates the effect of coffee-ground biochar 
produced at 350°C and 500°C, replacing 10% and 20% of sand, on the compressive 
strength of Portland cement mortars.

2. Methodology

Spent coffee grounds from local producers in Gurupi (Brazil) were washed, oven-
dried at 60°C, and pyrolyzed at 350°C and 500°C for 2 h to produce biochars (BCP350 
and BCP500) with densities of 0.365 and 0.39 g/cm³, respectively. Portland cement 
mortars (1:2:0.35) were prepared with 10% and 20% sand replacement by biochar, using 
reference and modified mixes ranging from 1000 g cement and 2000–1600 g sand. 
Nine 50 × 100 mm specimens per mix were tested for compressive strength at 7, 14, 
and 28 days. SEM–EDS analyses examined morphological and compositional changes 
between unburned residue and biochars to assess calcination effects.
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3. Results and discussions
Compressive strength results (Figure 1) revealed that incorporating coffee-ground 
biochar significantly affected mortar performance, depending on both calcination 
temperature and replacement level. At 7 days, mortars with BCP350 achieved slightly 
higher strength (16 MPa) than the reference (13 MPa), due to residual oxygenated 
groups enhancing hydration. 

FIG. 1. Compressive strength of biochar mortars

  

  
FIG. 2. Scanning Electron Microscopy (SEM) images of coffee-ground biochar sample
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BCP500/20 showed lower early strength (9 MPa) due to reduced surface polar-
ity but reached 28 MPa at 28 days – a 55% increase over the control – indicating that 
higher calcination temperature and 20% replacement enhanced long-term hydra-
tion and matrix densification. SEM revealed that increasing temperature from 350°C 
to 500°C produced a more porous, stable carbon matrix, while EDS confirmed car-
bon enrichment, oxygen loss, and exposure of Si, K, and Ca minerals that improve 
interfacial bonding and pozzolanic reactivity.

4. Conclusions

Coffee-ground biochar is an effective and sustainable partial replacement for sand 
in cement mortars, with 20% calcined at 500°C showing the best performance. Its use 
enhances strength through matrix densification and interfacial bonding while pro-
moting coffee waste valorization.
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1. Introduction

Modern technologies for the production of materials for construction are striving 
not only to increase material efficiency, but also to reduce negative environmental 
impacts. One innovative approach is the use of waste materials as secondary raw mate-
rials in the production of cement mortars. The use of waste materials can contribute 
to reducing CO2 emissions, lowering production costs and modifying mortar prop-
erties. Various types of industrial wastes, glass, plastics, steel shavings and organic 
materials can improve the properties of cement mortars and concretes, while reduc-
ing the negative impact on the environment [1–4]. However, the use of waste mate-
rials that have not been popularly used so far as an additive for the innovative self-
compacting cement mortars being designed under the LIDER14/0270/2023 project, 
requires experimental studies.

2. Experimental research 

The aim of the study was to consider the effect of using waste steel shavings for high-
strength cement mortars with suitable rheological properties. The designed mortars 
were characterized by varying amounts of steel shavings in the mortar volume, the con-
tent of which was 1%, 2% and 3%. For comparison, reference mixtures without steel 
waste were also made. The mortars used CEM I 52.5 R cement, Sika ViscoCrete-98 RS 
plasticizer, SikaFume HR/TU microsilica-containing additive and sand with a grain 
size of 0–2 mm. Steel shavings obtained as waste from the machining processes 
of steel components were used for the study with a 0.5–4 mm fraction. Composition 
of the analysed mixtures was designed experimentally, based on pilot studies. 
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a)	 b)	 c)

 	  	
FIG. 1. Steel shavings used in the research of relevant fractions: a) 0.5–1 mm, b) 1–2 mm, 
c) 2–4 mm

For all analysed mortars, bending and compression tests were performed 
on 4 x 4 x 16 cm beams according to [5] after curing period of 7 and 28 days in water. 
The research proved a positive effect of the addition of steel shavings on the mechani-
cal properties of the mortar, as well as on the consistency of the mixtures. In general, 
for most mixes, a significant increase in tensile strength and compressive strength was 
observed after 7 and also after 28 days compared to reference samples. In some cases, 
the addition of steel shavings resulted in increases in compressive strength as high 
as 20%. 

FIG. 2. Compressive strength of selected mixtures without the addition of shavings (green col-
our) and with the addition of 1%, 2% and 3% steel shavings, respectively, after curing period 
of 28 days in water

3. Conclusion
The addition of steel shavings can have a positive effect on the compressive strength 
and tensile strength of cement mortars, especially when high mixture strength 
together with fluidity and stability is required. However, inferring the qualitative 
and quantitative impact of this type of waste requires detailed analysis and further 
research. If the mortar will be used as a sealant dedicated to steel or composite anchors 
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to be installed, the adhesion of the anchor to the mortar and the pull-off strength 
should be verified in addition to the compressive and tensile strength. What is more, 
the addition of steel shavings may adversely impact the mortar’s freeze-thaw resist-
ance, which may require the use of additional materials to seal and protect the mor-
tar mix from the effects of water.
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1. Introduction

The phenomenon of adhesion of steel anchors to concrete via resin has been known 
in Poland for more than a century [1]. Testing the pull-out resistance of embedded 
anchors in concrete is an important issue in structural and materials engineering. 
Methods for checking adhesion stresses include: the analytical method according 
to ETAG 001 (now EAD), EN 1992-4 (Eurocode 2 part 4), the experimental method 
(in situ or laboratory tests), the numerical method (FEM simulations) and the method 
according to the manufacturer’s ETA.

When it comes to the use of threaded bonded anchors in external three-layer walls 
in large-panel slab buildings or in other general construction systems, an important 
factor affecting the load-bearing capacity of bonded anchors is the method of attach-
ment [2].

2. Influence of anchorage depth on load-bearing capacity 
of embedded achors

The results of experimental research should be contrasted with numerical simula-
tions [3] and theoretical estimates of the load carrying capacity of bonded anchors [4, 5].

2.1. Single 90-degree bonded anchors
Experimental tests have confirmed that for concrete of class C30/37, increasing 
the anchorage depth from hef = 2 cm to hef = 6 cm results in a 70% increase in anchor-
age capacity. In the case of concrete class C12/15, increasing the anchorage depth 
from hef = 2 cm to hef = 6 cm leads to a 35% increase in anchorage capacity. Therefore, 
a significant increase in anchor capacity can be observed; however, this occurs only 
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when the anchorage depth is sufficiently large, i.e., approximately five times the diam-
eter of the anchor.

2.2. Single anchors bonded at angles of 60, 45 and 30 degrees
When comparing the load-bearing capacity of bonded inclined anchors installed 
at angles of 60° and 45° in concrete of class C12/15 with an identical embedment depth 
of hef = 4 cm, it was found that the load-bearing capacity of anchors inclined at 60° was 
more than twice as high as that of those inclined at 45°. Similar results were obtained 
for bonded inclined anchors installed at 60° and 45° in concrete of class C30/37.

On the other hand, a comparison of the load-bearing capacity of bonded anchors 
installed at angles of 60° and 30° in C12/15 concrete showed that the 30° anchors 
had an embedment depth almost 2.5 times greater – 9.5 cm compared to 4 cm 
at 60°. Despite this, the load-bearing capacities were very similar. Therefore, in order 
to achieve a load-bearing capacity comparable to that of anchors bonded at 60°, when 
using anchors at 30°, it is necessary to ensure a significantly greater embedment depth – 
at least eight times the anchor diameter.

In general, it can be stated that the load-bearing capacity of anchors inclined 
at smaller angles decreases rather sharply. To ensure sufficient capacity, significantly 
greater embedment depths must be used.

2.3. Anchor groups in two- and three-anchor systems
Load-bearing capacity tests of two- and three-anchor systems have led to the fol-
lowing conclusions:
a)	 The use of single inclined anchors at an angle of 60° in concrete of class C12/15 

and stronger resin provides higher load-bearing capacity than three-anchor sys-
tems. However, in concrete of class C30/37 and when using weaker resin, three-
anchor systems are significantly more advantageous.

b)	 The use of single inclined anchors at an angle of 45° in concrete of class C12/15 
with stronger resin, and in concrete of class C30/37 with weaker resin, results 
in lower load-bearing capacity compared to two-anchor systems.

c)	 The use of single inclined anchors at an angle of 30° generally provides higher 
load-bearing capacity than two-anchor systems in nearly every case.

Inclined anchors are recommended for use when anchoring in structural layers 
of limited thickness.

3. Conclusions

The pull-out capacity of bonded anchors depends on many contributing factors. 
The type of resin used and the class of the concrete substrate do not have as direct 
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an impact on the load-bearing capacity of bonded anchors as the effective embed-
ment depth. These component factors affect the value of adhesion stress between 
concrete and steel [6].
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1. Introduction
Reinforcement of masonry walls by horizontal post-tensioning is increasingly used 
in current construction practice, especially in reconstruction or statically faulted 
structures. However, due to the lack of comprehensive research, a deeper understand-
ing of masonry behaviour during prestressing is still lacking, and design approaches 
are mainly based on practical experience. 

2. Aim of the work

The aim of this paper is to experimentally verify the method of prestress distribution 
in clay brick walls during horizontal prestressing and to analyse its effect on the defor-
mation of the structure along the wall length. 

This method of stiffening and strengthening of structures is suitable for stabi-
lization of collapsed load-bearing structures, e.g. according to Fig. 1. This is a villa 
from the early 20th century, partially disturbed by subsidence of the foundations due 
to long-term roof leakage.

FIG. 1. Example of failure
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FIG. 2. Failure solution using horizontal post tensioning

3. Methodology
The experiment was performed on a test wall made of clay brick masonry 2 m high 
and 450 mm thick. The wall was prestressed with 2 external cables of MONOSTRAND 
type placed in the horizontal axis and anchored in the spreader plate. The wall was verti-
cally prestressed in order to achieve the effect of the load from the higher floors. The wall 
strains were measured at three height levels and at three positions along the length 
of the wall: Section 0 at the face, Section 1 at a quarter of the length and Section 2 
at the midpoint. Horizontal deformations were monitored to determine the effective-
ness of the prestressing force and its distribution along the length of the wall.

FIG. 3. Tensiometer placements
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FIG. 4. Measurement of deformations on the wall face

4. Results
Early results show that the stress is not distributed uniformly in the structure, but 
with a clear decrease in intensity away from the point of force application. The larg-
est deformations were observed at the level of the wall face, with a gradual decay 
towards the centre. The measured values indicate a possible relationship between 
the height of the measurement level and the prestressing force effectiveness. In addi-
tion, the deformation along the wall height was found to depend on the wall bear-
ing at the head and footing, as well as on the loading of the wall under consideration 
from the structures of higher floors.

FIG. 5. Measured strain values
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TABLE 1

z [cm]
ɛ [mm/m]

SEC 0 SEC 1 SEC 2

50 4,02 0,32 0,22
93,5 3,25 0,23 0,15

155 1,35 0,11 0,08

5. Discusion and meaning
The obtained results provide new insights into the mechanisms of prestressing force 
transfer in clay masonry walls, which have not been described in detail in the litera-
ture so far. The findings will be further used to refine masonry models or masonry 
performance characteristics. This measurement can contribute to the development 
of more reliable design methods for strengthening masonry and improving the safety 
of building structures.
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1. Introduction

Concrete is the most widely used construction material globally. The compressive 
strength of concrete is one of the major target parameters used in the mix design. 
The potential failure mode of concrete can be controlled with a carefully engineered 
mix design [1], yet in the absence of such a framework, the failure occurs due to crack 
generation in the weakest zones. The interfacial transition zone (ITZ) between 
the aggregate and the matrix often acts as this weakest link [2, 3], where the crack 
tends to initiate and propagate. Hence, measurement and mitigation of ITZ plays 
a vital role in improving the compressive strength of concrete [4] and establishing 
control over the potential failure modes.

This study presents a unique characterization method for the measurement of ITZ 
thickness by integrating optical microscopy with Scanning Electron Microscopy (SEM) 
and Energy Dispersive Spectroscopy (EDS). ITZ thickness is measured along three 
directions, each separated by 120°, and the average value is represented as the overall 
ITZ thickness. This approach provides a basis for estimating a uniform ITZ thick-
ness and its assessment in a heterogeneous material (concrete).

2. Methodology
2.1. Hypothesis and approach
Based on existing literature, the Si/Ca ratio is a critical indicator that varies signifi-
cantly with distance from the aggregate. The hypothesis formulated suggests that 
Calcium Hydroxide (CH) tends to accumulate in the pores adjacent to the aggre-
gate due to the wall effect. As a result, the Si/Ca ratio is expected to be highest near 
the aggregate and gradually decrease towards the matrix. A distance is defined at which 
the Ca/Si ratio decreases by half from its initial value or approaches the Si/Ca ratio 
for the matrix. This distance from the aggregate is considered as the ITZ thickness.
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2.2. Sample preparation and testing

Concrete samples are cast using Normal Strength Concrete (NSC) without 
Supplementary Cementitious Material (SCM) and High Strength Concrete (HSC) 
with SCM. The samples are visualised under an optical microscope, where the pres-
ence of CH is confirmed. The results reveal that abundant CH is present in case 
of NSC, whereas only traces of CH are detected in HSC. This is attributed to the poz-
zolanic reaction, whereby the SCM utilizes CH to convert it into Calcium Silicate 
Hydrate (CSH) gel and other pozzolanic products. Next, a SEM+EDS analysis is car-
ried out on the samples. As illustrated in Figure 1, the process involves measurement 
of the Si/Ca ratio at three equidistant directions (120° apart) from the aggregate sur-
face into the matrix using the EDS technique. These measurements allow the estima-
tion of ITZ thickness and assessment of its uniformity.

FIG. 1. Characterisation of ITZ

3. Experimental results
This is an ongoing experimental test. Preliminary data indicate the following Si/Ca 
ratios:

Element Si/Ca ratio

Coarse Aggregate 2–4
Fine aggregate 1–4
Concrete Matrix (NSC without SCM), (HSC with SCM) 3–5, 0.1–1
ITZ >5–20

These results show that the ITZ consistently exhibits a significantly higher Si/Ca 
ratio compared to both the matrix and aggregate, supporting the hypothesis.
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4. Discussion
The preliminary observations confirm that Si/Ca ratio is highest in the ITZ, decreasing 
gradually towards the matrix. The three-directional measurements ensure a uniform 
and reliable estimation of ITZ thickness, minimizing bias due to material heterogeneity.

5. Conclusion and future work

This study presents a novel approach for characterizing the ITZ in concrete by com-
bining optical microscopy, SEM, and EDS measurements. The initial findings validate 
the proposed hypothesis. Further detailed experimental testing is underway to sub-
stantiate these results and develop a comprehensive model for ITZ thickness estima-
tion in both NSC and HSC.
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1. Introduction
The design of reinforced concrete tanks is a crucial aspect of modern civil engineer-
ing due to their wide application in water management, the chemical industry, energy 
production, and municipal infrastructure. Traditionally, the design of tank struc-
tures was based on analytical methods derived from the classical theory of cylindri-
cal shells. These methods, developed in the first half of the 20th century, were the pri-
mary design tool for engineers, allowing relatively accurate determination of structural 
characteristics in a theoretical framework. Analytical formulas were used to calcu-
late the distribution of hoop forces, vertical forces, and bending moments, forming 
the basis for reinforced concrete design. With the development of computer technol-
ogy and numerical tools, particularly the Finite Element Method (FEM), analytical 
approaches were gradually replaced by computational simulations. FEM enables flex-
ible structural modeling, consideration of complex geometries, nonlinear material 
behavior, and diverse boundary conditions and loads. 

2. Description and analysed models

This paper presents a comparison of internal force calculations for reinforced con-
crete cylindrical tanks obtained using both analytical [1–4] and numerical meth-
ods. Numerical models were created in Autodesk Robot Structural Analysis 2026 
and Dlubal RFEM 6, with identical assumptions regarding geometry, material prop-
erties, and loading conditions. The comparative analysis showed that differences 
between the two numerical environments were small, not exceeding 5%, confirming 
the consistency and reliability of both programs. In parallel, analytical calculations 
were performed based on classical shell theory to estimate and compare level of val-
ues with numerical methods.
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3. Comparison of numerical and analystical calculations
The results lead to several important conclusions
1.	 FEM-based software significantly improves the efficiency of the design process 

by providing results quickly and under realistic structural conditions. 
2.	 The small discrepancies between different software packages confirm the stability 

and repeatability of modern computational tools. 
3.	 Classical analytical methods, though rarely used as a primary design tool, remain 

valuable as independent verification methods. They are particularly relevant in edu-
cational contexts and during preliminary conceptual studies.

FIG. 1. Static analysis for tank cover slab – radial moments, Scheme II – empty tank, embedded 
in the ground, level 1 – Autodesk Robot Analysis 2026 (FEM), level 2 – Dlubal RFEM 6 (FEM), 
level 3 – analytical method (classical shell theory)
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In summary, the comparative analysis of numerical and analytical approaches 
in the design of reinforced concrete cylindrical tanks confirms the high accuracy 
and reliability of modern FEM tools while emphasizing the continuing importance 
of analytical methods as supporting instruments in the design process. The find-
ings may serve as a basis for further research on the optimization of tank design 
and the definition of practical limits of different calculation methods in engineer-
ing practice.
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Due to the urgent need to reduce the carbon footprint of cement-based materials, 
and the consequent search for alternatives to Portland cement (PC), extensive research 
has been conducted at Instituto Superior Técnico, University of Lisbon (IST-UL), 
focusing on the development of new low-carbon binders. Since 2018, one of the main 
research focuses has been the development of recycled cement (RC) obtained through 
the low-temperature thermoactivation of the cementitious fraction of concrete waste [1]. 
The goal is to recover the binding properties of old cement using a process that mini-
mizes thermal energy consumption and avoids significant CO₂ emissions [2]. The ther-
moactivation at around 650–700 °C prevents the decarbonation phase, resulting in CO₂ 
emission reductions exceeding 60% compared to conventional clinker production [3]. 
Moreover, RC production also mitigates natural resource depletion while promoting 
the effective reuse of lowvalue construction and demolition waste (CDW). Several 
studies, including those conducted by the authors, have demonstrated the excellent 
hydration capacity of RC, which tends to develop hydration products of the same 
type and volume as PC [2, 4]. Additionally, concretes with up to 40% RC replacing 
PC have shown similar performance to reference mixes, with only minor differences 
in strength and durability [5, 6]. The main limitation of RC is its high water demand [2]. 
Nevertheless, C25/30-grade concretes could be produced using RC as the sole binder 
in the mix [5].

Despite the significant advances achieved in this field, one major challenge remains: 
the industrial production of RC can only be feasible if the cementitious fraction is first 
separated from the concrete debris, a task that the construction industry has not yet 
been able to solve effectively. In this context, the main author developed an innovative 
method that enables the individualisation of the cementitious fraction from aggre-
gates [7]. This patented method makes it possible to obtain high-quality recycled sand 
(HQRS) with less than 3 wt% adhered paste, and cement waste of over 75 wt% purity. 
Thanks to these advances, a new generation of “green” cement-based building prod-
ucts has been developed at IST-UL, including rendering mortars, concretes, adhesive 
cements, and more recently RC-stabilised earth materials, which are discussed next. 
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Due to the growing demand for more sustainable materials, earth has regained 
relevance in construction, particularly for small dwellings. However, despite its very 
low embodied energy, high availability, and affordable cost, earthen materials exhibit 
poor mechanical strength and durability when exposed to outdoor environments [8]. 
Therefore, they typically require chemical stabilization, with PC being the most 
common and effective stabilizing agent. Nevertheless, as previously mentioned, PC 
is a highly energy-intensive binder, which considerably increases the embodied energy 
and carbon footprint of earth-based construction, thereby offsetting its ecological 
benefit [8]. Consequently, there is a need for alternative stabilizers capable of main-
taining the eco-efficiency of earth while providing comparable performance to PC. 
Several studies have explored alternative stabilizers such as fly ash and agricultural 
wastes, but these have generally shown limited stabilisation efficiency, availability, 
and cost-effectiveness for large-scale use.

Thus, RC has been explored at IST as an alternative low-carbon binder for earth 
stabilization (Fig. 1). Specifically, compressed stabilized earth blocks (CSEB) were 
produced, combining both mechanical and chemical stabilization to achieve water-
resistant materials. In this communication, key results regarding the mechanical 
and durability performance of RC CSEB are presented, and compared with unsta-
bilized reference blocks (UCEB) and PC-stabilized blocks. CSEB were produced 
with up to 8% stabilizer, 20–100% RC, and with up to 40% of the earth replaced 
by CDW to further enhance sustainability. Mechanical strength had a strong correla-
tion with total porosity, which was generally higher in RC CSEB due to its high water 
demand. Nevertheless, compared to UCEB, the mechanical strength of RC CSEB 
increased more than twofold. Moreover, unlike UCEB, RC CSEB, even at only 4% 
stabilizer content, proved to be water-resistant, withstanding 72 hours of immersion 
and 1 hour of severe water erosion at 2.5 bar pressure without significant deteriora-
tion (Fig. 2). In fact, the durability of RC CSEB was comparable to that of PC CSEB. 
Therefore, RC has demonstrated itself as a viable and ecofriendlier alternative to PC 
for earth stabilization, maintaining the integrity of CSEB even under very adverse 
exposure conditions.

FIG. 1. Eco-efficient blocks with RC and CDW
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FIG. 2. Water resistant RC CSEB 
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1. Introduction
The construction industry is confronted with two pressing challenges: the depletion 
of natural aggregates, particularly sand, and the growing accumulation of construc-
tion and demolition waste (CDW). Global demand for aggregates is projected to reach 
63 billion metric tons by 2024, up from 43 billion in 2016, with sand consumption 
increasing at an annual rate of approximately 5% [1]. This surge in demand, coupled 
with environmental concerns related to extraction, underscores the urgency of devel-
oping sustainable alternatives. Concurrently, CDW represents a significant second-
ary resource that, if properly processed, can contribute to circular economy in con-
struction [2].

2. Recycled sand as an alternative

Recycled sand obtained from CDW offers a promising substitute for natural sand 
in cement-based materials. However, its physical and chemical properties differ mark-
edly from those of natural aggregates. Recycled sands typically exhibit lower density 
(1,970–2,140 kg/m³) and higher porosity, resulting in water absorption rates between 
3 and 10%, compared to 0.2–2% for natural sand [3]. These characteristics influ-
ence workability, water demand, and mechanical performance. Studies indicate that 
incorporating up to 20% recycled fine aggregates in concrete has negligible impact 
on strength, whereas full replacement can reduce compressive strength by 10–20% 
[4]. Durability assessments reveal that carbonation and capillary absorption remain 
comparable to conventional concrete when recycled sand content does not exceed 
30% [5]. Washing processes have been shown to improve material quality by reduc-
ing fines and residual cement paste, thereby lowering water absorption [6].
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3. Shrinkage and expansive agents
Shrinkage in cement-based materials, driven by moisture loss and chemical reactions 
during hydration, is a major concern, particularly when using recycled sand, which 
tends to increase shrinkage and cracking susceptibility. Expansive agents are intro-
duced to counteract these effects by inducing controlled expansion during early curing 
stages. The main expansive systems currently in use include calcium sulfoaluminate 
(CSA)-based (type K, M), lime-based (type G), and magnesium oxide-based systems 
[7]. Experimental results highlight significant differences in expansion kinetics among 
these systems. Type G agents exhibit rapid expansion, achieving better dimensional 
balance under limited curing conditions, whereas type K and MgO-based systems 
expand more gradually and require prolonged moist curing to reach their full poten-
tial [8]. The effectiveness of shrinkage-compensating systems depends on proper 
restraint and curing conditions, as insufficient curing can drastically reduce expan-
sion and compromise performance.

4. Sustainability and standards

The integration of recycled sand and shrinkage-compensating technologies aligns 
with global sustainability objectives by reducing the environmental footprint of con-
struction materials. Shrinkage-compensating concretes enhance structural dura-
bility, minimize cracking, and extend service life, thereby lowering maintenance 
costs and resource consumption. These benefits translate into reduced life-cycle 
impacts and contribute to green building certifications such as LEED. Additionally, 
CSA cements used in expansive systems offer environmental advantages, including 
30–50% lower CO₂ emissions and reduced energy consumption compared to Portland 
cement, due to lower calcination temperatures and reduced limestone requirements [9].

Despite these advantages, the widespread adoption of recycled sand and shrink-
age-compensating systems faces regulatory and technical barriers. Current standards 
provide limited guidance on dimensional behavior and rate of volume change, mak-
ing it difficult to compare products and ensure performance consistency. Harmonized 
testing protocols and stricter requirements for reporting dimensional stability are 
essential to support the development and acceptance of these sustainable materials.

5. Conclusions

The use of recycled sand in cement-based materials represents a significant step towards 
achieving circular economy in the construction sector. While its higher porosity 
and water demand pose challenges, these can be mitigated through proper processing 
and mix design. The incorporation of expansive agents further enhances the perfor-
mance of recycled aggregate concretes by reducing shrinkage and cracking, thereby 
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improving durability and sustainability. To fully realize these benefits, regulatory 
frameworks must evolve to include clear specifications and performance criteria 
for recycled aggregates and shrinkage-compensating systems. This combined approach 
offers a pathway to more sustainable, durable, and environmentally responsible con-
struction practices.
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1. Introduction 

In the past few years, ambitious climate policies have been passed on both sides 
of the Atlantic. Governmental entities seeking to reduce their industrial environ-
mental impacts have established emissions disclosure and performance standards 
for construction materials. European Union Member States have deployed green 
industrial policies to cut emissions to meet the Green Deal. Meanwhile in the United 
States, several states and local jurisdictions have enacted Buy Clean laws to transform 
the marketplace. With carbon emissions from construction representing significant 
greenhouse gas contributions annually, low carbon solutions in public procurement 
policies address the emissions of cement and concrete.

1.1. Embodied carbon
Currently, buildings account for 42% of energy related global CO2 emissions, dem-
onstrating the importance of the building and construction sector in fulfilling these 
ambitions. Of this sector’s contribution, 28% comes from operational carbon with 11% 
arising from the energy used to produce building and construction materials [1], usu-
ally referred to as embodied carbon (EC). Most of a building’s total EC is released 
upfront in the production stage at the beginning of a building’s life. Unlike with oper-
ational carbon, which was the focus of earlier climate policies, there is no chance 
to decrease EC with updates in efficiency after the building is constructed. 

1.2. Buy Clean
One policy solution being adopted in the US is Buy Clean. The element that distin-
guishes this policy from earlier US climate policies, such as the clean power and fuel 
efficiency standards, is the strategic focus on construction materials. Essentially, 
Buy Clean is a green procurement mechanism by which entities seek to reduce the envi-
ronmental impact of construction material supply chains by establishing emissions 
disclosure and performance standards for key products in the construction sector. 
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Government agencies adopting Buy Clean have committed to seeking lower-carbon 
materials, including cement and concrete, in state-funded projects. 

The focus for this study is the analysis of Buy Clean programs in the US which 
require environmental disclosure and establishment of maximum allowable global 
warming potential (GWP) values for varying classes of eligible concrete material. 
By assessing different programs with established emissions limits and quantifying 
the reductions against the industry benchmarks, the goal is to provide decision-useful 
guidance to meet embodied carbon reduction goals for the sector. With Buy Clean 
policies, the manufacturer, architects and structural engineers have a unique oppor-
tunity to become key players in global carbon dioxide removal efforts using current 
and developing carbon-efficient materials. 

1.3. Implementation
These Buy Clean policies emphasize reducing its GWP measured in kgCO2e/m3, specif-
ically the cradle-to-gate embodied carbon impact, by identifying emissions in the prod-
ucts using reporting tools. The burden is placed on the bidding contractor to deliver 
environmental disclosure reports called environmental product declarations (EPD) 
and select material providers with lower GWP impacts than the “maximum accept-
able” GWP limits to be considered for contract bidding. The type of limit to be set 
by the agency may also vary depending on the policy design. 

FIG. 1. Peer Buy Clean Maximum Acceptable GWP Limits compared to NRMCA Benchmark 
(kgCO2/m3)
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Two components that are key to understanding the requirements: 
	y Disclosure: Requirement to disclose the carbon footprint of eligible material 

using facility-specific EPDs. 
	y GWP Limits: Requirements that a product’s carbon footprint be below a maxi-

mum acceptable GWP value (a.k.a. limit) established by a government agency.

1.4. Limitations with Buy Clean
While the contractor is responsible for reporting, it is the architects and structural 
engineers that must address embodied carbon along with other key performance 
requirements in the contract documents. It is tempting to definitively compare 
the results of EPDs conducted by different reporting entities. Making effective use 
of it and avoiding the pitfalls of overconfidence in its precision requires an under-
standing of its limitations and inherent uncertainties.

Done right, procurement policies such as Buy Clean, Green Claims Directive 
and EU Fit-for-55 can increase the ability of governments to deal with the impacts 
of climate change, and make finance flows consistent with a low greenhouse gas emis-
sions and climate-resilient pathways. Conversely, deficient policies can hinder competi-
tion, impede innovation and stall efforts of the carbon-intensive construction industry. 

References
1.	 Rempher, A., Esau, R., & Weir, M. (2023). Embodied Carbon 101: Building Materials. RMI. 

https://rmi.org/embodied-carbon-101



45

Analysis of the potential use of waste 
in the form of powders and fine aggregates 
in cement composites

Teresa Rucińska, Olga Borziak 
West Pomeranian Uniwersity of Technology in Szczecin, Poland,  

trucinska@zut.edu.pl, olga.borziak@zut.edu.pl

Keywords: sustainable cement composites, waste materials, waste aggregates, 
waste powders

1. Abstract
The dynamic increase in the volume of construction waste represents a significant envi-
ronmental challenge, necessitating the implementation of effective resource manage-
ment strategies. In this context, cement-based material technologies, such as mortars 
and concretes, demonstrate a high capacity for incorporating secondary raw materi-
als derived from recycled construction waste. Previous studies conducted by national 
and international research institutions confirm the feasibility of using recycled mate-
rials, although their technical properties do not always match those of materials pro-
duced from virgin raw resources.

However, the diversity of technical requirements depending on the application 
allows for the effective use of materials with slightly lower performance characteris-
tics, while still adhering to the principles of sustainable development. Both the results 
of original research and literature analysis confirm the potential for utilizing waste 
materials in the form of powders and aggregates in cement composite technologies. 
Powders typically serve as cement substitutes or fillers, whereas waste aggregates, 
once properly processed into suitable fractions, can partially or fully replace natu-
ral aggregates.

In the conducted experiments, cement mortars in which fine natural aggregate 
was replaced with waste aggregate of equivalent granulometry (in volumetric pro-
portions of 10%, 20%, and 30%, and in the case of glass cullet – 50% and 100%) 
demonstrated suitability for use as masonry mortars and floor screeds. The addi-
tion of powders at 2% of the cement mass, excluding powder derived from inciner-
ated municipal sewage sludge, did not adversely affect the mechanical properties 
of the cement matrix. The reduced performance observed with the sewage sludge 
powder is attributed to the presence of phosphate ions, which delay the hydration 
process and consequently slow down strength development.
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The obtained results clearly indicate the validity of research focused on the use 
of recycled materials in cement composite technologies, contributing to the reduc-
tion of natural resource extraction and supporting environmental protection efforts.
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1. Introduction
The ongoing transformation of urban infrastructure in Central and Eastern Europe 
has led to a growing need for sustainable strategies in the management of obsolete 
prefabricated large panel system buildings (LPS), constructed extensively in the post-
war era. In countries such as Germany and Poland, these structures are increasingly 
approaching the end of their service life, which can end up in generating large vol-
umes of concrete waste [1, 2]. This research addresses this challenge by exploring 
the mechanical and economic viability of reusing structural elements from demol-
ished LPS, specifically focusing on the production of self-compacting concrete (SCC) 
incorporating recycled coarse aggregate (RCA) derived from such buildings.

2. Materials and methods

The research was divided into several complementary stages: (1) a comprehensive liter-
ature survey identifying scientific, technological, and environmental gaps in the reuse 
of precast concrete elements; (2) a material-focused investigation into the proper-
ties of RCA extracted from a dismantled LPS panels; (3) the design and optimiza-
tion of SCC mixtures with 0%, 10%, 20% and 30% RCA replacement levels. Special 
emphasis was placed on analysing the interfacial transition zone (ITZ) using SEM 
and XRD techniques and on monitoring dynamic stiffness using the innovative 
EMM-ARM (Elastic Modulus Measurement through Ambient Response Method); 
(4) a detailed mechanical and microstructural evaluation of fresh and hardened SCC; 
and (5) a techno-economic assessment of the proposed solution compared to tradi-
tional concrete technologies.
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3. Results and discussion
The RCA obtained from LPS demolition exhibited 15–20% lower water absorption 
and 10% lower bulk density compared to typical RCA reported in the literature [3, 4]. 
In terms of fresh concrete properties, SCC mixtures with up to 30% RCA main-
tained slump flow in class SF2 (730–745 mm) and viscosity within class VS2, meet-
ing EFNARC requirements [5]. 

Mechanical testing confirmed that compressive strength was only slightly reduced:
	y Reference series (only natural coarse aggregate): fcm, after 28 days = 68.9 MPa,
	y 10% RCA: 68.4 MPa,
	y 20% RCA: 65.9 MPa,
	y 30% RCA: 64.7 MPa.

All mixtures were thus classifiable as C50/60 or higher according to PN-EN 
206+A2. Abrasion resistance (Bohme disc) remained within acceptable ranges, 
with only 5–9% mass loss.

Microstructural analysis confirmed the existence of a weaker ITZ in RCA-based 
mixtures. However, the presence of mineral admixtures (fly ash) reduced porosity 
and partially mitigated ITZ-related strength loss. 

The EMM-ARM method revealed consistent trends in the evolution of the elas-
tic modulus during the first 7 days, demonstrating its potential as a complementary 
diagnostic tool. The experimental campaign also enabled the identification of practi-
cal thresholds for water demand and setting time variability in fresh mixes.

4. Economic assessment

From an economic standpoint, a comparative analysis revealed that, despite the addi-
tional processing cost of RCA, the proposed solution is economically justifiable 
in urban demolition scenarios, particularly when factoring in avoided landfill fees 
and reduced demand for virgin aggregates. The developed framework aligns with EU 
strategies for circular construction and highlights the potential of integrating recy-
cled materials into high-performance concretes. While RCA processing added 

~10–15% cost relative to natural coarse aggregate, avoided landfill fees and reduced 
extraction of virgin aggregates balanced the expenses. For the reference slab case 
study (6.0 × 3.0 × 0.2 m), incorporating 30% RCA enabled a reduction of 135 kg CO₂ 
emissions, 0.9 GJ primary energy savings, and substitution of >1 t of natural coarse 
aggregate.
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5. Conclusions and outlook
The findings contribute to the optimization of sustainable concrete technologies 
and offer clear guidelines for practitioners aiming to implement RCA-based SCC 
in structural and non-structural applications. The study also sets the groundwork 
for future research in RCA surface treatment methods, ITZ enhancement, and long-
term performance modelling. Future research should address:
	y CO₂ mineralization treatments for RCA,
	y combined use of RCA with dispersed fibre reinforcement,
	y long-term durability (freeze-thaw, alkali silica reaction resistance, creep 

and shrinkage),
	y comparative analysis of RCA from different LPS systems (e.g., OWT, WUF, Wk-70 

in Poland).
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1. Introduction

This study explores the life expectancy (LE) and life cycle costs (LCC) of hollow 
concrete block partitions versus alternative interior partitions in residential units, 
such as gypsum board and autoclaved aerated concrete (AAC) block partitions. 
Sustainability and economy of hollow concrete blocks are contrasted against light-
weight partitions subject to occupancy and service conditions. Three contrasting 
service conditions were evaluated: Standard (built without faults), Inherent Defect 
Conditions (with initial, non-progressing flaws), and Failure Conditions (incurring 
flaws as time progresses). Occupancy condition effect was evaluated employing six 
‘Negative Occupancy Factors’ identified as the central root cause of partition degrada-
tion: non-ownership, lack of maintenance, high residential density, presence of young 
children, domestic pets, and furniture density. They characterize four occupancy 
condition classes: Light, Moderate, Standard, and Intensive. This study reveals that 
hollow concrete block partitions proved to be the most long-lasting, lasting more 
than 100 years under light or moderate occupancy conditions. Gypsum board par-
titions, although economical, show lower life expectancy and require replacement 
in 11–27 years under intensive occupancy conditions. Autoclaved concrete blocks 
present moderate life expectancy as those of equal cost to hollow blocks under stan-
dard occupancy conditions. This study presents the effect of service and occupancy 
on interior partitions life cycle and performance and recommends evidence-based 
partition alternative selection depending on the service regime.

2. Methodology

The study uses a structured framework to evaluate durability, performance, and life-
cycle costs of gypsum, AAC, and hollow concrete block partitions. Field surveys 



52

recorded construction quality, defects, maintenance, and occupancy, with partitions 
rated on a 1–5 Component Performance (CP) scale, considering flatness, alignment, 
cracking, peeling, joint integrity, and electrical stability.

Initial Component Performance (ICP): Reflects inherent construction quality

	 ICP = ==∑ CP
n

nii

n

1 5, , 	 (1)

Standard Condition Performance (SCP): Measures deterioration under normal 
service without major failures:

	 SCP = ==∑ CP
n

nii

n

1 6, , 	 (2)

Failure Condition Performance (FCP): Accounts for deterioration from specific 
failure mechanisms. Weighted performance combines initial state, standard deterio-
ration, and failure impact:
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where: α, β are regression coefficients, n the number of standard indicators, and M 
the number of failure mechanisms.

Occupancy Conditions Six negative factors define four categories: light (0), moder-
ate (1–2), standard (2–4), and intensive (≥4). Service Life Prediction: The typical dete-
rioration path (TDP) was derived by regression of SCP against partition age. Service 
life (SLE) is defined at the intersection of TDP and the minimum required component 
performance (MRCP60%). The Life Expectancy Limiting Coefficient (LELC) quan-
tifies the effect of failures on SLE. Lifecycle Cost (LCC): Includes initial investment, 
replacement, maintenance, and residual value over a 50-year horizon. Components 
are replaced only if residual life exceeds half of predicted service life.

3. Field survey and results

The study surveyed 133 partitions in Israel – 33 gypsum, 30 AAC, and 41 hollow 
concrete blocks. Initial Component Performance averaged 82.7%, 88.8%, and 91.0%, 
respectively, with gypsum degrading fastest and hollow blocks slowest. Predicted 
service life (MRCP60%) ranges from 95 to 11 years for gypsum, 72 to 18 for AAC, 
and 164 to 38 for hollow blocks across light to intensive occupancy. Inherent con-
struction defects reduce life expectancy by 3–11%, with hollow blocks least affected. 
Common failures include cracks at wall, ceiling, and door junctions, surface cracks, 
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and electrical instability, with cumulative impacts quantified via LELC: 0.20–0.40 
for gypsum, 0.19–0.38 for AAC, and 0.47–0.55 for hollow blocks.

Lifecycle Cost Analysis (LCC) Assuming a 50-year building lifecycle, 5% inter-
est, and annual maintenance of 0.5% of asset value, components are replaced only 
if their residual life exceeds half of the predicted service life [1, 2]. Gypsum boards 
have the lowest initial cost at $94.2/m² and a replacement cost of $152.7/m², with a life 
expectancy of 11 years under intensive occupancy and a lifecycle cost of $52.6/m². 
AAC blocks cost $131.3/m² initially, $157.6/m² for replacement, last 18 years under 
intensive conditions, and have a lifecycle cost of $53.6/m². Hollow concrete blocks 
have the highest initial and replacement costs ($154.8/m² and $185.8/m²) but the long-
est life expectancy of 38 years in intensive occupancy and the lowest lifecycle cost 
at $38.4/m². Gypsum boards are economical in light to moderate conditions but require 
frequent replacement under intensive occupancy, hollow concrete blocks remain 
the most durable and cost-efficient in demanding conditions, and AAC blocks per-
form at an intermediate level.

4. Discussion and conclusions

Hollow concrete blocks have the longest service life and most stable performance, gyp-
sum boards degrade fastest under intensive conditions, and AAC blocks are moder-
ately durable. Service life and costs depend on occupancy and construction quality, 
emphasizing material selection for sustainable, cost-effective design.
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1. Introduction

The technical condition of bridges must be assessed comprehensively, taking into 
account both the structural integrity of bridge piers and the condition of the river-
bed surrounding them. One of the most critical processes affecting bridge stability 
is scour, a localized form of riverbed erosion occurring around bridge piers, particu-
larly near outer riverbanks [1].

2. Mechanisms of scour formation

Scour is a complex erosional process caused by interactions between river flow dynam-
ics, sediment transport, and structural geometry. Two main types are distinguished: 
global scour where large-scale riverbed erosion is shaping the main channel and local 
scour, where concentrated erosion is occurring near individual piers, abutments, 
or structural obstacles. The formation and severity of scour depend on multiple fac-
tors, including: flow velocity and turbulence, water depth and seasonal fluctuations, 
channel width between piers, pier geometry and orientation relative to flow, riverbed 
bathymetry, soil composition and sediment size, natural or artificial obstructions 
(e.g., ice, debris, woody material) [1], [4], [5].

3. Scour monitoring techniques

Monitoring scour around bridge piers is crucial for ensuring structural safety. A com-
bination of traditional field surveys, sonar imaging, and remote sensing techniques 
is commonly used: 
	y bathymetric surveys: provide precise measurements of riverbed elevation and scour 

depth; 
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	y sonar inspections: enable detailed visualization of submerged structures using 
sonograms [1], [2];

	y remote sensing: allows continuous monitoring during high-flow events.

Figure 1 presents an example of underwater sonar imaging performed by ESCORT 
TECHNOLOGY. Such visualizations are vital for assessing the technical condition 
of submerged bridge elements.

 

FIG. 1. Underwater Sonar Investigations – ESCORT TECHNOLOGY survey report

4. Case study: MOPMO project
The MOPMO project implemented a permanent scour monitoring system designed 
to observe changes in riverbed morphology during high-water events. Sonar-based 
sensors recorded scour depth variations in real time, allowing engineers to identify 
critical moments of structural vulnerability. Figure 2 shows the monitored locations 
and the progression of scour development during extreme flow conditions.
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FIG. 2. Location of scour and long term observations [3]

5. Conclusions
Underwater investigations using sonar imaging and bathymetric surveys provide effec-
tive tools for assessing the safety of bridge structures. This study demonstrates that 
integrating continuous monitoring systems, such as those applied in the MOPMO 
project, significantly improves early detection of scour and enables timely imple-
mentation of preventive measures. Future research should focus on combining sonar 
observations with hydrodynamic modeling to improve scour risk prediction.
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1. Introduction

Wire ropes used in prestressed concrete structures transfer prestressing forces 
by means of adhesion. Some of their most important properties are tension stiffness 
and resistance. Compared to material strength, which is clear, these properties may 
depend on wire geometry: particularly wire cross-section area and their configura-
tion, creating a rope. Considering basic solutions only, which are under discussion 
here, this configuration is usually a helical strand around a single steel core. This paper 
describes the numerical modelling of wire ropes with various geometries. It was essen-
tial to perform a parametric analysis, and prove it by an archival complex experiment 
which has a wide scope and relates perfectly to the study.

2. Experiment description

It has to be noted clearly that the experiment on which the study described in this 
paper is based was undertaken in the 1970s [2]. Regardless of age, its wide scope 
cannot remain neglected. Tested ropes were made of typical geometry comparable 
to those according to DIN3052 [1] (but 1 x 7 wire ropes). A total of 12 configurations 
of ropes were tested with 6 repetitions (64 tests for the main experiment). Additionally, 
the main experiment of ropes was accompanied by material testing of single wires 
(strands and cores), in a total of 36 tests, to obtain a stress-strain relationship.

The main experiment was divided into two main groups – ropes made of drawn 
wires of diameter 2,8 mm (resistance Rm = 2197 MPa) and 5,5 mm (resistance 
Rm = 1668 MPa). Then, ropes with 6 different values of helix pitch were prepared 
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within each group. The number of tests, their variability, and detailed archival docu-
mentation allowed reconstruction of the experiment numerically. This is sufficient 
to initially prove the presented method’s accuracy.

3. Applied methods

The Finite Element Method is usually an adequate choice for considerations about 
structural optimisations. The chosen environment is ANSYS LS-DYNA software 
with a geometry prepared in the SpaceClaim module. This set is suitable for para-
metric analysis of steel wire ropes where the overall geometry is constant and only 
two variables are changing (helix pitch and the strands diameter). 

It was possible to automate the process of preparing a geometry. The main idea 
was to use Python scripting within SpaceClaim to build an algorithm which creates 
the wires. Its logic was based on helical solids generation using a built-in function 

“RevolveFaces – ByHelix” (described in the accompanying paper where helical strands 
pith was under research). Boundary conditions are applied as zero displacement at one 
rope end and a displacement value at the opposite end to create a quasi-axial load 
to the ropes. Mesh size was set between 0,8 mm and 1,5 mm (Fig. 1). The implicit type 
solver has been used for analysis.

 
FIG. 1. Example of rope meshing (1x5,5 + 6x5,0)

4. Results and discussion
The outcomes from the numerical analysis gave a satisfactory match to the archival 
tests, which can be clearly visible on the selected charts in Fig. 2. The main conclusion 
is that geometry generation using “RevolveFaces – ByHelix” feature provides a good 
quality input for FEM simulations. Then it can be efficiently solved by the LS-DYNA 
implicit solver. Additional checks proved that results are comparable to those which 
could be obtained via Ansys Mechanical. However, model preparation in Mechanical 
requires more user preparation, especially with contact definitions, when in LS-DYNA 
it appears to be more intuitive, even by utilisation of default settings.
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FIG. 2. Selected results of the experiment and simulations (where h is the pitch of the helix)
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1. Introduction
The reuse of industrial by-products like Fluid Catalytic Cracking catalyst (Ecat) in con-
crete aligns with sustainable construction practices. While prior studies have explored 
its pozzolanic potential, limited work exists on its comparative performance when 
used in fresh versus spent form. This research aims to bridge this gap by combining 
mechanical testing with 3D microstructural analysis.

2. Materials and methods
2.1. Mix composition 
Four concrete mixes were prepared with Ecat content of 0%, 10%, 20%, and 30% 
by mass of cement. Two series were produced:
	y FRESH: Containing unused (fresh) Ecat.
	y USED: Containing spent Ecat collected from refinery operations.

2.2. Mechanical testing
Load-CMOD [1] curves were analysed to determine peak strength, stiffness (initial 
slope) as shown below. All mixes show an initial sharp increase in load with CMOD 
(crack mouth opening displacement), followed by a peak and then a descending branch. 
R3-E20-USED (20% ECAT): Exhibits the highest peak load among the used ECAT 
mixes, showing better load-carrying capacity. Spent ECAT performs better than 
Fresh ECAT at all replacement levels, offering higher load capacity and more stable 
fracture response. However, increasing ECAT content still reduces peak load while 
enhancing ductility.



61

	 R3-E0-FRESH	 R3-E10-FRESH

FIG. 1. Load vs. CMOD for Fresh ECAT

2.3. Micro-CT analysis high-resolution µCT
Micro-CT Analysis High-resolution µCT scans were conducted on representative 
samples from both series. Morphometric parameters including porosity, pore con-
nectivity, and degree of anisotropy were quantified [2–3].

FIG. 2. Schematic representation of the µCT scanning process, illustrating the X-ray source, rotat-
ing concrete sample, digital detector capturing a series of 2D projections, and the resulting 
reconstructed 3D volume used for microstructural analysis
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3. Results and discussion
Comparative Performance: Fresh vs. Spent ECAT 

A direct comparison between fresh and spent ECAT highlights the following key 
observations:
1.	 Strength retention – Spent ECAT mixes achieved higher peak loads than Fresh 

ECAT mixes, irrespective of the replacement level.
2.	 Ductility enhancement – Both fresh and spent ECAT improved ductility at higher 

replacement levels, with Spent ECAT providing more stable crack propagation.
3.	 Optimal replacement – At 20% replacement, mixes balanced strength and fracture 

resistance most effectively. 

The results highlight the trade-off between strength and ductility when substi-
tuting OPC with ECAT. While higher ECAT replacement reduces peak load capac-
ity, it enhances fracture resistance and post-cracking toughness. Spent ECAT dem-
onstrates superior mechanical performance compared to Used ECAT, suggesting that 
its reactivity contributes positively to the matrix. An optimum balance is achieved 
at around 20% ECAT replacement, where both strength and ductility are retained 
at practical levels.
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Abstract
Innovative ultra-high performance fiber-reinforced concretes (UHPFRCs) that incor-
porate recycled materials have been developed in response to the need for high-perfor-
mance and environmentally friendly building materials. This was possible with the use 
of two important industrial byproducts – spent equilibrium catalyst (Ecat) waste 
from petrochemical refining and recycled steel fibers (RSFs) taken from end-of-life 
tires. This work offers a unified research framework aimed at creating a new class 
of eco-friendly, self-compacting, ultra-high performance mortar and concrete mixes. 
These substances have the combined benefit of improving cementitious composites’ 
mechanical qualities and drastically lowering their environmental impact.

The rheological, mechanical, microstructural, and fracture behavior of UHPFRCs 
with different ratios of RSF (1–3% by volume) and Ecat (5–20% by weight) were exam-
ined in a number of experimental and numerical investigations. The results con-
sistently showed that adding RSF improves flexural toughness and crack-arresting 
ability by converting brittle matrix behavior into ductile post-cracking response. 
At the same time, a pozzolanic aluminosilicate called Ecat enhanced the hydration 
process, strengthened the microstructure, and permitted a 15% cement substitution 
without sacrificing durability or compressive strength. These improvements came 
at the expense of 5–15% reductions in CO₂ emissions and production costs.

The mini-slump cone and flow tests were used to assess the workability of self-
compacting mixes. While Ecat lowered fluidity because of its high surface area 
and water absorption capacity, the incorporation of RSF somewhat decreased flowa-
bility (up to 22% at 3% RSF). However, by tailoring the dosage of the superplasticizer, 
the necessary self-compatibility was maintained. The mortars’ potential for struc-
tural applications was demonstrated by their attainment of compressive strengths 
above 180 MPa and flexural strength increases of up to 21% at 28 days.

Fracture propagation and post-peak behavior under various loading conditions 
were successfully reproduced by advanced finite element modeling using the Concrete 
Damage Plasticity (CDP) model together with element deletion techniques. 
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The suggested constitutive models’ dependability was validated using experimental 
data, which also showed how well hybrid reinforcement techniques reduce brittle fail-
ures. The best technique for predicting shear strength across various compositions 
was determined to be ridge regression.

Scanning electron microscopy and X-ray diffraction microstructural anal-
yses showed that Ecat-modified mortars had a denser matrix and more C–S–H 
and C–A–S–H gel formation. The interfacial transition zone (ITZ) improved 
and porosity decreased, especially in mixtures that contained both RSF and Ecat. 
Additionally, these materials improved repair capabilities and interfacial bonding 
in substrate-overlay systems with flexible polyurethane joints.

The comprehensive lifecycle analysis highlighted the ecological and economic via-
bility of this approach. The use of waste-derived steel fibres and catalysts diverts sub-
stantial waste from landfills, reduces dependency on virgin resources, and contributes 
to carbon neutrality objectives in the construction sector. Moreover, these UHPFRC 
mixes are ideal for high-performance infrastructure applications, such as seismic ret-
rofitting, impact-resistant overlays, military structures, and nuclear facilities.

This integrated research contributes a pioneering approach to eco-efficient mate-
rial engineering by merging high mechanical performance with waste valorization. 
It presents a robust pathway to large-scale deployment of green UHPFRCs, aligning 
structural innovation with global sustainability goals.
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1. Introduction
Culverts are critical for roadway and water management networks, yet they often 
receive insufficient attention in long-term maintenance planning. In this research, 
a comprehensive framework is presented to optimize the maintenance of culverts based 
on probabilistic modelling and field-validated deterioration analysis. An extensive field 
survey was carried out to create empirical deterioration patterns, and an exponential 
degradation model showed a good fit (R² = 0.94). A Markovian transition probability 
matrix was established to model transition in performance states along time and derive 
an optimal maintenance strategy. In addition, numerical modelling was carried out 
to compare the structural response of corroding culverts. A local-to-global model-
ling strategy was used to monitor the cracking progression according to the corro-
sion severity. The simulation considered significant mechanical loads, such as positive 
and negative bending moments, live and dead load shear, and hydrostatic and geo-
static pressure due to water and soil [1]. In the numerical simulation using the finite-
discrete element method (FDEM), we applied the effects of electrochemical corro-
sion by modelling the resulting radial pressure as a mechanical response, enabling us 
to capture the successive phases of crack initiation and propagation [2]. The computed 
damage pattern versus site observation exhibited notable differences, highlighting 
the role of unmodeled influences such as construction quality, waterproofing break-
down, and local environment and highlighting the requirement for multi-parameter 
evaluation in real culvert management.
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2. Results
2.1. Damage
Fracture patterns and structural damage were assessed through FDEM simulations. 
The extent of damage was measured as the proportion of the affected area relative 
to the volume of the central block in which the fracturing process was modelled. 
The findings are represented as a percentage (see Fig. 2, left) and categorized into 
five distinct damage grades: 1 – minimal, 2 – up to 5%, 3 – 5–20%, 4 – 20–50%, 
and 5 – severe (>50%). Fig. 2 (right) illustrates the evolution of the damage over time.

Fig. 1 shows that the crack growth stays steady for around 58 years before under-
going a profound acceleration. There is a period of unstable growth after around 
60.5 years. Stages 1 and 2 last similarly, while Stage 3 is substantially prolonged.

FIG. 1. Damage assessment over time: (left) percentage of damage and (right) classification 
scale 1–5 

2.2. Regression analysis
The survey data were utilized to harmonize culvert age and performance to deter-
mine a suitable deterioration model. Three types of regressions, namely linear, loga-
rithmic, and exponential, were tested, and the exponential model exhibited the most 
appropriate fitting of the apparent degradation trend (Fig. 2). The model showed good 
validity, given the value of the coefficient of determination of R2 = 0.9416, thus sup-
porting its stability.
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FIG. 2. (left) Structure Condition Score framework; (right) Culvert survey data points with fitted 
exponential deterioration model

Exponential models have been effective in forecasting culvert deterioration [3]. 
A χ² (chi-squared) test was conducted on culvert performance ratings (1–5) in four 
groups for cross-validation of field data. With four degrees of freedom, the test pro-
vided a 92% likelihood of a normalized distribution, supporting its usage under 
the exponential deterioration model application. There is, however, a discrepancy 
between simulation results and field data. It begins to deteriorate after steel depas-
sivation (≈20 years), while inspections often show damage in the first year of opera-
tion. Such early damage is likely due to construction defects, poor work, or unad-
dressed issues such as waterproofing or joint failures, and not only because of corrosion 
cracking.
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1. Introduction

In the second half of the 20th century, prestressed concrete was primarily used 
in buildings where long spans without internal supports were required. Although 
steel was commonly used for these structures, over time prestressed concrete became 
more widely used. To make truss girders economically viable despite their labor inten-
sity, they had to be produced as prefabricated elements and in large series. For this 
reason, they were mainly used in countries of Eastern Europe, such as Czechoslovakia, 
Poland, Hungary and others. They were manufactured either as one piece  
or in segments, which were connected on site. As with other post-tensioned structures 
from that period, this type of construction is often affected by corrosion of the pre-
stressing tendons, mainly due to poorly executed or completely missing grouting 
of the prestressing ducts. In fact, there have been recent cases of structural failures 
involving these systems in the Czech Republic and Slovakia (Fig. 1) [1]. 

FIG. 1. Truss girder collapse in the Czech Republic from 2023 [1]
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For this reason, the risks associated with these structures should not be under-
estimated. The topic of concrete truss girders is primarily focused in terms of struc-
tural assessment, the design of new systems, and the optimization of these structures 
with respect to their carbon footprint. The aim of this article is to analyse this type 
of structure using various methods, compare them with one another, and assess their 
suitability. The methods considered include a historical calculation approach, a sim-
plified beam model, a more accurate beam model, and a shell model.

2. Methodology

The structure under investigation is an SPP truss girder, which was mass-produced 
in the former Czechoslovakia. It is a segmented, post-tensioned concrete truss 
girder (Fig. 2).

FIG. 2. SPP 6-18/6 truss girder TC1 = top chord, D2 = edge diagonal member

Three types of loads on the truss were considered: self-weight, load from the roof 
cladding, and prestressing. Roof cladding load was applied as a uniformly distributed 
load along the top chord. Prestressing was modeled using the method of equivalent 
loads induced by the prestressing tendons.

In historical design procedures, internal forces in truss structures were calcu-
lated using a simplified approach, assuming pinned joints at the nodes. The effects 
of non-nodal loads on the truss were considered either by modeling it as a contin-
uous beam or as a beam with fixed supports at both ends, with the fixity assumed 
at the nodal points. 

A simplified beam model was created in RFEM5 (Fig. 3); calculation was per-
formed as a linear analysis.

FIG. 3. Numerical model in RFEM
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FIG. 4. Numerical model in MIDAS CIVIL

A more refined beam model was created using MIDAS CIVIL (Fig. 4). Compared 
to the simplified beam model, this model includes the accurate geometry of the truss, 
taking into account the nodal regions. Another difference is that a nonlinear analy-
sis was performed.

3. Results

To evaluate the different analytical variants, an interaction diagram N + M was cre-
ated for each member. The comparison was made by determining the corresponding 
bending resistance MRd for a given normal force NRd = NEd. The calculated moment 
MEd was then divided by MRd. The resulting MEd/MRd ratios for the top chord 1 (TC1) 
and diagonal 2 (D2) are shown in Figs. 5 and 6.

FIG. 5. Comparison of analytical models for D2
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FIG. 6. Comparison of analytical models for TC1

4. Conclusion
Figure 5 clearly shows that the historical methods are not capable of accounting 
for the frame behavior of the structure. Figure 6 demonstrates that moment effects 
can be partially considered in the TC model using manual calculation and shows 
an anomaly for TC1+ when using MIDAS CIVIL. This anomaly will be examined 
more closely in the next phase of the analysis.

Until now, this type of structure appears more dangerous than we initially assumed.
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1. Introduction

The process of casting the concrete mixture from the bottom of the formwork is a tech-
nique exclusive to self-compacting concretes. It has been demonstrated that this 
method is particularly effective in enhancing the efficiency of self-venting, which, 
in turn, has a number of beneficial outcomes. Primarily, it leads to an improvement 
in the surface and structural quality of the concrete elements. Consequently, it can 
be assumed that this technology will improve the quality of the reinforcing bar cover 
and, therefore, the steel-concrete bond. 

2. Materials and methods

A deep beam test element measuring 1440 × 640 × 160 mm was designed and sub-
divided into modular specimens intended for bond strength (10 samples), com-
pressive strength (13 samples), splitting tensile strength (9 samples), and computed 
tomography (CT) analysis (4 core samples). Steel reinforcement bars with a diameter 
of 16 mm (class B500SP) were embedded in the specimens designated for both bond 
and CT tests. The bars were positioned to represent good and poor bond conditions 
at distances of 8 and 56 cm from the top surface of the element. Two casting methods 
were employed to build test elements: top-down (TD) and bottom-up (BU) concreting. 
All elements were produced using self-compacting ready-mix concrete (SCC). A pull 
out method was used for bond tests [1].

3. Results and discussion
3.1.  Concrete properties
The mixture satisfied the requirements for SCC mixtures, grading into classes SF1 
(slump-flow), VS2 (viscosity) and PL2 (passing ability). The mean compressive strength 
of the SCC determined for samples from the test elements was 73.7 MPa and 79.7 MPa 
for the element produced using top-down and bottom-up casting, respectively. 
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Meanwhile, the mean splitting tensile strength ascertained on specimens extracted 
from the test elements was determined to be 3.8 MPa and 4.4 MPa for the TD and BU 
element, respectively. The higher results of concrete samples made using bottom-up 
casting technology is attributed to the improved self-venting associated with the flow 
of the mix in the formwork. The mix injected from the bottom valve displaces the pre-
viously placed mix in the formwork without disrupting its venting process.

3.2. Bond properties
The pull-out tests enabled the determination of the local relationship between the bond 
stress and the slip of the rebar (Fig. 1 – left). This approach provides a comprehen-
sive evaluation of the bond behaviour, encompassing both bond strength and stiff-
ness. A comparison of the behaviour of equivalent rebars in the TD and BU elements 
allows the conclusion to be drawn that the technology of casting the SCC mixture 
bottom-up ensures high bond stiffness and bond strength results. In accordance 
with international concrete design standards [2], in areas of poor bond conditions, 
bond stresses are reduced. This must be counterbalanced by extending the anchor-
age length. In the analysis of the casting position factor, i.e. the ratio of the bond 
strength of the bottom and top bars, it can be observed that there are smaller differ-
ences between them in the BU element. This suggests that the bond conditions for 
this concreting technology are more uniform.

   
FIG. 1. Bond test results: bond-slip relationships (left) and casting position factor (right) 
in the deep-beam elements

3.3. Quality of steel-concrete bond zone
The quality of the concrete cover was evaluated on the basis of tomographic imag-
ing, which allows the internal structure of the material to be visualised and the voids 
around the reinforcing bars to be distinguished. As illustrated in Fig. 2, the three-
dimensional images demonstrate an occurrence of voids beneath the top rebars of TD 
and BU elements. A continuous void was formed under the top bars of the TD element 
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due to plastic settlement and bleeding effects. It is notable that no such void is formed 
around the top bars of the BU element, and that only increased porosity in compari-
son to the cover of the bottom bars is observed. 

  
FIG. 2. Tomographic view of concrete cover of top rebars in TD (left) and BU (right) element
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1. Introduction

Prefabricated concrete rings are structural elements widely used in sewerage and drain-
age systems. In conventional solutions, steel reinforcement is applied to provide ade-
quate load-bearing capacity. However, its durability is significantly reduced in aggres-
sive environments containing chlorides, sulfates, and organic compounds. Steel 
corrosion leads to structural degradation, shortening of service life, and the need for 
costly repairs. An alternative to conventional reinforcement is fibre-reinforced con-
crete (FRC), in which synthetic macrofibres are uniformly dispersed within the cemen-
titious matrix. The dispersed fibres enhance ductility and crack resistance, thereby 
improving the durability of prefabricated elements.

FIG. 1. Prefabricated concrete ring prepared for crushing testing with the application of an opti-
cal displacement measurement system
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The aim of the study is to compare the experimental results of prefabricated fibre-
reinforced concrete rings and conventionally reinforced concrete rings with an internal 
diameter of 1500 mm subjected to crushing tests. The analysis focuses on the crack-
ing mechanism and failure modes of the elements under axial loading.

2. Crushing tests

The research program comprised full-scale compression tests of prefabricated rings 
made of C45/55 concrete modified with synthetic polymer fibres. For comparison, 
concrete elements without dispersed reinforcement but strengthened with conven-
tional steel reinforcement were also tested. The tests were carried out in a vertical 
position in accordance with the requirements of PN-EN 1917 [1] and PN-EN 476 [2]. 
The specimens had an internal diameter of 1500 mm, a wall thickness of 150 mm, 
and a height of 500 mm. The test setup included steel loading plates with elastomer 
pads, linear displacement transducers, strain gauges, and the Aramis optical measure-
ment system (Fig. 1). During the tests, the load-displacement response, crack initia-
tion and propagation, as well as the failure mechanism of the elements were recorded.

FIG.2. Failure crack in a fibre-reinforced concrete ring after the crushing test

3. Conclusions
The experimental tests confirmed that prefabricated fibre-reinforced concrete rings 
meet the standard requirements for compressive strength with a considerable safety 
margin. The average ultimate load exceeded 37 kN, which is three times higher than 
the minimum crushing load Fn of 12.5 kN specified in PN-EN 1917 [1]. The recorded 
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load-displacement curves exhibited a linear response up to the first cracking. After 
cracking, a distinct strain-hardening phase was observed, during which the load-
bearing capacity of the elements continued to increase despite growing displace-
ments. The failure process was ductile, without a sudden break, and was character-
ised by a clear plastic plateau accompanying the development of deformations (Fig. 2). 
The observed differences in the load-displacement curves can be attributed to the ran-
dom distribution of fibres within the concrete matrix and the inherent material het-
erogeneity. In comparison, the steel-reinforced rings reached significantly lower ulti-
mate load values and showed a less favourable structural behaviour. Their failure 
mechanism was more brittle, with sudden crack propagation and limited deforma-
tion capacity. The results clearly indicate that fibre-reinforced concrete rings provide 
higher load-bearing capacity and a significantly more ductile behaviour compared 
to plain concrete rings.

Acknowledgments 
“The Regional Centre of Excellence in Engineering for Quality of Life 
and Technological Development”, funded by a subsidy from the Minister of Science 
and Higher Education under “The Regional Initiative of Excellence” program (pro-
ject no. RID/SP/0032/2024/01)

References
1.	 Polish Committee for Standardization. (2004). Studzienki włazowe i niewłazowe z betonu 

niezbrojonego, betonu zbrojonego włóknem stalowym i żelbetowe (PN-EN 1917:2004).
2.	 Polish Committee for Standardization. (2012). Wymagania ogólne dotyczące elementów sto-

sowanych w systemach kanalizacji deszczowej i sanitarnej (PN-EN 476:2012).



78

Assessment of second-generation 
Eurocode 2 in predicting shear resistance 
of FRP-reinforced lightweight 
concrete members

Agnieszka Wiater, Tomasz Wojciech Siwowski 
Rzeszow University of Technology, Poland, wiater@prz.edu.pl, siwowski@prz.edu.pl

Keywords: shear strength, lightweight concrete, FRP reinforcement, Eurocode 2

1. Introduction

The use of lightweight concrete (LWC) leads to a reduction in structural dead weight 
by 25–30% relative to conventional concrete. Nevertheless, LWC’s increased perme-
ability facilitates the penetration of aggressive agents, thereby accelerating degrada-
tion, increasing maintenance demands, and shortening the structure’s lifespan. For 
structures exposed to such conditions, fibre-reinforced polymer (FRP) reinforcement 
is preferred over traditional steel bars due to its corrosion resistance. Shear resistance 
constitutes a governing limit state in the structural design of such elements, ensuring 
compliance with safety requirements and achieving the prescribed reliability levels.

2. Shear resistance according 
to the second-generation Eurocode 2 

Annex R of EN 1992-1-1 [2] contains rules for the design of new structures reinforced 
with GFRP or CFRP bars. Regarding shear strength, the basic equation used for steel 
reinforcement is modified by replacing the yield strength of steel with the character-
istic tensile strength of FRP bars. Additionally, a reduction factor EfR/ES is introduced. 
These modifications can be summarized as follows:
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where: ρ l is the FRP reinforcement ratio, ag is the maximum aggregate size, 
d is the distance from extreme compression fibre to centroid of tension reinforce-
ment, fck is the compressive strength of concrete, fftk0 is the characteristic tensile 
strength of FRP reinforcement, EfR is the modulus of elasticity of FRP reinforcement 
and ES is the modulus of elasticity of ordinary reinforcing steel.

Equation (1) do not account for material safety and partial factors (whose values 
in the relevant formulas were assumed to be 1.00). It should be noted that this Annex 
does not apply to the use of FRP reinforcement in lightweight concrete. However, this 
study attempts to assess the applicability of the proposed equation for such elements. 
The results obtained from Eq. (1) were taken into consideration, and a similar modifi-
cation was applied as for steel-reinforced lightweight concrete, based on Annex M [2], 
where the parameter ddg is assumed to be 16 mm.

3. Assessment of procedure 

To assess the prediction of shear resistance, a database of 50 LWC/FRP elements was 
created based on a literature review [1, 3–7]. Of the 50 test specimens nine are slab 
specimens and 41 are beam specimens. The test specimens were made of three differ-
ent lightweight concretes. Most specimens (in four works) were made of lightweight 
sand concrete. All-lightweight concrete was used only in one study [3] and only one 
study utilised fibre-reinforced lightweight concrete [7]. Finally, the analysed studies 
utilised three different types of FRP composite bars. Most of the research was con-
ducted on GFRP bars. In one study, BFRP bars were used [5] and one test was par-
tially performed on CFRP bar-reinforced elements [3]. The results of comparing shear 
resistance calculations (τRC) with values obtained from experimental research (τexp) 
are presented qualitatively and quantitatively in Figure 1 as ratio τexp/τRC. The indi-
vidual designations are as follows: the type of composite reinforcement (blue-GFRP; 
red–CFRP; green–BFRP) and the type of lightweight concrete (black marker stroke–
sand lightweight concrete; green bold marker stroke–all-lightweight concrete; red dou-
ble line marker stroke–fibre-reinforced lightweight concrete). The results of the tests 
of slabs and beams were compiled together because the code procedures for these ele-
ments are identical (however, the diagrams distinguish the type of tested elements 
as well, circle for beams and triangular for slabs).
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FIG. 1. Ratio of experimental to calculated results without (left) and with (right) consideration 
of lightweight concrete

An evaluation of the whole database showed an average ratio of 1.08 without con-
sidering lightweight concrete, and 1.24 when lightweight concrete was taken into 
account, with standard deviations of 0.24 and 0.28, respectively. Further analyses 
were conducted regarding element type, concrete type, and FRP type; however, these 
results are not presented here due to abstract length limitations.
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1. Introduction

The growing interest in composite materials in the construction industry offers a com-
pelling alternative to traditional structural solutions. Fiber Reinforced Polymers (FRPs), 
due to their high tensile strength, low self-weight, design flexibility, and resistance 
to aggressive environmental conditions, help mitigate corrosion and external degra-
dation. Among them, Carbon Fiber Reinforced Polymers (CFRPs) exhibit the most 
favourable mechanical properties, making them a valuable option in structural engi-
neering applications. However, a significant drawback of CFRPs lies in their poor per-
formance at elevated temperatures. The epoxy resins typically used for bonding CFRP 
laminates becomes plasticized at a temperature of about 60°C, which under intense 
solar exposure may lead to material degradation and, consequently, structural failure.

In response to this challenge, the presented research explores the improve-
ment of the interaction between concrete and composite components through 
the use of internally placed perforated CFRP tubes. As part of the SONATA-19 grant 
(2023/51/D/ST8/01795), the influence of perforation distribution in the perforated 
CFRP tubes on the compressive strength of concrete columns was analyzed. A litera-
ture review [1] revealed a notable research gap concerning the use of CFRP as internal 
strengthening for concrete columns, particularly with respect to the influence of per-
forations on load-bearing capacity and damage propagation mechanisms.

2. Experimental resarch

The aim of the study was to determine which perforation pattern in CFRP tubes pro-
vides better load-bearing capacity under uniaxial compression and to determine 
the dominant failure modes. The designed variants differed in perforation arrange-
ment (Fig. 1). The perforations were intended to improve the cooperation between 
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the concrete core and the outer concrete shell. For comparison, reference samples 
without composite strengthening were also prepared.

The materials used in this study included self-compacting concrete (SCC) 
and SikaWrap-230C carbon fiber mats soaked with Sikadur-300 resin. CFRP tubes 
were made of 1 layer of CFRP with 30% overlap. Cylindrical specimens (150x300 mm) 
were tested after 28 days of curing. The viscosity and consistency classes of fresh SCC 
were VS2 and SF3, respectively. Uniaxial compression tests were performed on refer-
ence specimens (SCC) and CFRP-strengthened samples with two perforation schemes 
(I and II), four specimens in each group. The average compressive strengths were: refer-
ence – 49.06 MPa, Scheme I – 61.04 MPa, and Scheme II – 49.29 MPa. This corresponds 
to a 24.4% increase in compressive capacity for Scheme I compared to the unstrength-
ened specimens, while Scheme II did not provide significant improvement. During 
testing, the reference specimens failed in a typical concrete crushing mode, char-
acterized by longitudinal cracking and surface spalling, whereas the strengthened 
samples exhibited localized cracking initiating from the perforations and propagat-
ing diagonally between successive holes. After surface cracking, the outer concrete 
layer failed first, followed by the load transfer to the confined concrete core within 
the CFRP tube. In several cases, the upper or lower perforation remained intact, sug-
gesting a non-uniform stress distribution within the tube wall. The considerably lower 
strength of Scheme II is likely due to the weakening of the mid-height region, which 
acted as a critical failure zone. 

a)	 b)

	
FIG. 1. (a) Layout of perforations in CFRP tubes: Scheme I and Scheme II; (b) View of a CFRP 
tube with perforations
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3. Conclusion
The application of perforated CFRP tubes as internal elements in concrete columns 
demonstrates a beneficial effect on axial compressive strength, while maintaining 
adequate material interaction. Among the tested variants, Scheme I exhibited a 24% 
higher load-bearing capacity compared to the reference specimens, confirming that 
an optimized perforation layout can enhance the confinement effect and ensure bet-
ter cooperation between the concrete core and the composite shell. 

Observed damage patterns confirmed that failure initiated around the perfora-
tions and propagated diagonally between adjacent openings. These results also suggest 
that the use of a single circumferential CFRP layer may be insufficient to strengthen 
the concrete core, as local fiber displacement and stress concentrations can occur 
near perforations, limiting the strengthening efficiency. Despite these promising 
results, a comprehensive evaluation of the effectiveness of this strengthening approach 
and the associated failure mechanisms induced by perforations requires further inves-
tigation. Future studies will focus on key parameters such as CFRP tubes wall thick-
ness and column slenderness. These variables may significantly affect the stress dis-
tribution and the overall performance of the strengthened structural elements. 
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1. Introduction
There is no consensus in the literature on whether the bond modulus is a real steel-con-
crete interface property or if it serves as a model parameter regularizing the rigid plas-
tic or frictional contact model [1]. The methodology adopted in EN1994-1-1:2004 tends 
to favor the latter, establishing the rigid plastic law as its standard model for the natural 
bond in the design of composite columns [2]. The interface design shear strength τRd, 
which is the only defining parameter of the model, varies based on the type of cross-
section. For the completely concrete encased steel cross-sections, which are the focus 
of this study, τRd = 0.3 N/mm2. Two questions arise: does this design interface strength 
specified in the code include the effects of concrete shrinkage? And does the rigid-
plastic model describe the natural bond behavior with adequate accuracy, allowing 
for the safe design of the load introduction to concrete encased composite columns? 

2. Research program, results and discussion

To answer the above questions we carried out standard push-out experiments, cf. Fig.1a. 
The notation of the specimens is as follows: SCC and W denote self compacting 
and regular vibrated concrete mix, respectively; 2 or 3 denotes the number of stir-
rups used, cf. Fig.1a and the suffix S indicates samples that were tested 8 months 
after casting, to increase concrete shrinkage effects. Specimens that lack this suffix 
were tested 28 days from casting. Four inductive sensors measured, for a given axial 
load N, the change in the distance between the concrete’s upper surface and a cross-
section positioned ΔL = 30 mm above it, , cf. Fig.1a. Consequently, the slip between 
steel and concrete at the top concrete surface s(0) is: , with Aa and Ea representing 
the HEA160 cross-sectional area and Young modulus, respectively. For each speci-
men the readings from four sensors were averaged. To investigate the shear transfer 
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mechanism, an analytical model with linear elastic constitutive relations for both 
steel and concrete and two types of natural bond laws were investigated: rigid plastic 
and elastic plastic. The interface stiffness k (in N/mm2) of the latter was iteratively 
adjusted to match the global initial stiffness Kini (N/mm) obtained from the experiment, 
cf. Fig. 1b. Then the interface stiffness was calculated assuming uniform distribution 
of stresses along the perimeter of the steel profile ρ: κ = k/ρ (in N/mm3). Rigid-plastic 
model was used to calculate the global response of specimens according to EN1994-
1-1:2004, cf. red dash-dotted line in Fig. 1b. The point where the linear extrapolation 
of experimentally determined equilibrium paths intersects the rigid-plastic bond 
model establishes the slip demand sD, functioning as the critical threshold beyond 
which the EN1994-1-1:2004 model no longer guarantees design safety. nU = NU/(Hρ) 
denotes the normalized maximum force obtained in the experiment, where H and NU 
denote the interface height and maximum load, respectively. Results obtained in each 
experimental group were averaged and gathered in Table 1. 

a) 

b) 

FIG. 1. Scheme of push-out specimens: a) experimental; b) model equilibrium paths
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TABLE 1. Results averaged over each experimental group

After 28 days After 8 months

SCC2 SCC3 W2 SCC2_S SCC3_S W2_S

κavg, N/mm3 49 50 92 52 70 77

sDavg, mm 19 34 29 17 12 14

nU,avg, N/mm2 0.50 0.90 0.64 0.48 0.46 0.44

3. Conclusions
Shrinkage decreases substantially the normalized ultimate force nU, but there 
is lack of correlation between the interface stiffness κ and shrinkage. The microgaps 
at the steel-concrete interface, which are the aftermath of the shrinkage, deteriorate 
the adhesive mechanism that drives the ultimate force observed for very small slips, 
cf. Fig. 1b. Shrinkage causes contractions towards the center of mass of the concrete 
block on either side of the wide flange web that produce these microgaps, hence reduce 
the effective adhesion area. The fitted interface stiffness values κ∈~(50÷90) N/mm3 

produce the global response that tends to the rigid-plastic EN1994-1-1:2004 model 
solution, cf. Fig. 1b. Therefore, the rigid plastic model is indeed suitable to describe 
the initial response of tested specimens, especially as there are fluctuations of κ test 
results and the lack of substantial dependence of concrete shrinkage on interface stiff-
ness. Additionally, sD,avg obtained for each specimen exceeds 6 mm, the slip demand 
required by EN1994-1-1:2004 to consider a shear connection as ductile. Thus, for com-
pletely concrete encased steel cross-sections of tested proportions, the rigid-plastic 
model has an adequate margin of safety, provided that the calculated design slip does 
not exceed 6 mm.

References
1.	 Grzeszykowski, B., Lewandowski-Szewczyk, M. J., & Niedośpiał, M. (2023). Load introduc-

tion to composite columns revisited – Significance of force allocation and shear connection 
stiffness. Engineering Structures, 295, 116800.

2.	 Walraven, J., & Bigaj-van Vliet, A. (Eds.). (2010). fib model code for concrete structure 2010. 
E&S.



87

Torsional strength and stiffness 
of concrete elements: 
An experimental approach

Magdalena Lewandowska1, Michał Demby1,  
Szymon Wojciechowski2, Robert Studziński1  

1Poznań University of Technology, Poland,  
magdalena.lewandowska@put.poznan.pl,  

michal.demby@put.poznan.pl*, robert.studzinski@put.poznan.pl 
2Pekabex BET S.A., szymon.wojciechowski@pekabex.com

Keywords: torsional capacity, torsional stiffness, concrete sections, experimental 
approach

1. Abstract
The torsion phenomenon in concrete structures, although not as common as bend-
ing or shear, is one failure mechanism which should be the subject of scientific con-
sideration [3]. The aim of the study was to determine the torsional strength and stiff-
ness of selected cross-sections of concrete elements and to compare the obtained 
results with those from analytical calculations. The analysis aimed to assess how 
accurately theoretical approaches reflect the actual behaviour of elements subjected 
to pure torsion.

Eight prefabricated concrete beams made of high-strength self-compacting con-
crete (C70/85) were tested. Three types of cross-sections were used: solid rectangu-
lar (P_01: width 120 mm, height 240 mm), I-shaped (T_01: height 240 mm, flange 
width 120 mm, flange thickness 50 mm, web width 48 mm), and slender rectangular 
(I_01: width 48 mm, height 240 mm).

The tests were carried out using a laboratory setup that allowed the introduction 
of a torsional moment through an actuator acting on an intermediate element. The sys-
tem generated torsion by rotating a loading disc while the opposite end of the speci-
men was fixed [4]. The applied force and displacement increments of six points along 
the length of the beam were recorded.
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FIG. 1. Rotary support of the testing rig (on the left) and an example failure mechanism 
of the specimen (on the right)

Classical analytical solutions were used for the theoretical analysis of the concrete 
cross-sections: the elastic model by Prandtl and the plastic model by Nadai.

A comparison of the torsional capacities obtained experimentally and those cal-
culated using analytical models is presented in Fig. 2. The Prandtl analogy signif-
icantly underestimated the torsional strength for all tested cross-sections. Better 
agreement was observed for the Nadai analogy, which closely matched the results 
for rectangular cross-sections (P_01 and I_01), falling within the range of standard 
deviation. For the I-shaped cross-section (T_01), the result was also close to the exper-
imental value, although still slightly underestimated. It can therefore be concluded 
that the plastic model provides a good representation of the behavior of torsionally 
loaded concrete members. However, as noted in the literature [1], it does not account 
for the size effect, which may lead to underestimation for small specimens and over-
estimation for large elements.

FIG. 2. Torsional capacity – experimental results and analytical models
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As part of the analysis, the response of the T_01 and I_01 specimens was evalu-
ated based on torque–twist angle diagrams, developed from measured displacements. 
Two distinct stages can be identified in the behavior of the elements: an initial linear 
range corresponding to the elastic behavior of concrete, and a nonlinear range asso-
ciated with the initiation and propagation of microcracks. In the first phase, accord-
ing to Saint-Venant’s theory, the torsional stiffness can be approximately determined 
as the product of the shear modulus and the torsional moment of inertia of the cross-
section (). However, the assumptions of this theory indicate that this relationship 
is valid only within the elastic range, before the onset of material damage. According 
to the literature [1], it is possible to extend its applicability to the entire torque range 
by considering the tangent modulus of elasticity, determined for a stress level corre-
sponding to approximately . This can be approximately done using the modified for-
mula provided in Eurocode 2 [2].

References
1.	 Hsu, T. T. C. (1984). Torsion of reinforced concrete. Van Nostrand Company Inc.
2.	 Polski Komitet Normalizacyjny. (2008). Eurokod 2 – Projektowanie konstrukcji z betonu – 

Część 1–1: Reguły ogólne i reguły dla budynków (PN-EN 1992-1-1).
3.	 Rahal, K. N. (2000). Torsional strength of reinforced concrete beams. Canadian Journal 

of Civil Engineering. 
4.	 Wojciechowski, S. (2022). Analiza doświadczalna, numeryczna i teoretyczna skręcanych sta-

tycznie paneli warstwowych o sztywnych okładzinach i podatnym rdzeniu. Instytut Analizy 
Konstrukcji, Politechnika Poznańska. 



90

Limitations of simplified methods 
for determining second-order effects 
in high-slenderness rc cantilever columns

Dawid M. Zmyślony, Czesław Bywalski, Roman J. Wróblewski 
Wrocław University of Science and Technology, Poland,  

dawid.zmyslony@pwr.edu.pl, czeslaw.bywalski@pwr.edu.pl, roman.wroblewski@pwr.edu.pl 

Keywords: second-order effects, RC columns, nonlinear analysis, general method 

1. Introduction

Modern design standards, exemplified by Eurocode 2 [2], provide simplified methods 
for the assessment of second-order effects. Although these methods are widely used 
in engineering practice, their applicability to the analysis of very slender columns 
has been increasingly questioned [3, 4]. As slenderness and axial force increase, major 
discrepancies appear between results from different design codes [5] and between 
code-based methods and nonlinear analyses [1].

The objective of this study is to quantify these discrepancies using the General 
Method (GM) in nonlinear finite element analysis, accounting for material nonlin-
earities in concrete and steel.

2. Calculation assumptions and scope of comparison

The analysis covers three cantilever RC columns with lengths of 8.0 m, 10.5 m, 
and 13.0 m, corresponding to slenderness of λ = 123, 162, and 200, respectively. 
A total reinforcement ratio of 3.0% was assumed in a symmetrically reinforced 
450×450 mm cross section. Each column is subjected to an axial compressive force 
NEd = 500 kN (n = NEd / (Acfcd + Asfyd) ≈ 0.05). The bending moment changes line-
arly from M01 = 10 kNm to M02= 100 kNm over the column length (Fig. 1). Concrete 
C50/60 and steel B500B (fyk = 500 MPa) were used. The structural configuration cor-
responds to a cantilever column (Fig. 1), representative of members in an unbraced 
structural system.

Three methods were compared: Nominal Stiffness Method (NSM), Nominal 
Curvature Method (NCM), and the General Method (GM). Each accounts differ-
ently for governing physical phenomena influencing second-order effects in a dis-
tinct manner.
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In GM, apart from geometric nonlinearity, material nonlinearity is considered, 
including cracking, creep (φ(∞,t₀) = 1.5), and stress–strain relations for concrete 
and steel. Geometric imperfections, biaxial bending, and tension stiffening were 
excluded. The analyses were performed in SOFiSTiK 2025. NSM uses constant nom-
inal stiffness, ignoring cracking explicitly. NCM utilises curvature increments with-
out incorporating local degradation. Creep is included in both models with an effec-
tive coefficient φef = 0.3.

3. Results and analysis

Both simplified methods overestimate the second-order effects (Fig. 1) when compared 
to the values obtained using GM. The magnitude of these discrepancies increases 
with slenderness of the column. Both approaches result in a significant exaggeration 
of the second-order moments, with the NCM resulting in significantly higher over-
estimations in comparison to the NSM. The sudden increase in the design moment 
MEd in the NSM for the column with λ = 200 is due to the axial force NEd approach-
ing the critical buckling load NB.

FIG. 1. Design moments MEd incorporating first and second-order effects, relative to the first-
order moment M02 (without imperfections), as obtained using the NCM, NSM, and GM methods, 
along with the force and moment diagram adopted for the analysis

4. Conclusions
The results of the analysis allow for the formulation of the following practical 
conclusions:
	y Both NSM and NCM overestimated second-order bending moments in the ana-

lysed very slender cantilever columns, irrespective of the slenderness considered, 
which is suboptimal from an economic standpoint.
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	y Increasing slenderness amplifies discrepancies between GM and the simplified 
methods, reaching approximately 84% to 100% for λ = 200.

	y It was demonstrated that NSM exhibits a stronger correlation with GM in the col-
umn with the lowest analysed slenderness λ = 123. At this point, the overestima-
tion was found to be approximately 20%.

	y The observed discrepancies underscore the necessity to develop engineering-level 
methods for the estimation of second-order moments in high-slenderness col-
umns, which are extensively used in contemporary industrial building design.
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1. Introduction

Cast-on-site joints between precast prestressed hollow core (HC) slabs forming entire 
floors allow cooperation between unevenly loaded individual units loaded vertically 
by point loads. Due to this, the bending moment in directly loaded slab can be sig-
nificantly decreased allowing more economical design. The European Standard 
EN 1168 [1] provides load distribution graphs based upon which mentioned phe-
nomenon can be taken into account. Previous works regarding this subject [2–4] 
highlighted that the above mentioned standard can provide questionable results 
which, due to the lack of sufficient experimental data, was until now difficult to vali-
date. In this work, the authors analysed the distribution of flexural bending moments 
based on measurements performed during novel experiments on three full scale hol-
low core floors. 

2. Experiments on full scale hollow core floors

Each experiment consisted of six identical HC slabs, in which three types of hollow 
core slabs were used, different in each floor, and a constant span-to depth ratio was 
kept in each experiment. Table 1 summarizes the geometry of each floor, Figure 1 
presents its scheme.
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TABLE 1. Geometry of each floor experiment

Floor HC Cross-section Span  
L [m]

Depth 
H [m]

1 4.44 0.15

2 9.44 0.32

3 14.95 0.50

FIG. 1. Scheme of the experimental setups

The slabs were interconnected by pre-cracked cast on site joints, supported 
through a neoprene layer on steel plates which rested through roller bars and load 
cells with spherical bearings on precast T-beams. Reinforced concrete tying beams 
were casted on supports and free edges. Point loads were applied in several loading 
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cycles in two locations, denoted as P1 and P2, see Fig. 1. Constant measurements 
of applied force, reaction force on one support, displacements and strains were per-
formed. The strain was measured by distributed fibre optic sensors (DFOS) glued 
to the top and bottom surface of the floor in both longitudinal and transverse direction.

3. Distribution of flexural bending moments

The DFOS measurements were used to obtain the bending moment diagrams. Knowing 
the slabs geometry and measured elasticity modulus, and assuming a linear elastic 
behaviour, peak bending moments were calculated. These were further used to obtain 
α factors indicating fraction of the total moment in the considered slab. Results are 
compared to EN 1168 by plotting them together with experimentally obtained val-
ues visible in Figures 2 and 3. 

FIG. 2. Bending moment distribution – P1



96

FIG. 3. Bending moment distribution – P2

4. Conclusions
The obtained experimental data shows, in line with EN 1168, that the bending moment 
distribution improves with the distance from the free edge and is strongly correlated 
with a floor’s span. In contrary to code provisions, more than 5 elements can be con-
sidered in the floor analysis. The contribution of a 6-th element is limited in case of P1 
but visible in P2. The experiments provide evidence that code provisions can lead 
to overestimated flexural bending moment distribution.
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1. Introduction
The design and construction of sunk wells for civil and environmental infrastructure 
projects –such as stormwater systems, tunnels, and foundations – demand a careful 
assessment of interactions between structural elements [1, 2] and the surrounding 
ground environment. These challenges are amplified when construction is conducted 
in heterogeneous or saturated soils [6–8]. Unpredictable soil reactions, buoyancy 
effects, and uneven stress distributions can compromise the sunk well’s structural 
integrity if not adequately addressed. While full-scale field testing is rarely feasible 
in the early design stages, numerical modeling offers a powerful tool for simulating 
performance under variable loading and environmental conditions.

In practical engineering, it is rarely feasible to assess all possible geotechnical sce-
narios through field testing [4]. Instead, numerical simulations offer a valuable tool 
[3, 5] to test multiple design configurations, evaluate risk factors, and identify vul-
nerable loading conditions that may result in structural failure. In the case of sunk 
well construction, it is particularly important to understand how different depths, 
groundwater levels, and surrounding soil compositions influence internal stress dis-
tributions in the sunk well.

2. Methods and materials

This study investigates the behavior during lowering of a reinforced concrete sunk well 
during lowering under diverse soil conditions using a custom-built axisymmetric finite 
element model implemented in MATLAB. The sunk well, with an internal diameter 
of 6 meters, a depth of 6 meters, and a wall thickness of 30 cm, is reinforced on both 
faces with a mesh of ϕ12 bars spaced every 15 cm. The model simulates the stepwise 
lowering of the sunk well into the ground. While the surrounding soil is not explic-
itly modeled using continuum mechanics, its effects are introduced through external 
loading: self-weight of the sunk well, lateral earth pressure, hydrostatic water pres-
sure (in selected cases), and frictional interaction along the sunk well-soil interface. 
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Several dozen configurations were evaluated, including dry and saturated condi-
tions, multi-layered soil profiles, and variations in groundwater levels. For each vari-
ant, lateral pressure and base uplift due to buoyancy were applied using analytical 
expressions. The mechanical response of the sunk well was analyzed at each depth 
increment, with focus on stress distributions and the identification of critical zones 
of tensile and compressive stresses. Particular attention was paid to the most unfa-
vorable configurations potentially leading to cracking or structural instability.

In the absence of an explicitly modeled soil continuum, the following formulas 
were used to define the loads:
	y lateral earth pressure (active): σh = Ka·γ·h 
	y base uplift pressure (in presence of groundwater): pw = γw·hw

	y frictional force on sunk well sidewall: Ff = µ·σν·Acontact 

Where:
	y γ is the unit weight of soil,
	y γw is the unit weight of water,
	y h is the current embedment depth,
	y hw is the water table level below the ground surface,
	y µ is the friction coefficient,
	y Ka is the active earth pressure coefficient.

Boundary conditions were adjusted dynamically during sunk well sinking, simu-
lating the progressive exposure to increased loading. Frictional forces and earth pres-
sure were applied as surface loads.

3. Preliminary findings

The most unfavorable stress states occurred in highly stratified soils with soft inter-
layers and high groundwater levels.

Dry, dense sand yielded the most favorable configurations in terms of uniform 
sunk well during lowering and low stress peaks.

Groundwater significantly contributed to uplift pressure, particularly in the initial 
stages of sunk well embedment, emphasizing the need for buoyancy-resistant design.

These findings provide valuable guidance for the design and execution of sunk 
well sinking projects in complex geotechnical settings.
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1. Introduction
There are at least two groups of composite surface girders. One of them includes lami-
nated shells and plates consisting of thin layers glued together with resins. The second 
group includes sandwich structures, in particular plates. They are structurally very 
diverse and much more complex than the laminated structures. The simplest sand-
wich structure consists of three connected homogeneous continuous layers. The outer 
layers are called ‘facings’ and the middle one is called ‘core’. 

It is emphasized that there is a wide variety of more complex sandwich struc-
tures in the literature and engineering applications. For example, the sandwich plates 
with laminated facings are more complex than their counterparts with homogene-
ous outer layers. The most complex sandwich structures have a discontinuous, cel-
lular or corrugated core. All classical sandwich structures are constructed accord-
ing to the fundamental idea that the facings are relatively thin and stiff in tension 
and the core is relatively thick and susceptible to stretching. 

The literature on sandwich structures and in particular on their modelling is very 
extensive. Here are mentioned some exemplary articles on the topic. Applications 
of sandwich plates and shells in various industries are outlined in the review 
papers [1–3]. Paper [4] presents a simple nonlocal, four-variable static model of bend-
ing of asymmetric sandwich plate with laminated facings, that satisfies the interlayer 
compatibility equations for displacements and stresses but neglects the transverse 
flexibility of the core. Articles [5, 6] are devoted to very complex sandwich struc-
tures with non-continuous, corrugated cores. In paper [7] the reader will find a the-
ory for asymmetric sandwich plate about its middle plane. This theory was obtained 
without the need of finding the location of the neutral surface in the sandwich plate, 
but it is formally very complicated. The theory in [7] is based on kinematic assump-
tions with seventeen unknown functions of in-plane spatial variables (x, y). Applying 
this theory we must solve seventeen partial differential equations. Paper [8] contains 
a dynamic model of sandwich plate with cellular re-entrant core. 
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An efficient two-variable, nonlocal static model of the asymmetric sandwich plate 
with laminate facings is scheduled for presentation during this AMCM 2025 confer-
ence. This model is based on the kinematic assumptions individual for each layer. 
These kinematic assumptions are similar but essentially different than those applied 
in paper [4]. This model can directly be applied for the static analysis and extended 
for dynamic analysis of the precast concrete sandwich panels (PCSP) that are widely 
applied in the building industry [3]. 

It is noted that the nonlocal model for the asymmetric sandwich plate, presented 
here, is much less complicated than the theory proposed in [7] for such a plate. The kin-
ematic assumptions in the model scheduled for the presentation within AMCM 2025 
contain only four unknown functions. However, the final statement of the problem 
considered here contains in fact only two unknown functions of the in-plane spatial 
variables (x, y), namely wb(x, y) and ws(x, y). Such reduction of the variables was pos-
sible due to a different approach than that in paper [4]. In the model presented here 
both warping and transverse flexibility of the core has been taken into account and all 
interlayer compatibility equations are satisfied. 

2. Basic details of the efficient static model 

The kinematic, geometric assumptions for the static model are as follows,
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Expressions (1), (2) determine displacements in directions x, y, z: (1) for two fac-
ings – subscripts f and k = 1, 2, and (2) for two parts (top and bottom) of the core – 
subscripts c and n = t, b, respectively. In expressions (1) all the functions of variables 
x, y are unknown. In expressions (2) the same unknown functions occur as in (1). 
Apart from that, the functions hn(z) in formula for uzcn contain four unknown con-
stants. Also the coefficients A1x, A3xn, A1y, A3yn, (n = t, b) are unknown. 

The model outlined above has been verified numerically, by comparisons of the pre-
dicted numerical results with results published elsewhere and obtained according 
to other models. Good agreement of the results compared has been observed. 
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3. Conclusion 
A novel approach for modelling of the asymmetric sandwich plate, which is much 
simpler than that proposed in paper [7], has been shown in this work. This approach 
essentially differs from that in paper [4] and enables the acquisition of the final state-
ment of the problem containing in fact two unknown functions of the in-plane spa-
tial variables (x, y), namely wb(x, y) and ws(x, y). 
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1. Introduction

Numerical analysis is increasingly used for refined assessment of structural members 
when full-scale testing is limited [1–4]. This study applies a previously developed finite-
element model [5] to investigate the shear behaviour of typical post-tensioned con-
crete (PC), precast crane girders removed after more than 50 years of exploitation [6]. 
The investigation concerned a similar type of structural member, with the same mod-
ular span of 6 m, but with a smaller cross-section, used for lower load-bearing capaci-
ties. Due to the limited number of real-scale test specimens, the validated numeri-
cal model was used to reproduce a prior experiment [6] and extend the parametric 
analysis and the assessment. Three load cases, diversified by the shear span-to-depth 
ratio (a/d) were analysed (Fig. 1) to validate against experimental results. Comparison 
of the experimental and numerical ultimate loads shows good consistency of numeri-
cal mapping of the corresponding test results, see Fig. 2.

FIG. 1. Modelled girder geometry, analysed load cases and corresponding experiments
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FIG. 2. Experimental ultimate transverse force versus numerical prediction

2. Transverse reinforcement parametric analysis
The study examined the effect of the transverse reinforcement ratio on shear capac-
ity and failure mode of the analysed PC girders. The stirrup ratio of reference models 
corresponded to the designed value of 0.56%. However, models with a reduced stirrup 
ratio (ρw = 0.28% – marked ') represented the actual, lower-than-expected transverse 
reinforcement ratio observed in real-scale tested girders. Figure 3 shows the load-
deflection curves of the conducted analyses. A comparison of the obtained capacity 
results, in terms of the shear span-to-depth ratio, is shown in Figure 4.

FIG. 3. Maximum transverse force versus maximum deflection
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FIG. 4. Ultimate transverse force as a function of shear a/d ratio

3. Brief discussion on results and findings

Results indicate that for the NP-4 series (low a/d), capacity is governed by shear-com-
pression failure and is only marginally affected by reduced stirrup ratio. On the other 
hand, the effect of the transverse reinforcement ratio on the load-bearing capacity 
is evident in the NP-1 and NP-3 series. Previously analysed girders [5] with the same 
span but greater depth, hence less slender members (l/d = 7.3), showed reduced 
sensitivity to transverse reinforcement deficiency. The failure modes of the beams 
reflected the bending and shear interaction, regardless of the stirrup ratio. However, 
the current analysis of more slender beams (l/d = 9.8) showed that the failure mode 
of the members directly relates to shear-tension (except NP-4 – low shear a/d ratio 
series). Also, the load-bearing capacity and behaviour of the beams are clearly depend-
ent on the transverse reinforcement ratio. Consistent observations result from cor-
responding experiments, where all members failed due to shear, even in the typical 
three-point bending static scheme (BP-3 beam). These findings inform assessment 
and rehabilitation strategies for long-service post-tensioned concrete precast girders.
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1. Introduction

As a result of World War II, approximately 64.5% of Polish industry nationwide was 
destroyed. According to post-war estimates, 14,000 out of 22,000 industrial facili-
ties were destroyed. In some branches, losses reached 90%. The 1950s and 1960s 
in Poland were a period of intensive rebuilding and industrial development, accom-
panied by a very high demand for hall-type industrial facilities. Technologies such 
as large-slab construction and cable post-tensioned concrete girders used for cover-
ing large-span halls originated in this period [1]. These technologies were an attempt 
to modernise and advance construction methods in post-war Poland.

Prestressed and post-tensioned structures require particularly careful workman-
ship and good quality materials, and this was not always the case in post-war Poland. 
At the same time, problems with improper maintenance of industrial halls during 
their exploitation were reported [2]. Ultimately, in the 1970s, the use of this type 
of construction solution was banned. 

The main problems identified during inspections of industrial halls with cable-con-
crete girders were the aforementioned poor workmanship and mounting, and above 
all, problems with their improper maintenance [2].

2. Measurements of the deflection 
of cable post-tensioned concrete girders

In the diagnosis of cable post-tensioned concrete grinders, an important issue 
is the assessment of the safety of their further use. The safety of a grinder depends 
mainly on the technical condition of the post-tensioning cable, which may lose its 
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load-bearing capacity during operation. Loss of load-bearing capacity may be the result 
of pitting corrosion of the post-tensioning cables or damage to the anchorage zones. 

The subject of analysis in this article are cable post-tensioned concrete girders 
type KBOS-24/66, which are the supporting structure of the roof of the POLMOS 
Bialystok industrial plant.

In the first instance, the anchoring zones of the girders were examined. No sig-
nificant abnormalities were found, so it was natural to move on to examining the con-
dition of the cables. At this point, the first problem arises: how to assess the actual 
technical condition of the cables? The great majority of experts in such cases use 
non-destructive testing, mainly consisting of deflection measurements. The tests are 
based on the assumption that a weakened cable (due to corrosion) will be signalled 
by an increase in the deflection of the entire girder. A nomogram (presented by Prof. 
L. Runkiewicz [4]) is often used as a criterion for assessing the condition of cables. 
It indicates the permissible increase in deflection of a cable post-tensioned concrete 
girder during its service life (Fig. 1). This approach is very useful and widely used.

Another problem arises at the stage of implementing measurement methods 
and interpreting results. In the analysed case, both geodetic methods and direct meas-
urement of the distance between metal benchmarks mounted on the floor of an indus-
trial hall and the lower surface of a cable post-tensioned concrete girder were used.

FIG. 1. Range of deflection increments of cable post-tensioned concrete girders [4]

As a result of many years of diagnostic monitoring, results were obtained 
in the form of changes in the deflection of cable post-tensioned concrete girders 
as a function of time. Example diagrams are shown in Fig. 2.
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FIG. 2. Example graphs of deflection changes over time [3]

Analysing the variability of deflections, it can be seen that some girders show 
the expected direction of deflection (downwards) and some show the opposite. 

The paper will present an analysis of the reasons for this history of deflection 
changes, mainly in terms of temperature effects.
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1. Introduction

Practical application of the stiffness-oriented design methods by the author is pre-
sented in this paper. Due to their closeness to reality these methods found wide accept-
ance in research, regulations and, most of all, in the complex engineering practice. 
To demonstrate the latter, a typical design task from the author’s activities is analysed 
in this paper. All the investigations are based on the book Statics of r/c Structures 
by the author. The investigations are based on generally accepted design methods 
by the author which found entrance into research work, standards and engineering 
practice.

2. Significants of tension forces

Tension forces are present in practically every concrete element. The phenomenon 
is due to the loss of hydration heat, concrete shrinkage and temperature drop which 
produces virtual shortening of the affected components. As soon as such actions 
are constrained by adjacent building cores or walls, tension forces are activated 
and through cracks can appear. Such cracks frequently impair the structure behav-
ior as follows:
	y ground water intrusion due to the loss of tightness,
	y large deflection due to the decrease of bending stiffness and
	y decrease of the shear bearing capacity due to the vertical shift within the crack. 

These facts indicate that tension forces should not be ignored in modern design.
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3. Floor slabs subjected to bending and tension forces
In floor slab areas located between stiff stairwells, tension forces are activated in addi-
tion to the regular bending moments induced by loads. This phenomenon is due to con-
strained slab shortenings caused by the loss of hydration heat, shrinkage and cooling. 
In such structure areas, cracking occurs and results in the drop of stiffness, redistribu-
tion of moments and drop of imposed moments and forces. In case of insufficient rein-
forcement, not tight through cracks form and large deflections arise. A corresponding 
case of a beam fixed to stair wells and subjected to cooling is analyzed in the paper.

In this spirit, the following beams are analyzed:
System	 Three span beam with fixed ends
Concrete	 Strength 25 MN/m2 or 50 MN/m2

Dimensions	 Span 3 x 7.80 m, height 0.20 m and 0.40 m
Actions	 Dead load and service load 

	Uniform temperature drop of 0 < ∆T < 20 K capturing cooling 
and shrinkage 

Reinforcement	 Determined conventionally without consideration of tension
Internal Forces	 Bending moments due to the external loads 
	 Tension forces imposed by cooling and fixation
Behavior criteria	 Steel stress above the support 	 σs < 400 MN/m2

	 Crack width above the support 	 wk < 0,30 mm
	 Compression zone above support	 xd > 50 mm
	 Deflection	 δ < 15 mm (l/500)

The most important findings result from the following three studies:
	y STUDY 1: Slender slab h = 0.20 m è Steep increase of deflections δ along with cool-

ing ∆Tm

	– Floors of low thickness 0.20 m and large span 7.80 m subjected to tension 
tend to high deflections.

	– The reason is formation of numerous cracks which successively decrease 
the slab stiffness.

	– This is especially the case at high concrete strength 50 MN/m2 which doesn’t 
matter after cracking.

	y STUDY 2: Compact slab h = 0.40 m è High increase of crack width w along 
with cooling ∆Tm

	– Floors of large thickness 0.40 m and low span 3.90 m subjected to tension 
tend to wide cracks.

	– The reason is the weak reinforcement designed for low moments and large 
internal lever arm.

	– This reinforcement is not in the position to bear the additional tension forces.
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	y STUDY 3: Compact slab h = 0.40 m è Decrease of the compr. zone xd along 
with cooling ∆Tm

	– Floors of large thickness 0.40 m and low span 3.90 m subjected to tension 
tend to through cracks.

	– The reason is low moments producing low eccentricity which leads to loss 
of xd. 

	– The wide separating cracks make the slab not tight and are not able to with-
stand shear forces.

4. Conclusions

Tension forces are activated in floor slab areas between stair wells due to the loss 
of hydration heat, shrinkage and sudden frost. The phenomenon changes unfavora-
bly the behavior of the structure: 
	y Slender slabs develop extreme deflections due to the large drop of the overall 

stiffness.
	y Compact slabs may lose the compression zones and therefore their tightness 

and shear bearing capacity.
	y Cracking results in redistribution of the load-bound and reduction of constraint-

bound moments.
	y Cracking causes large moment-reductions in lowly loaded, weakly reinforced 

and tensioned beams.
	y Extreme increase of deflections in highly loaded, weakly reinforced and tensioned 

beams.

All these examples prove that safe analysis of r/c structures is only possible if lon-
gitudinal tension and cracking are considered.
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1. Introduction

This study investigates the inf luence of steel fiber content and distribution 
on the mechanical behaviour of high-strength steel fiber-reinforced concrete (SFRHSC) 
to optimize the fiber dosage for structural applications. Unlike the traditional vol-
ume-based measure, the weight ratio of fiber is adopted in pursuit of a more precise 
measurement of fiber content [1]. We based our study on experimental data on fifteen 
concrete cylinders with 0–60 kg/m³ fiber content. The outcomes determine the opti-
mal 30 kg/m³ content, with improved compressive strength (85–90 MPa), improved 
ductility, increased Poisson's ratio, and enhanced energy dissipation capacity. The tests 
were complemented by simulations with the Lattice Discrete Particle Model (LDPM). 
The model parameters were initially calibrated with cube samples through uniaxial 
compression tests and verified with loading–unloading simulations. The model was 
calibrated and subsequently utilized to investigate the contribution of the fiber-driven 
cracking behaviour and the energy absorption for a range of strength grades. The cou-
pled experimental-numerical strategy offers insight into SFRHSC design for specified 
mechanical performance in challenging structural applications.

2. Results and discussion
2.1. Fiber content effect
Cylindrical specimens with 0–60 kg/m³ fiber ratios were tested. Both experiments 
and simulations showed significant improvements in ductility and energy dissipation 
up to 30 kg/m³, after which performance declined. Figure 1 compares load–strain 
curves for selected fiber ratios.
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2.2. Energy dissipation

Energy dissipated (W) was calculated from hysteresis loops. Table 1 shows close agree-
ment between experimental and simulated results, with minimal error at 30 kg/m³.

TABLE 1.	 Comparison of experimental and simulated energy dissipation

Fiber ratio (kg/m³) Exp. (kNm/m) Sim. (kNm/m) Error %

0 0 0.19
20 1.08 0.83 22
30 1.89 1.71 9
40 1.63 1.44 12
60 0.31 0.82 62

2.3. Crack behavior
Simulations revealed distributed micro-cracks at 20–30 kg/m³, leading to higher energy 
dissipation. At higher contents, fiber clumping caused localized cracking and reduced 
ductility (see Fig. 1).

FIG. 1. Total crack opening values and patterns: a) 20 FWR, b) 30 FWR, c) 40 FWR, d) 60 FWR

2.4. Compressive strength effect
Simulations of 120 MPa concrete confirmed that 30 kg/m³ remained optimal, though 
higher strength mitigated the negative effect of excessive fiber contents.
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3. Conclusions 
	y FRHSC cylinders achieve optimal ductility and energy dissipation at 30 kg/m³ 

fiber content.
	y LDPM simulations reproduced experimental findings, providing insight into crack 

propagation and fiber pull-out mechanisms.
	y Excessive fiber contents (>40 kg/m³) reduce ductility due to clumping and matrix 

saturation.
	y Higher compressive strength moderates the loss of ductility at elevated fiber ratios 

but does not shift the optimal value.

This combined experimental–numerical approach supports rational optimization 
of FRHSC for advanced structural applications.

References
1.	 Holschemacher, K., Iskhakov, I., Ribakov, Y., & Mueller, T. (2012). Laboratory tests of two-lay-

er beams consisting of normal and fibered high-strength concrete: Ductility and technologi-
cal aspects. Mechanics of Advanced Materials and Structures, 19(7), 513–522. https://doi.org/ 
10.1080/15376494.2011.556840



117

Impact of basalt minibars 
on the structural performance 
of BFRP bar reinforced concrete beams

Abel A. Belay, Marta Kosior-Kazberuk, Julita Krassowska 
Bialystok University of Technology, Poland, abel.belay@sd.pb.edu.pl

Keywords: basalt minibars, BFRP bars, concrete beams, deflection 

1. Introduction

BFRP bar reinforced concrete beams are now considered a promising alternative 
to conventional steel-reinforced beams, particularly in corrosive environments, 
owing to their excellent tensile strength, low density, and superior chemical resist-
ance. Numerous studies have investigated their structural behavior, examining load-
bearing capacity, deflection response, cracking patterns, and failure modes [1, 2, 3].

Despite these advantages, BFRP bars have a significantly lower modulus of elas-
ticity compared to steel. This leads to notably higher deflections in reinforced con-
crete beams. For instance, Kosior-Kazberuk [3] reported deflections that were three 
to four times greater than those observed in steel-reinforced counterparts, a finding 
supported by other researchers [4, 5].

To address this serviceability concern, the aim of the present research is to inves-
tigate the effect of incorporating basalt minibars into concrete beams reinforced 
with BFRP bars. The study focuses on enhancing the mechanical performance 
and compares the results with beams reinforced solely with BFRP bars and with con-
ventional steel reinforcement.

2. Materials

Two concrete mixtures were prepared: standard concrete and concrete modified 
with 3.5 kg/m³ of basalt minibars (50 mm long, 1 mm in diameter). Both mixes con-
tained 320 kg/m³ of cement, a water-to-cement ratio of 0.5, 732 kg/m³ of fine aggre-
gate (≤2 mm), and 1203 kg/m³ of coarse aggregate (≤8 mm). Additionally, 3.2 kg/m³ 
of superplasticizer was added to improve workability.

To assess mechanical performance, compressive strength tests were carried out 
in accordance with EN 12390-3:2009, while tensile strength was measured follow-
ing EN 12390-5:2019. The modulus of elasticity was determined using cylindrical 
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specimens per EN 12390-13:2013. The results, including average values, standard 
deviations, and coefficients of variation (CV), are summarized in Table 1

TABLE 1. Mechanical properties comparison of concrete with 3.5 kg/m³ basalt minibars and reg-
ular concrete

Property Concrete w/Minibars Regular concrete %Difference 
(Increase)

Compressive strength (MPa) 63.18 ± 3.35 (CV: 5.3%) 59.66 ± 1.98 (CV: 3.32%) +5.91%
Flexural strength (MPa) 6.28 ± 0.50 (CV: 7.96%) 3.06 ± 0.05 (CV: 1.63%) +105.23%
Elastic Modulus (GPa) 47.36 ± 2.83 (CV: 5.97%) 33.53 ± 0.39 (CV: 1.16%) +41.23%

For longitudinal reinforcement, 6 mm diameter steel and BFRP bars were used.

3. Experimental program

This study examines the ultimate load capacity, failure modes, cracking behavior, 
and deflection of reinforced concrete beams. Five beams (80 × 120 × 1100 mm) were 
tested: two with steel reinforcement (STL-1, STL-2), two with BFRP bars and regu-
lar concrete (BFP-1, BFP-2), and one with BFRP bars and basalt minibar concrete 
(BFMB3.5).

All beams were tested under two-point bending, starting from a 0 kN preload 
and increasing in 2 kN steps using a hydraulic cylinder controlled by a PZA machine. 
Midspan deflection was measured with Megatron-Munchen inductive sensors, 
and crack patterns were documented through image analysis. Data on load capacity, 
deflection, and cracking were recorded.

4. Results

The following table 2 summarizes the test results. It includes load of initial crack, max-
imum deflection, ultimate load bearing capacity and failure modes of the specimens. 

TABLE 2. Test results

Beam 
notations

b 
(mm)

D 
(mm)

No. ø 
diameter 

(mm)
(kN)  (kN)

Max. 
Deflection 

(mm)

Failure 
mode

STL-1 80 120 4 ø6 8 20 4.76 Flexural
STL-2 80 120 4 ø6 10 21.8 4.65 Flexural 
BFP-1 80 120 4 ø6 2 26.3 16.71 Flexural
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Beam 
notations

b 
(mm)

D 
(mm)

No. ø 
diameter 

(mm)
(kN)  (kN)

Max. 
Deflection 

(mm)

Failure 
mode

BFP-2 80 120 4 ø6 2 30.5 21.50 Flexural
BFMB3.5 80 120 4 ø6 8 34 9.08 FRP rupture

where, b = width, D = depth, Pcr = Load where crack initiated, P = maximum load

5. Conclusion
The study observed that BFRP bar-reinforced concrete beams exhibited a 35.88% higher 
ultimate load capacity compared to steel-reinforced beams. When basalt minibars were 
added, the BFRP-reinforced beams achieved a 62.67% increase over steel-reinforced 
beams and a 19.7% increase over BFRP beams with regular concrete. Additionally, 
the inclusion of basalt minibars reduced the maximum deflection by 47.5% com-
pared to BFRP-reinforced beams without minibars. While early crack formation was 
observed in beams with BFRP bars alone, the addition of basalt minibars effectively 
delayed crack initiation.
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1. Introduction
The construction sector heavily depends on ordinary Portland cement (OPC), whose 
production exceeds 4 Gt annually and contributes significantly to global CO2 emis-
sions. To mitigate this impact, alkali-activated materials (AAMs) such as fly ash (FA) 
and coal mining tailings (CMT) have been investigated as sustainable alternatives. 
At the same time, the rapid growth of shellfish farming generates large volumes of shell 
waste, which pose environmental concerns but can be valorized as aggregates in con-
crete. The present study explores the production of pervious paving blocks using FA 
and CMT binders, with 50% and 100% replacement of natural sand by Acanthocardia 
tuberculata seashells and evaluates the effects of accelerated CO2 curing on strength, 
durability, and permeability.

2. Materials and methods

FA was collected from the Sines power plant and CMT from the Pozo San José mine 
in Spain, both processed to suitable particle sizes and densities for use as bind-
ers. Acanthocardia tuberculata seashells were sourced from the canning industry 
and ground to sand-sized particles. The alkali activator consisted of sodium sili-
cate solution combined with NaOH pellets, with borax and a water-reducing admix-
ture (WRA). A preliminary study identified a 50%FA-50%CMT blend as the optimal 
binder, with a water-to-binder ratio of 0.3 and a SiO2/Na2O ratio of 0.75. Based on this, 
two experimental mixes were prepared: one with 50% substitution of natural sand 
by seashell sand and another with 100% replacement. Table 1 details the composi-
tion of each mix produced. 
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TABLE 1. Mix composition of blocks with varying sand replacement ratios (kg/m3)

Materials 0%SS 50%SS 100%SS

FA 120.0 120.0 120.0
CMT 120.0 120.0 120.0
Water 18.7 18.7 18.7
WRA 2.4 2.4 2.4
Borax 9.6 9.6 9.6
Natural sand 500.0 250.0 –
Sand-gravel 900.0 900.0 900.0
Gravel 800.0 800.0 800.0
Seashell aggregate – 259.5 519.1
NaOH 28.3 28.3 28.3
Na2SiO3 solution 81.8 81.8 81.8

3. Results and discussion 
Mechanical results (Fig. 1) show that carbonation significantly enhanced the perfor-
mance of all block mixtures. After 7 days of CO2 exposure, splitting tensile strength 
increase by 45% in the reference blocks (0%SS), 48% in the 50%SS replacement, and up 
to 60% when using natural sand in 100%SS. Similarly, compressive strength increased 
by 24%, 30%, and 27%, respectively. These improvements are attributed to the forma-
tion of carbonates and gel N-A-S-H within the pore structure, which promote densi-
fication and better inter-particle bonding.

a) 	 b)

FIG. 1. a) Compressive and b) splitting tensile strengths results of non-carbonated (control) 
and blocks carbonated for different periods
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Durability indicators also improved. Abrasion resistance, measured by mass loss, 
decreased from around 13% in non-carbonated samples to about 6% after 7 days 
of CO2 curing. 

a) 	 b)

FIG. 2. Abrasion resistance results of carbonated and non-carbonated blocks showing 
a) the mean loss in mass after 16 cycles and b) the mean loss in specimen volume ∆V

4. Conclusions
Coal mining tailings still require refinement before they can be effectively used as bind-
ers in the production of alkali-activated concrete. However, when mixed with fly ash, 
this precursor demonstrates satisfactory performance for use in precast non-structural 
pervious blocks. The results confirm that accelerated carbonation not only enhances 
mechanical strength but also improves durability parameters. On the other hand, 
the use of shell aggregates has proven to be a sustainable alternative to natural sand.
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1. Introduction
Mechanical and durability characteristics of cementitious composites are strongly 
governed by microstructural features, in particular total porosity and pore size distri-
bution [1]. Previous research has mainly focused on the role of pore structure in frost 
resistance, while comprehensive studies linking porosity to mechanical and thermal 
properties remain limited [2], [3]. 

To address this gap, an experimental program was conducted on 12 mixtures 
with varying water-to-cement ratios and different proportions of natural and light-
weight aggregates (0%, 50%, 100%), including sintered fly ash and foamed glass. 
A image-based method was applied to evaluate porosity and pore distribution, ena-
bling direct correlation with water transport in the capillary zone, thermal conduc-
tivity, elastic modulus, and compressive strength. The aim of this study is to demon-
strate how porosity characteristics can be used to predict and tailor the performance 
of cementitious composites.

2. Materials and methods

Cement CEM III/A 42.5N was used. Natural aggregate was used: sand (0–4 mm), 
gravel (2–8 mm), lightweight aggregate: granulated foamed glass (GA) (0–4 mm) 
and sintered fly ash aggregate (AA) (2–8 mm). A polycarboxylate-based superplas-
ticizer (PCE) was added at dosages ranging from 0.55% to 1.0% of the binder mass 
to ensure proper workability and water-to-cement ratio: 0.40, 0.45, 0.50, and 0.55. 
Detailed mixture proportions are presented in Table 1.
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TABLE 1. The detailed mix proportions

Mix No. W/C Cement 
(kg)

Water 
(kg)

Sand 
0–4 mm 

(kg)

CA 2–8 
mm (kg)

GA0–4 
mm (kg)

AA 2–8 
mm (kg)

Adm. 
PCE 

(%c.c.)

1 0.4 400 160 942 942 – – 1
2 0.45 400 180 916 916 – – 0,85
3 0.5 400 200 889 889 – – 0,7
4 0.55 400 220 863 863 – – 0,55
5 0.4 400 160 – 942 196 – 1
6 0.45 400 180 – 916 190 – 0,85
7 0.5 400 200 – 889 185 – 0,7
8 0.55 400 220 – 863 179 – 0,55
9 0.4 400 160 – – 196 480 1
10 0.45 400 180 – – 190 466 0,85
11 0.5 400 200 – – 185 453 0,7
12 0.55 400 220 – – 179 439 0,55

Composite mixtures were prepared using standard mixing procedures. Samples 
were made for testing. After 28 days of curing, compressive strength tests were con-
ducted according to EN 12390-3, while testing of modulus of elasticity was conducted 
according to EN 12390-13, and thermal conductivity tests were preformed accord-
ing to EN 12664. All tests were performed in triplicate, and the average values were 
reported. The structure was analyzed using a digital microscope equipped with a spe-
cialized optical head. Porosity, pore structure and pore distribution were evaluated 
using image analysis. This method allowed quantification of pore size distribution 
and spatial arrangement, enabling correlation with water transport in the capillary 
zone, thermal conductivity, elastic modulus, and compressive strength.

3. Results

The incorporation of foamed glass aggregate (GA) increased total porosity, particularly 
the fraction of closed pores, which improved thermal insulation by reducing effective 
heat transfer through the composites. Mixtures with a higher share of pores below 
300 μm showed limited capillary water transport, indicating the importance of pore 
size distribution in durability-related behavior.

Compressive strength after 28 days ranged up to 40 MPa, depending on w/c ratio 
and aggregate type, with 50% replacement by GA providing the best balance between 
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density reduction and strength. Elastic modulus values decreased with increasing 
porosity, from 42 GPa for natural aggregate mixtures to 7–9 GPa for full lightweight 
aggregate replacement, confirming the strong link between pore structure and stiffness.

a)

b)

FIG. 1. Properties of cement composities

4. Conlussion
Image analysis confirmed that pore size distribution, particularly the fraction of pores 
smaller than 300 μm, significantly influences the reduction of capillary water transport. 
A higher content of closed pores enhanced thermal insulation while simultaneously 
reducing the stiffness of the composites. The results demonstrate that both the w/c 
ratio and the amount of lightweight aggregate govern the microstructure, and conse-
quently thermal conductivity, modulus of elasticity and compressive strength.
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1. Introduction
The construction industry is one of the main contributors to global CO2 emissions 
due to the extensive use of ordinary Portland cement (OPC), which can release 
up to 1 tonne of CO2 per tonne produced [1]. Alkali-activated materials (AAM) derived 
from industrial by-products, such as fly ash and slag, have emerged as low-carbon 
alternatives that align with circular economy principles [2].

Accelerated carbonation curing (ACC) has gained attention as a method to improve 
the performance of AAM while capturing CO2 within the material matrix [3]. Its effec-
tiveness depends largely on the chemical composition and reactivity of the precursor, 
particularly its CaO content.

Pervious concrete is widely used in sustainable urban drainage systems but typi-
cally presents limitations in strength and long-term durability [4]. This study explores 
the application of ACC to alkali-activated pervious paving blocks to enhance mechan-
ical and physical properties while contributing to carbon mitigation. Mechanical 
performance was evaluated according to EN 1338, and water absorption, dry den-
sity and porosity were measured following UNE 83980:2014. Infiltration capacity 
was assessed using an adaptation of ASTM C1701/C1701M-09.

2. Materials and methods 

Fly ash from a Portuguese power plant was used as precursor, combined with natu-
ral limestone aggregates (sand, fine gravel, coarse gravel). An alkaline activator based 
on sodium silicate and sodium hydroxide was employed, with borax as a set retarder. 
Blocks (200 × 100 × 60 mm3) were produced and cured in three stages: (i) thermal 
curing at 70°C for 24 h, (ii) dry curing at 20 °C and 65% RH, and (iii) accelerated car-
bonation at 5% CO2, 23°C, and 60% RH for up to 7 days. Performance was assessed 
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following EN 1338 and UNE 83980 standards, including compressive and tensile 
strength, abrasion, porosity, water absorption, and infiltration tests.

TABLE 1. Mix formulation (kg/m3)

Materials FA Water Borax NS FG CG NaOH Na2SiO3 solution

Content 240 18.7 9.6 500 900 800 28.3 81.1

3. Results and discussion
Accelerated carbonation curing significantly enhanced the performance of the pav-
ing blocks. After 7 days of CO2 curing, compressive strength increased by over 30% 
(from 27.4 MPa to 36.6 MPa), while splitting tensile strength improved by nearly 60% 
(from 3.9 MPa to 6.3 MPa). Abrasion resistance was also improved, with mass loss 
reduced from 8.2% in control specimens to 5.6% in carbonated ones.
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FIG. 1. Compressive (a), splitting tensile (b) strength and average loss in mass results of the non-
carbonated (control) and carbonated blocks at different CO2 curing ages
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After 7 days of CO2 curing, dry bulk density rose from 2.15 to 2.20 g/cm3 (+2.3%), 
while water absorption decreased from 6.5% to 6.3% (≈4%) and porosity from 14.0% 
to 12.9% (≈8.4%), confirming the densification effect of carbonation.

4. Conclusions

This study demonstrates the feasibility of manufacturing alkali-activated pervious 
paving blocks cured by accelerated carbonation. The process improved mechanical 
strength, abrasion resistance, density, and reduced porosity and absorption. The results 
confirm the potential of ACC as a sustainable technology for precast pervious ele-
ments, combining CO2 sequestration with enhanced performance.
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1. Introduction

Two-stage concrete, also known as preplaced aggregate concrete (PAC), is a construc-
tion method where coarse aggregates are first packed into the formwork, and then 
a flowable grout is injected to fill the voids between the aggregates [1]. This technique 
offers benefits such as reduced shrinkage, better control of coarse aggregate distribu-
tion, and improved mechanical properties, making it especially valuable for special-
ized applications like underwater or repair works [2].

In the construction industry, the drive toward sustainability has led to innova-
tions in reducing cement content, a major contributor to CO₂ emissions [3]. This 
study focuses on the development of grout mixtures for two-stage concrete by par-
tially replacing cement with fly ash and incorporating calcium nitrate (Ca(NO₃)₂) 
as an additive.

 Notably, the sand used in all mixes is 100% recycled sand sourced from demoli-
tion waste, further enhancing the environmental benefits. The objective is to assess 
how calcium nitrate affects the mechanical performance – particularly compressive 
and flexural strength – of grout when used alongside fly ash.

2. Materials and methods

A total of eight grout mix designs were developed for use in two-stage concrete. 
All mixes used 100% recycled sand obtained from processed demolition waste 
as the fine aggregate, supporting the sustainability goals of the study. The binders 
included ordinary Portland cement (OPC) partially replaced with fly ash at varying 
percentages, aiming to reduce the overall cement content and lower the environmen-
tal footprint.
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Calcium nitrate was added at dosages ranging from 0% to 5% by binder weight 
to evaluate its effect on early-age strength. Water-to-binder (w/b) ratios were kept 
constant across the mixes to ensure comparability. The detailed mix proportions, 
including quantities of cement, fly ash, calcium nitrate, water, and recycled sand, are 
provided in Table 1.

The fresh grout mixtures were prepared using standard mixing procedures and cast 
into molds for mechanical testing. After 7 days of curing, compressive strength tests 
were conducted according to EN 12390-3, while flexural strength was evaluated using 
EN 12390-5 standards. All tests were performed in triplicate, and the average values 
were reported.

TABLE 1. The detailed mix proportions

Mix 
No. F/C Cement 

(kg)
Fly Ash 

(kg)
Ca(NO3)2 

(gr)
Ca(NO3)2 

(%) Water (kg) Sand (kg)

1 15% 2.040 0.360 72.00 3% 1.104 2.496
2 25% 1.800 0.600 72.00 3% 1.104 2.321
3 35% 1.560 0.840 72.00 3% 1.104 2.216
4 25% 1.800 0.600 96.00 4% 1.080 2.264
5 15% 2.040 0.360 96.00 4% 1.080 2.369
6 25% 1.800 0.600 120.00 5% 1.056 2.220
7 25% 1.800 0.600 0.00 0% 1.176 2.438
8 15% 2.040 0.360 0.00 0% 1.176 2.543

3. Results and discussions
The compressive strength results ranged from 20.43 MPa to 33.81 MPa, while flexural 
strength varied between 4.32 MPa and 5.70 MPa at 7 days. Mixes with 3–4% calcium 
nitrate showed improved strengths compared to the reference mix without calcium 
nitrate, indicating its beneficial effect on early-age strength development. However, 
excessive calcium nitrate (5%) did not significantly enhance performance, suggesting 
an optimal dosage threshold. The results also confirmed that partial cement replace-
ment with fly ash is feasible without compromising mechanical properties, aligning 
with sustainability goals.
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FIG. 1. Compressive strength (MPa) of grout mixes at 7 days

4. Conlussion

The study demonstrates that using calcium nitrate at optimal dosages (around 3–4%) 
in combination with fly ash effectively reduces cement demand while maintaining 
or improving early-age mechanical performance in grout for two-stage concrete. 
These findings support the development of more sustainable grout formulations for 
structural applications.
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1. Introduction
Micro-cracking reduces the service life of reinforced concrete by increasing the speed 
of chloride intrusion and steel corrosion. Recent bio-based strategies incorporate cur-
ing agents that will release CaCO3 when cracks form, but the majority of them utilize 
synthetic polymers [1, 2]. Chitin – a renewable polysaccharide in abundance, found 
in marine waste – is a low-carbon option with biocompatibility. Calcium-alginate-
chitin (Bio – CACH) capsules ~5.5 x 3 mm are fabricated and the effect on the mechan-
ical strength is assessed. The capsule formulation (w/w) contains sodium alginate, 
water, Triton-X 1%, chitin (Fig. 1), and sunflower oil that is dripped in a CaCl2 solu-
tion at pH 7.77 (Fig. 4) as per ISO 10523 (Table 1). These capsules are used in concrete 
with the help of a portable mixer with the aim to increase the strength and increase 
the working life of reinforced concrete buildings, concrete specified and manufac-
tured to EN 206 [3] were homogenised and CEM I 42.5R, water-to-binder ratio 0.50 
and sand / aggregate were used. Eurocode 2 (EN 1992-1-1) micro-cracking reduces 
durability through the promotion of chloride ingress and reinforcement corrosion 
and therefore reduces the design working life in Eurocode 0 (EN 1990). Chitin sea 
waste polysaccharide is a renewable source of low-carbon alternative. The application 
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of biodegradable, completely bio-based capsules correspond to the goals of sustain-
ability as it helps to reuse the biomass of waste (chitin) and reduces the use of syn-
thetic materials.

Aqueous phase (wt.%): sodium alginate + water + TritonX (nonionic surfactant) 
1.0 + chitin + oil 12.0

TABLE 1. Physical properties of Bio –CACH capsules (n = 50)

Property Mean ± SD Test method

Equivalent diameter (mm) ~5.5 ± 0.3 Optical Microscopes
Aspect ratio (–) 1.8 ± 0.1 Scanning Electron Microscopes SEM
pH of dispersion (–) 7.77 ISO 10523

Testing programme 
	y Compressive strength ascertained to EN 12390 3 [4] (Fig. 2 setup).
	y Strength calculated as:

	 fc = Pmax	 (1)

where fc is compressive strength (MPa), Pmax is peak load (N) and A is loaded 
area (mm2). Eurocode 2 definitions and notations are followed [5].

1.1. Sustainability considerations and planned healing  
and durability metrics (ongoing)

Pre cracking of prism/beam and wet-dry conditions; measurement of crack closure, 
water permeability and the recovery of strength in accordance with RILEM TC 221-SHC 
collection and literature on microbial precipitation. Bio – CACH (Fig. 3) enhances 
the sustainability profile by (i) utilising shellfish waste to valorise chitin [1]; (ii) using 
algae waste to make alginate [2]; and (iii) aiming at reduced maintenance through 
autonomous repair of cracks that can reduce life-cycle emissions by extending life span.

1.2. Eurocode-compliant strength 
Compression strength of ~30 MPa was used as reference and Bio – CACH had a com-
pression strength of ~28 MPa. The ~2 MPa decrease is relatively small and in line 
with capsule-based concretes. The next steps (in progress) refer to EN congruent 
durability test following: pre cracking of beams/prisms, wet dry test, quantification 
of crack closure, and transport test to vindicate service life improvement of Eurocode 
congruent designs (EN 1990, EN 1992 1 1).	
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FIG. 1. Chitin feedstock used in capsule formulation (biowaste valorisation and sustainability)

FIG. 2. Compressive strength test on a 100 mm cube (EN 123903)

FIG. 3. BioCACH capsules after synthesis and storage (hydrated bulk)

FIG. 4. pH meter 
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1. Introduction
In modern structural engineering, steel-concrete composite beams are vital, com-
bining steel’s tensile strength with concrete’s compressive capacity. Web openings 
are often added to these beams to allow utilities such as HVAC ducts and electri-
cal conduits to pass through, serving practical needs but potentially significantly 
affecting their structural performance. These composite beams integrate steel’s ten-
sile strength with concrete slabs’ compressive strength through shear connectors, 
leveraging the strengths of both materials. This leads to members with enhanced 
load-bearing capacity, stiffness, and ductility. Thanks to their efficiency and cost 
advantages, including improved bearing capacity, stiffness, seismic performance, fire 
resistance, and durability [1–3], such systems are widely used in modern construc-
tion. They are especially common in long-span and high-rise buildings to reduce 
height and costs [4–7].

The goal of this study is to identify critical factors affecting performance 
and to develop strategies to enhance both the strength and ductility of composite beams 
with web openings through nonlinear finite element analysis, focusing on the effects 
of concrete flange thickness, reinforcement ratios, and opening sizes on structural 
behavior.

2. Properties and specimen details

A finite element analysis with ATENA Science was performed to examine the stress 
behavior of steel–concrete composite beams with web openings. In total, 10 speci-
mens labeled CB1-CB10 were modeled; CB1, the control specimen, had no openings. 
The other nine beams featured different opening configurations. The study focused 
on variables such as the thickness of the concrete flange plate, the reinforcement ratio, 
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and the opening sizes. All specimens were designed to ensure full shear connection. 
Figures 1 show the geometric details. 

a)

b)

FIG. 1. a) Geometrical sizes of the specimen; b) Cross-section of the specimen

3. Finite element analysis model
A three-dimensional nonlinear finite-element model was created using ATENA Science 
to simulate the combined steel–concrete behavior in composite beams with web open-
ings. This model employs different element types for concrete, reinforcement, steel 
profiles, and shear connectors, each chosen to model cracking, yielding, and interface 
slip accurately. Exploiting symmetry, only half of the beam section was modeled. Mesh 
refinement was applied locally around openings to capture high stress gradients with-
out excessively increasing the global element count. Rigid bearing plates (stiffeners) 
were placed at load and support points to prevent local convergence issues, as shown 
in Figure 2. The analysis employed force-controlled loading, a displacement-based 
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convergence criterion, von Mises yield checks for steel, and the Newton–Raphson 
nonlinear solver in ATENA.

FIG. 2. A typical finite element model simulation

4. Conclusion
Introducing web openings in steel-concrete composite beams significantly reduces 
their load-bearing capacity and stiffness. Moreover, these modifications negatively 
impact the beams’ deformation ability. Finite element analyses using ATENA Science 
on nine composite beam specimens with web openings show that the concrete slab 
above the opening supports between 40% and 69% of the total sectional shear force. 
This highlights the concrete slab’s important role in resisting vertical shear in beams 
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with web openings. Increasing the thickness of the concrete slab effectively enhances 
the load-bearing capacity of composite beams with web openings. This improvement 
is due to the increased shear resistance of the thicker slab. However, this change does 
not significantly affect the beams’ deformation capacity. Increasing the reinforce-
ment ratio within the concrete slab results in modest improvements in both load-
bearing capacity and stiffness of the composite beam, but the most significant benefit 
is an increase in the beam’s deformation capacity.

This comprehensive analysis, facilitated by ATENA Science, offers valuable insights 
into the structural behavior of steel-concrete composite beams with web openings, 
highlighting the key factors that influence their performance.
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1. Introduction
This work introduces a new type of cement mortar incorporating recycled polymer 
aggregate, offering improved impermeability, elasticity, and lightness. The use of recy-
cled polymer from electrical cable waste helps address the growing demand for sus-
tainable construction materials while reducing environmental impact. The polymeric 
aggregate replaces part of the traditional sand, enhancing the mortar’s properties 
without compromising its structural viability [1].

This mortar is especially suited for floor screeds and the creation of slopes in flat 
roofs, where lightweight and moisture resistance are crucial [2]. The inclusion of recy-
cled materials not only reduces waste but also aligns with the principles of the circular 
economy, contributing to more sustainable construction practices [3]. The research 
focuses on balancing mechanical performance and environmental benefits, aiming 
to create a material that meets current standards and promotes eco-friendly con-
struction [4].

2. Materials and methods

The mortar of this invention consists of Portland cement CEM II/B-L 32.5 N, potable 
water from the Canal de Isabel II, standardized river sand (sieve ≤4 mm), and polymer 
aggregate in flake form with a maximum size of 3 mm, derived from the recycling 
of electrical cables (mostly polyethylene, polypropylene, and PVC).
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The mass ratio is 1:3:0.7 (cement:total aggregate:water). The percentage of polymer 
aggregate varies between 25% and 55% of the total aggregate volume, with 35% being 
the optimal value. The manufacturing process follows the steps outlined in UNE-EN 
1015-2 for preparing specimens: initial mixing of cement and polymer waste (15–20 s), 
addition of water (30 s at low speed), incorporation of sand (60 s), and pouring into 
molds in two stages. The specimens cure for 28 days in a humid chamber at 20°C 
and 95% relative humidity before testing (Figure 1).

   
FIG. 1. Sustainable mortar mixing process. Standardized mold (40x40x160 cm) placed in a humid 
chamber

3. Results and discussion
The mortar with polymer aggregate exhibits an apparent density ranging from 1.91 
to 1.565 g/cm³ (a 10–27% decrease compared to conventional mortar), with Shore 
D hardness between 60 and 73. Its flexural strength varies from 4.3 to 3.1 MPa 
and compressive strength from 12.5 to 6.7 MPa, in compliance with UNE-EN 998-1. 
The static Young’s modulus decreases by up to 72%, indicating greater elasticity 
(from 2,566 MPa to 1,300 MPa). Capillary absorption decreases by 44–72% (as low 
as 0.13 Kg/m²·min^0.5), and the entrained air content increases by up to 14%, improv-
ing waterproofing and reducing cracking.

4. Conclusions

The addition of recycled polymer waste significantly improves the mortar’s perfor-
mance in terms of moisture resistance and reduces the material’s stiffness, mak-
ing it more elastic. The reductions in density and water absorption favor its use 
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in applications such as floor screeds and roofs, where lightness and waterproofing are 
required. Despite a partial loss in mechanical strength, the formulations meet the regu-
latory requirements, validating their immediate industrial application. This mortar rep-
resents a sustainable and technically feasible solution within the construction industry.
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1. Introduction
Within the European Union steel consumption fell by 4.5% in two years, while energy 
and fuel costs raised construction prices by over 13% annually [1]. FRP bars thus rep-
resent a more sustainable alternative to steel. Bond between reinforcement and con-
crete is key for durability, influenced by bar surface, concrete quality, and environment. 
Strong adhesion improves load transfer and limits cracking, while poor bond reduces 
capacity. Studies show larger GFRP bars lose up to 16% strength [2], sand coatings 
improve bond [3], and higher temperature weakens it [4]. Stronger concrete enhances 
adhesion [5], while recycled aggregates reduce it [6]. Complex methods (fibers, nano-
materials) can improve bond, but simpler and greener modification uses pozzolanic 
additives like metakaolin and zeolite. These reduce cement use and CO₂ emissions 
while refining microstructure and increasing durability [7].

This study examines how metakaolin and zeolite affect the bond of basalt and glass 
FRP bars versus steel, aiming to optimize concrete mix design for improved bond 
strength and sustainability.

1.1. Experimental program
Two types of concrete were used: ordinary cement concrete and concrete with 10% 
cement replaced by metakaolin or zeolite. The study, conducted in nine series 
(Figure 1), analyzed how these additives affect the bond of steel, basalt, and glass 
bars with concrete.
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FIG. 1. The research program (type of concrete: R – reference, M – metakaolin, Z – zeolite; type 
of bars: steel, BFRP – basalt fibers reinforced bars, GFRP – glass fibers reinforced bars)

1.2. Test procedure
The bond test followed EN 10080:2005, Annex C [8], using 200 mm concrete cubes 
with a bonded length of 5d from the free edge. Loading was applied at a rate below 
20 kN/min, and displacement was measured on both loaded and free bar ends 
with LVDT sensors accurate to 0.01 mm. The average bond stress was calculated based 
on the applied load, bar perimeter, and bonded length, while slip was corrected for FRP. 

2. Results

Table 1 presents the average force values applied to the samples during the bar-to-con-
crete adhesion tests at specific slip levels, along with the corresponding bond stress 
values τdm and the observed failure modes. Four main failure modes were observed: 
FRP pull-out (P), concrete splitting (S), FRP rupture (R), and steel yielding (Y). In pull-
out failure, bars were gradually extracted without breaking, showing surface damage 
and worn ribs. Splitting failure occurred mainly in GFRP and BFRP samples when 
circumferential tension caused longitudinal cracks in concrete. FRP rupture was sud-
den and brittle due to limited plasticity, while steel bars exhibited yielding followed 
by ductile fracture after reaching tensile strength.

TABLE 1. Results of tensile stress measurements in the bar

Bars Average value of force applied 
to the sample [kN] at slip Adhesive stresses τdm for slip Failure 

mode*

F0,05 F0,1 F1 Fmax τ0,01 τ0,1 τ1 τmax –
kN kN kN kN MPa MPa MPa MPa –

R-steel 0,04 0,36 2,69 31,71 0,04 0,34 2,52 29,70 Y
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Bars Average value of force applied 
to the sample [kN] at slip Adhesive stresses τdm for slip Failure 

mode*

R-BFRP 0,06 0,64 5,07 29,80 0,07 0,75 5,93 34,84 S,P
R-GFRP 0,04 0,33 2,40 36,67 0,03 0,31 2,26 31,41 S,P
M-steel 0,03 0,11 3,49 34,69 0,02 0,09 2,73 27,16 Y
M-BFRP 0,04 0,47 4,44 38,99 0,04 0,46 4,34 38,12 R,P
M-GFRP 0,04 0,42 4,85 38,99 0,04 0,40 4,40 34,59 P
Z-steel 0,06 0,64 5,34 34,73 0,05 0,53 4,38 27,19 Y
Z-BFRP 0,08 0,35 1,23 38,56 0,08 0,36 1,26 37,70 P
Z-GFRP 0,02 0,10 2,23 49,65 0,02 0,08 1,84 39,16 P,R

* – Rebar Pull-out Failure (P); Concrete Splitting Failure (S); FRP bar rapture (R); Steel bars yielding (Y)
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1. Introduction

The complex stress state resulting from combined action of shear force and bending 
moment is inherently difficult to characterize, as shear transfer involves the interac-
tion of concrete, transverse reinforcement, and, indirectly, longitudinal reinforcement. 
Assessing the shear capacity of beams with transverse reinforcement becomes even 
more complex when the reinforcement is made of Glass Fiber Reinforced Polymer 
(GFRP), which, unlike steel, is an anisotropic material. Several parameters may affect 
shear strength, including the longitudinal reinforcement ratio, transverse reinforce-
ment ratio, stirrup diameter, and stirrup spacing. Most previous studies have focused 
on beams made of normal-strength concrete [2]. Comparisons between normal-
strength concrete (<50 MPa) and high-strength concrete (>50 MPa) indicate that 
shear capacity increases with higher concrete compressive strength [1]. The present 
study investigates beams with either GFRP or steel reinforcement, cast from C50/60 
concrete, with varying levels of transverse reinforcement.

2. Experimental program

Four simply supported T-section beams were tested under three-point bending setup. 
The beams had a span of 1800 mm and the following cross-sectional dimensions: 
beff = 650 mm, bw = 250 mm, hf = 80 mm, htot = 400 mm. The shear span-to-depth ratio 
was set to 3.15, in order to eliminate arching effects. The applied load was posi-
tioned 1050 mm from the support, and only the left shear span was considered 
in the investigation.

The longitudinal reinforcement consisted of five 25 mm diameter bars (ρl = 2.91%), 
while the transverse reinforcement consisted of 8 mm closed stirrups spaced 
at 200 mm and 250 mm. Both longitudinal and transverse reinforcements were made 
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of two types of materials: GFRP bars (tensile strength >1000 MPa, elastic modu-
lus >60 GPa) and steel bars of class B500. All beams were cast with ready-mixed con-
crete of class C50/60.

TABLE 1. Details of specimens

Element Type 
of reinforcement

Flexural 
reinforcement 

ratio ρl [%]

Shear 
reinforcement 

ratio ρs [%]

Stirrups spacing 
ss [mm]

TG-525-8-200 GFRP 2,91 0,20 200
TG-525-8-250 GFRP 2,91 0,16 250
TS-525-8-200 Steel 2,91 0,20 200
TS-525-8-250 Steel 2,91 0,16 250

Test setup included LVDTs arranged along the beam length for deflection meas-
urement, in triangular rosettes at mid-depth for shear deformations and in both com-
pression and tension zones to record concrete strains. Strain gauges were mounted 
to the longitudinal reinforcement and GFRP stirrups. Additionally, displacement 
and strain data in the analyzed zone were obtained using a 3D digital image correla-
tion system (ARAMIS).

3. Test results

According to the test element design, shear failure developed solely in the left support 
region, whereas the right side showed no such failure. The initial damage appeared 
as nearly vertical flexural cracks. After the onset of shear cracking, cracks developed 
from mid-depth of the beam towards the support, extending into both the tensile 
reinforcement zone and the upper compressive zone. With increasing load, the criti-
cal shear crack cut the flange and propagated to the loading point, leading to failure. 
The position of the critical crack, defined by the distance from the support, as well 
as its inclination, varied depending on the reinforcement type and the transverse 
reinforcement ratio.

The behaviour of the beam under load is shown in Fig. 1. Tensile concrete strain 
measurements and observations of the beams indicated that the first flexural cracks 
appeared at similar load levels in all beams. A higher transverse reinforcement ratio, 
achieved by reducing stirrup spacing, resulted in increased stiffness (it was confirmed 
by smaller deflections). However, in GFRP-reinforced beams, this did not lead to higher 
shear capacity, most likely due to local effects in the beam TG-525-8-200. Beams 
reinforced with steel demonstrated greater load-bearing capacity compared to those 
reinforced with GFRP.
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FIG. 1. Load–displacement curves for tested beams
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1. Introduction
The primary objective of the study is to develop and experimentally validate a finite 
element model (FEM) of glass fibre-reinforced polymer (GFRP) lighting poles. A cor-
rect numerical formulation must reproduce the nonlinear response up to the failure 
phase and accurately resolve the stress state in the vicinity of the unreinforced inspec-
tion opening under the applied loading. To support model development and valida-
tion, eleven full-scale GFRP lighting poles were tested, and complementary material 
characterization of the composite laminate was performed to determine the pole’s 
properties. 

2. Development of the fem model
Numerical models were developed in ANSYS Structural based on material charac-
terization and pole-scale experimental data. A shell idealization was adopted; pole 
shafts were represented as truncated cones with a 200 × 75 mm inspection opening 
located approximately 1.0 m above the base, positioned on the compressive side under 
the applied load, and without local reinforcement. The poles consisted of a glass‑fibre 
laminate in a polyester resin matrix, and the material data used for the constitu-
tive definition were obtained from dedicated material tests. The increased stiffness 
of the 0–1 m segment (measured from the base), attributable to a steel flange at the base, 
was captured by locally increasing the laminate thickness; the steel flange itself was 
not modelled explicitly. SHELL181 elements [1] were used for thin laminated shells. 
SHELL181 is a four-node element with six degrees of freedom per node (UX, UY, UZ, 
ROTX, ROTY, ROTZ). The laminate was modelled at the ply level in ACP Pre-Post 
with a layup comprising bidirectional woven plies and chopped strand mat plies, ena-
bling stress and failure checks at the lamina scale using the maximum stress criterion. 
The material response was treated as transversely isotropic (in-plane isotropic with dis-
tinct through-thickness properties) [2]. Through-thickness integration points were set 
to three per layer in the section definition for the 4 mm laminate; a sensitivity check 
with five points per layer was considered in regions of elevated bending gradients 
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near the inspection opening. Boundary conditions reproduced the test arrange-
ment: the base of the shaft was fully fixed (all translations and rotations constrained). 
The pole was oriented horizontally in the experiment with an auxiliary support near 
the tip to suppress gravity-induced bending; gravity was omitted in the numerical 
model. Meshing used a global element size of 30 mm with graded refinement toward 
the inspection opening, reducing to 1 mm along the opening perimeter.

 

FIG. 1. FE model of the 3-meter-long pole

The analyses employed the Reissner–Mindlin first‑order shear deformation shell 
formulation [3], appropriate for moderately thick composite shells, to capture trans-
verse‑shear effects in the laminate. Through‑thickness integration was defined as three 
points per ply in the section, with a sensitivity check using five points per ply in regions 
of elevated bending gradients near the inspection opening. Statistical procedures were 
applied to the displacement-at-peak metric derived from the F-Δ curves.
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3. Validation of the numerical model
Validation proceeded in two stages addressing global response and local behaviour. 
Globally, finite element predictions were benchmarked against full-scale load dis-
placement (F-Δ) curves, using the displacement at peak load as the primary valida-
tion metric. Locally, numerical strains/stresses sampled at the strain-gauge positions 
around the inspection opening were compared with strain-gauge measurements 
to appraise model fidelity in the anticipated (and actual) failure region. Normality 
was assessed with the Shapiro-Wilk test; for data satisfying normality, an F-test for 
homoscedasticity was followed by Student’s t-test, otherwise the Mann-Whitney 
U-test was applied. Differences were considered not significant when the resulting 
p-value exceeded the significance level α = 0.05. Statistical procedures were applied 
to the displacement-at-peak metric derived from the F-Δ curves.

4. Conclusions
In the vast majority of comparisons, p-values for the displacement-at-peak metric 
and for local response around the inspection opening exceeded the significance thresh-
old α = 0.05, indicating no statistically detectable differences between experimental 
measurements and finite-element predictions for the tested poles. Consistent out-
comes across the prescribed statistical workflow [4] (Shapiro-Wilk, Student’s t-tests 
and Mann-Whitney tests) support the fact that the model reproduces both the global 
load-displacement behaviour and the local response with sufficient accuracy. 
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1. Introduction
Composite, non-metallic reinforcement is becoming increasingly popular in con-
struction, both as fibers or microbars, and as longitudinal external and internal rein-
forcement. One of the main arguments for its use is that it is more environmentally 
friendly compared to steel reinforcement, primarily due to significantly lower CO₂ 
emissions generated during the manufacturing process. Additionally, composite 
reinforcement offers superior durability performance owing to its inherent corro-
sion resistance. This characteristic makes it particularly suitable for use in struc-
tural elements exposed to aggressive environmental conditions. Typical applications 
include foundations – especially foundation slabs – as well as marine infrastructure 
and nuclear power plants.

Composite reinforcement is also characterized by nearly twice the tensile strength 
of conventional steel bars, while having a mass that is two to three times lower. 
This advantageous strength-to-weight ratio, along with good cohesion to the con-
crete, enables the design of structural elements with bending and shear capacities com-
parable to those of traditional reinforced concrete, without compromising the level 
of structural safety. Moreover, the incorporation of dispersed reinforcement – such 
as fibers or microbars – into the concrete matrix contributes to a significant reduc-
tion in the number of cracks and crack widths. This limits the penetration of aggres-
sive environmental agents into deeper parts of the structural element, enhancing 
its long-term durability and service life.

These aspects show that further tests on the behaviour of concrete beams rein-
forced with composite materials are needed in order to define new design meth-
ods and develop more comprehensive guidelines for such structural elements. 
This is particularly important given that no standardized algorithm has been estab-
lished for the design of Fiber Reinforced Concrete (FRC) with composite longitudi-
nal reinforcement and composite stirrups.

An experimental research program was carried out. Mechanical properties of con-
cretes with Basalt Fiber Reinforced Concrete (BFRC) were determined. Shear and bend-
ing capacities of BFRC beams with composite longitudinal and transverse reinforce-
ment were analysed.
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An experimental study was conducted to evaluate the influence of basalt microbar 
content on the properties of concrete. Three concrete mixes with varying amounts 
of dispersed reinforcement were tested: M15 – containing 1.5 kg of microbars per 1 m³ 
of concrete, M25 – 2.5 kg, and M35 – 3.5 kg respectively.

Based on the obtained results, a slight increase in the compressive strength of con-
crete was observed with increasing content of dispersed reinforcement, compared 
to the reference concrete. Tensile strength was also evaluated using two different 
test methods: flexural tensile strength test and splitting tensile strength test. In both 
tests, a significant improvement in tensile performance was noted as a result of using 
basalt microbars. The longitudinal modulus of elasticity of concrete was also deter-
mined. Tests showed that the addition of dispersed reinforcement caused an increase 
in the elastic modulus. In particular, for the concrete containing 3.5 kg of micro-
bars, the modulus of elasticity corresponded to concrete one class grade higher than 
the reference concrete without microbars. Fracture mechanics parameters were also 
investigated, and the results indicated a considerable enhancement in the mechani-
cal behaviour of the concrete due to the addition of basalt microbars. A more detailed 
analysis of the mechanical properties of the concretes can be found in [1].

The study analyzed the results of tests on composite reinforced beams, which are 
reported in the literature [5–7]. Results were compared with design capacities deter-
mined in accordance with design standards [2, 3]. The aim of the calculations was 
to determine the shear capacity, bending capacity, and deflections of beams reinforced 
with non-metallic bars, with or without the addition of dispersed reinforcement, 
and with or without transverse shear reinforcement (stirrups). The obtained results 
were compared with experimental data by calculating capacity reserves.

The ratio of theoretical to experimental capacity was evaluated for all beam types, 
taking into account the material of longitudinal reinforcement, the presence of dis-
persed reinforcement and its quantity in the volume of concrete, and the presence 
of stirrups. Beam deflections were also compared with calculated values obtained 
for similarly steel reinforced beams.

 Based on the material tests, it was found that the addition of dispersed reinforce-
ment to concrete improves its mechanical properties as well as its fracture mechanics 
parameters. Better material properties lead to increased shear and bending capacities 
of the beams and a reduction in beam deflections. Beams made of concrete with dis-
persed reinforcement also showed fewer cracks and reduced crack widths. Properly 
designed composite reinforced concrete beams achieve shear and bending capaci-
ties comparable to steel reinforced beams. The results of the analysis may support 
the potential optimization of the way of reinforcing concrete beams using non-metal-
lic bars and non-metallic dispersed reinforcement.
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1. Introduction

Numerical modelling can be used to verify and interpret experimental observations, 
providing insights into the structural response. When applied and correlated across 
a series of experimental data, the models enable systematic analysis of shear force 
distribution and the influence of varying transverse and longitudinal reinforcement 
configurations. This approach also allows extending the analyses to additional values 
of parameters beyond those examined experimentally [1]. The present paper focuses 
on the modelling of beams with Glass Fiber Reinforced Polymer (GFRP) transverse 
reinforcement, build on results for beams without stirrups presented at the SPACE 
conference. This work is part of the MMOSS project, whose objectives and experimen-
tal program were introduced at the 69th Krynica Conference, that was based on pre-
vious works [2]. In the context of MMOSS, modelling plays a crucial role in support-
ing probabilistic assessment of structural behaviour, allowing more robust evaluation 
of uncertainties and enhancing the reliability of the conclusions of experimental cam-
paigns. This paper complements another submission to the conference that addresses 
exclusively the experimental investigation of the beams.

2. Model configuration and parameters
Three simply supported T-section beams were tested under a three-point bending setup, 
with a span of 1800 mm and cross-sectional dimensions: beff = 650 mm, bw = 250 mm, 
hf = 80 mm, htot = 400 mm. The load was applied at a distance of 1050 mm from the sup-
port. Longitudinal reinforcement comprised five 25 mm bars (ρl = 2.91%) while trans-
verse reinforcement consisted of 8 mm closed stirrups spaced at 200 mm and 250 mm. 
Both reinforcement types were made of GFRP (tensile strength >1000 MPa, elastic 
modulus >60 GPa), the remaining reinforcement was made as steel (class B500A). 
All beams were cast with ready-mixed C50/60 concrete; the measured cube compres-
sive strength was relatively low, averaging 60 MPa (table. 1).



157

TABLE 1. Details of specimens

Element
Type 

of reinforce-
ment

Flexural 
reinforcement 

ratio ρl, %

Shear 
reinforcement 

ratio ρs, %

Stirrups 
spacing 
ss, mm

Concrete  
compressive 

strength  
fcm,cube, MPa

TG-525-8/250-30 GFRP 2.91 0.16 250 47.7
TG-525-8/250-50 GFRP 2.91 0.16 250 60.0
TG-525-8/200-50 GFRP 2.91 0.20 200 60.0

The material parameters of concrete and steel, together with the bond–slip 
relationship for steel reinforcement, were adopted according to the provisions 
of Model Code 2010. Required parameters, particularly the bond behaviour of GFRP 
reinforcement, were supplemented based on previous analyses and experimental stud-
ies. The numerical models were developed in ATENA 2025, incorporating nonlin-
ear material properties as well as the specific characteristics of GFRP reinforcement. 
The models presented for the C50/60 concrete series were not fully calibrated; except 
for the concrete parameters, they were based on the previously calibrated model 
TG-525-8/250-30, for which nearly perfect convergence was obtained between the pre-
dicted and experimental maximum load as well as the crack pattern development.

3. Finite element models results

High correlation with the experimental crack patterns was achieved in all models, 
while the reference model TG-525-8/250-30 represent the maximum load with full 
accuracy. For beams made of higher-strength concrete, however, the failure load 
was lower, reaching 90% for a stirrup spacing of 200 mm and 83% for a spacing 
of 250 mm. A comparison of the crack patterns of the beams based on Aramis DIC 
system and Atena software FEM analysis is presented in Fig. 1. 

Tensile concrete strain measurements and observations of the beams indicated 
that the first flexural cracks appeared at similar load levels in all beams. The analy-
ses demonstrate that the developed numerical models effectively capture the crack-
ing behaviour of beams with GFRP transverse reinforcement, providing insights 
into the influence of reinforcement configuration and concrete strength on struc-
tural response. Slight deviations in failure load for higher-strength concrete highlight 
areas for refinement in material calibration. The study establishes a validated basis 
for the extension of parametric and probabilistic analyses within the MMOSS pro-
ject, supporting future investigations of safety factors, reliability, and performance 
prediction for reinforced concrete structures.
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a) 

b) 

FIG. 1. Crack pattern comparison: a) TG525-8/250-50 experiment DIC view (F = 450 kN); b) FEM 
model (F = 451.2 kN)
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1. Introduction

Eco-concretes (ECs), i.e., concrete mixes with low clinker content, contribute 
to a reduction in CO₂ emissions in construction, which is critical for mitigating global 
warming. The lower alkalinity of ECs necessitates corrosion-resistant reinforcements 
such as glass fibre-reinforced plastic (GFRP). In this study, pull-out (PO) and beam-
end (BE) tests were performed on GFRP rebars embedded in EC to determine the gen-
eral bond behaviour and the influence of bond length and concrete cover.

2. Materials
2.1. Concrete
The eco-concrete (EC) mixture with reduced clinker content used in this study is given 
in Table 1.

TABLE 1. Concrete mixture composition of the developed eco-concrete

Aggregate 
0/2 [kg/m³]

Aggregate 
2/8  

[kg/m³]

Aggregate 
8/16  

[kg/m³]

Limestone 
powder 
[kg/m³]

CEM III/A 52,5 
N SR/NA  
[kg/m³]

Water  
[kg/m³]

Superplasti-
ciser (PCE)  

[kg/m³]

678 486 775 60 280 126 2.52
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2.2. GFRP reinforcing bars

The GFRP rebars used (see Fig. 1) are produced by solidian GmbH and had diame-
ters of 8 mm (Ø8) and 10 mm (Ø10) and are composed of unidirectional glass fibres 
in an epoxy (EP) matrix. The surface profiling consists of likewise EP-impregnated 
fibre strands wrapped helically around the rebar core. The mechanical properties 
of the rebars are given in their datasheet [1].

3. Test setup
3.1. Pull-out test
Two series of pull-out tests were conducted: series Ø8-PO (diameter 8 mm; 6 speci-
mens) and series Ø10-PO (diameter 10 mm; 5 specimens), with each a bond length 
of five times the respective rebar diameter. The tests, which are based on the RILEM 
RC 6 test [2], were conducted in accordance with [3], in a strain-controlled way (load-
ing rate 1.0 mm/min).

3.2. Beam-end-test
The beam-end tests were conducted in accordance with [3]. Three series with each 
six specimens, all with a concrete cover of 20 mm were tested strain-controlled 
at 1.0 mm/min. The rebars had bond lengths of 5 times (Ø10-BE-5), 20 times 
(Ø10-BE-20) and 40 times (Ø10-BE-40) the rebar diameter.

4. Experimental results

The tests were conducted at concrete cube compressive strengths of 63.8 N/mm² 
(Ø8-PO), 60.5 N/mm² (Ø10-PO) and 44.7 N/mm² (BE series). All specimens failed 
in valid manner due to shearing and tearing of the profiling. However, series 
Ø10-BE-40 failed also due to partial or complete rebar tensile failure. The bond stress-
slip curves are depicted in Fig. 1.

In the PO comparison, series Ø8-PO showed stiffer bond behaviour and a higher 
maximal bond strength than Ø10-PO, due to the difference in bond length and rebar 
diameter. This reduction in bond stiffness and bond strength is, however, higher 
in series Ø10-BE-5 compared to series Ø10-PO, showing a mitigating influence 
of the lower concrete cover. With increase in bond length (Ø10-BE-20 and Ø10-BE-40) 
the bond strength decreased further, whereas the bond stiffness increased. The onset 
of tensile failure in series Ø10-BE-40 showed a nearly sufficient anchoring length 
of the rebars.
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a)	 b)

FIG. 1. (a) Tested GFRP rebar (Photo: Paul Heber); (b) Average bond stress-slip relationships 
of PO and BE tests

5. Conclusions

This study investigated the bond behaviour of GFRP rebars in eco-concrete. With 
increasing rebar diameter and bond length the bond strength decreased, while bond 
stiffness varied. The required anchoring length of the rebars was found to be at approx-
imately 40 times the rebar diameter.
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