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Abstract. Given the energy crisis the entire planet is going through, the waste of any
form of fuel or energy source is clear evidence of irresponsibility towards both humanity
and the planet we manage. The study presents several proposals for making the district
heating system more efficient by integrating renewable sources into the heat production
process and recovering the residual thermal energy resulting from technological
processes.

Key words: renewable energy sources, district heating, waste energy recovery

1. Introduction

District heating systems in Romania are still among the most polluting public
services, contributing substantially to the increase in global temperature, through CO-
emissions per Gcal, which have reached alarming levels [1-3]. Regarding current
challenges, the development of urban heating systems is essential to face the energy
transition phase.

For this reason, this scientific report presents possible solutions for energy
efficiency of district heating systems, using the district heating system in Timisoara as
an example. Although the district heating system in Timisoara has the capacity to
cover a fairly high percentage of the city’s thermal energy consumption,
modernization measures by replacing existing pipes with preinsulated pipes have not
solved the problem of energy efficiency of the system [4]. Over time, centralized
thermal energy supply systems have evolved, moving from generation I and currently
reaching, in Timisoara, generation III, and the proposals for the current period are
those of moving to generation IV [5,6].

The article was received on 07.04.2025, accepted on 08.06.2026 and published on 12.06.2026
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In the context of the requirements regarding the quality of constructions, regarding
energy saving and thermal insulation, respectively the sustainable use of natural
resources, the 4th generation of systems represents a natural evolution of the 3rd
generation and highlights the efficiency-oriented characteristics. The temperatures of
the thermal agent for transporting or distributing thermal energy continue to have a
decreasing trend, the equipment used is increasingly modular, and the materials are
increasingly flexible and with reduced energy losses, but the most important aspect is
the fact that the system allows for easier integration of renewable energy sources
(RES).

Currently, district heating systems allow for the long-distance distribution of
thermal energy and the use of an increasing percentage of renewable energy, thus
increasing the fight against global warming and the energy crisis. For this reason,
sustainable district heating systems will have to ensure planning structures, low costs
correlated with efficient operation and strategic investments, as illustrated in Fig. 1 [7].

" . e, Smart
‘o’ '_.? Thermal
: Grid

Integrated

l‘ low-energy
space heating

+ =
Suitable |°°° | planning

motivation structures

and cost
Renewable
heat

Fig. 1. The concept of 4th Generation District Heating

The main efficiency solutions considered in the study relate to the integration of
RES, the reduction of the temperature of the heat carrier in the primary network and
the recovery of waste heat [4-6,8,20].

Traditional district heating systems are composed of thermal power plants that
pump hot water or steam through pipes to provide heat to metropolitan areas. A district
heating system incorporates a heat generating unit, a transport and distribution
network, heat points and heat consumers (end users) (Fig. 2) [9].

The scheme of the district heating network is shown in Fig. 2. In the primary circuit,
hot water is transported through a transport network to the district heating points and
then returns to the heat source, and in the secondary circuit, this heat is transferred to
the final consumers via heating elements.

136



Regulating the temperature of the heating agent in district heating systems with the aim of RES integration and the recovery of
residual thermal energy

Supply line 11 Supply line

6

Natural gas

0 ] Primary circuit m | | Secondary circuit | | < iii
' I I HX

Solar energy Boiler . I ]
e Incinerator | DH %

Heat pump || substation, | I Direct use

" | J

Geothermal 'l Return line : Return line

g —

Recovered heat

Heating station Transmission network Distribution network End-users
Fig. 2. Essential district heating system components

Surplus industrial heat can be recovered and used in a district heating system [10].
The incorporation of RES into district heating systems results in lower outlet
temperatures than those of a conventional supply network. In this context, geothermal
systems using heat pumps have attracted increasing interest in several countries in the
last few years, as they allow for a sustainable replacement of fossil fuels and create
zero CO:2 emissions [9]. In addition, nations such as Sweden, Denmark, Germany and
Austria have increased their use of solar energy for the production of thermal energy
used in district heating systems [9].

There are four distinct generations of district heating systems [11]. Generation I
transported steam at temperatures above 200 °C using concrete pipes. As a result, it
was not particularly efficient and was replaced due to the risk of pipe bursting.
Generation II used concrete pipes to transport pressurized water at temperatures above
100 °C and is known as high-temperature district heating.

Generation III uses pre-insulated pipes buried directly in the ground and operates
with water at supply temperatures between 65 and 95 °C. Generation IV district
heating systems are now being developed and referred to as low-temperature district
heating systems (50-60 °C). When end-user temperatures are increased with heat
pumps, ultra-low supply temperatures (35-45 °C) are also used [12].

The fifth generation of district heating Is an extension of the fourth generation, a
new concept based on a decentralized network that allows direct energy flows between
and within buildings. Its key features are: low exergy network using low-temperature
heat sources; closed thermal energy loops that ensure the exchange of heat and cold
between groups of buildings; integration and synergy between thermal and electrical
networks; 100% renewable energy target [13]. The evolution of district heating
generations over time is presented in Fig. 3.
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Fig. 3. The evolution of the district heating systems generations [9]

The temperature reduction in district heating networks is constrained by the heat
requirements and the technical specifications of residential and commercial buildings
(domestic hot water demand or space heating design).

Table 1 defines the different types of district heating systems according to the
technical requirements of the buildings, the corresponding heating terminal units and
the previous definitions. Recent investigations have suggested that low temperature
systems have a significant potential for space heating in existing buildings [14].

Figure 4 illustrates the required supply temperatures for radiators in space heating
systems for buildings with different heat requirements.

Table 1
The five types of district heating networks [9]

DH DH Supply . .
network network | temperature Limitation Suitable t.ermlnal
5 2 unit

generation type cO)

Very high The necessity Of.u sing High pressure
1GDH " 160-210 condensate collection and

emperature ¢ . tubular heater

ransport equipment
. The necessity of using .
2GDH temHéi}llt re 100-125 pressurised tanks that may be Tub;lizri;:(e)?tlng
peratu linked directly to the system
Medium Minimum temperature for .

3GDH temperature 65-95 DHW in the tank (65 °C) Radiator
4GDH Low 50-60 Minimum DHW comfort Radiant system
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Ambient Minimum supply temperature .
5GDH temperature 0-30 of WSHP (0 °C) Radiant system
80
o 70 Annual
§ 60 heat demand
3 ——250 kKWh/m?
S 50
é_ 2B w200 KWh/m?
o w— 150 KWh/m?
= * 100 KWh/m?
S 20 50 KWh/m?
? 10
0
20 15 -10 -5 0 5 10 15 20

Outdoor temperature [°C]
Fig. 4. The necessary supply temperatures in a radiator [15]

2. Proposals to improve the efficiency of the district heating system

As can be seen in Fig. 3, both the reduction of heat losses and the possibility of
introducing/using RES and recovering residual heat energy require a decrease in the
temperature regime used for transporting energy from the source(s) to the final
consumers.

If the entire district heating system is taken into account, both the total heat loss and
its saving potential are significant. The typical primary supply network for different
areas of the city requires different supply temperatures, depending on the type of
existing buildings, so for new residential areas, the required temperature is
considerably lower than in residential areas with old buildings or industrial areas.
Reducing heat losses on the transport network can be achieved by thermal insulation
of the pipes using the most efficient and new solutions and materials or by reducing
the temperature of the transported heat carrier [5].

2.1. Delivery temperature zoning in the primary district heating network

Zoning of the primary network is achieved by installing a mixing loop that injects
water from the return pipe into the supply pipe (Fig. 5), resulting in a mixture that
provides the necessary temperature for end users.
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Fig. 5. Mixing loop control systems [5]
a) Classic loop; b) Free flow loop; ¢) By-pass pump loop
Tt — flow temperature, Tr — return temperature, Tam — mixing temperature, EV — solenoid valve

In Fig. 6a it is observed that each building zone is supplied by a branch of the
primary network, and at the branching points a reduction of the flow/return
temperature regime can be achieved depending on the specific needs of that zone. In
Fig. 6b, the temperature zoning is observed on the branches supplying residential
buildings that use a lower temperature heat carrier to ensure the thermal needs for
heating and preparation of hot water for consumption.

4 W

% % TR THTRTAT
T |

ﬁ. %un%l . % ﬁlﬂ HII“HHH“H — IlIIHHHHHH
et | i et | i

(-
a) b)

N ol A s B

Fig. 6. Schema sistemului centralizat de termoficare [5]
a) Tnainte de zonare; b) dupa zonare

2.2. RES integration and expansion of the prosumer concept

The diversification of energy sources, but also the variation in consumption,
generates on the one hand the need to store the energy obtained, especially that from
renewable sources and to transform some networks from wunidirectional to
bidirectional. The selection of thermal energy sources that ensure a quality supply for
consumers will have an important role in optimizing the operation of thermal networks
and transforming classic networks into smart networks. In this context, this study
addresses the advantages of smart thermal networks related to the local integration of
RES (heat pumps and photovoltaic panels), transforming consumers into prosumers of
thermal and electrical energy. The problem of RES variability and fluctuation can only
be solved by storage. It is estimated that thermal energy storage in both the civil
construction and industrial sectors can ensure annual energy savings of up to 7.8% and
a 5.5% reduction in CO: emissions [16].
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On the other hand, changes are also occurring in terms of the requirements that the
sources must provide, emphasizing the ecological aspect at the expense of the
economic aspect. For this reason, a mix of conventional and renewable sources is
inevitable in the energy sector. The development of energy solutions that integrate
renewable energy into thermal and electrical energy production systems has been of
major interest to energy producers and distributors in recent years [17]. The proposal
for the integration of RES is addressed to the buildings of the educational unit “Henri
Coanda Technical College Timisoara” and the thermal point PT34 (Fig. 7).

= — J ‘;=:~~_ .
Fig. 7. Situation plan of the studied buildings

The placement of photovoltaic panels on the roofs of the buildings (Fig. 8) was
carried out using the Polysun calculation program [18]. The electrical energy produced
is used in the first phase to ensure its own electrical energy consumption. Table 2
presents the output data resulting from the simulation performed by installing 1956
EvoloCells 400 MIB 400 W photovoltaic panels, on a total roof area of 13,592 m?.

0 B
Fig. 8. The placement of photovoltaic panels on the studied buildings [19]
a) Canteen; b) Student dormitory 1 and 2; ¢) PT34; d) Gym; e) School 1; f) School 2
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Table 2
The output data of the studied buildings [19]

Building Nr. of panels PV inst. [MW] | PV prod. [MWh/an]
Canteen 154 61.60 67.60
Student dormitory 1 333 133.20 142.60
Student dormitory 2 297 118.80 124.35
PT 34 122 48.80 53.96
Gym 294 117.60 130.04
School 1 552 220.80 218.43
School 2 204 81.60 82.54
Total 1,956 782.40 820.00

Given the considerable surplus of annual electricity produced after ensuring the
own electricity consumption necessary for the operation of the educational buildings, 6
air-to-water heat pumps were installed, each with a heating capacity of 200 kW, which
use the electricity from the photovoltaic system. The thermal energy produced by the
heat pumps using the electricity from the photovoltaic system of the educational
institution can be used first for the preparation of hot water consumed in the own
buildings as well as for heat supply in their heating installations, resulting on the
heating side a hybrid system that uses as primary thermal energy the one from the DH
system with input of energy from RES. In table 3 you can see the production of the
photovoltaic system (PV prod), the consumption of electricity for lighting (El. Enec),
the preparation of hot water for consumption (Hw Enec) and the input of thermal
energy for the heating system (Heat. Enec) and surpluses of solar electricity produced
(S. Epv).

Table 3
Monthly production and consumption of electricity [19]
Month Elec. Enec Heat Enec Hw Enec PV prod. S Epv
(MWh) (MWh) (MWh) (MWh) (MWh)
Jan 20.00 90.64 21.74 24.07 -108.31
Feb 18.50 73.11 20.14 36.44 -75.31
March 18.00 57.95 22.25 64.84 -33.36
April 17.00 27.79 20.90 88.45 22.76
May 16.00 9.28 20.49 106.31 60.54
June 9.50 1.62 18.61 111.35 81.61
July 1.00 0.03 18.17 115.98 96.78
Aug. 1.00 0.00 17.58 101.20 82.62
Sept. 10.00 7.88 17.07 70.83 35.88
Oct. 17.00 30.90 18.31 50.99 -15.23
Nov. 18.00 56.08 18.80 30.87 -62.01
Dec. 20.00 81.72 20.68 18.73 -103.67
Sum 166.00 437.00 234.74 820.00 -17.69

Even after using the photovoltaic electricity produced to cover the various types of
energy required for the operation of the buildings, there are several months during the
summer period that remain with a considerable surplus of electricity produced.

The classic solution is for this surplus electricity to be delivered to the national
energy system, but there is a possibility that this surplus cannot be taken over. It is
proposed that the electricity not consumed in the summer months be used to produce
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domestic hot water (DHW), which will be introduced into the DHW distribution
network of the district heating system, also considering the fact that the PT34 thermal
point is located in the immediate vicinity of the educational buildings.

Also, the surplus photovoltaic energy is used by the 6 heat pumps to prepare DHW
and introduce it into the district heating system to supply the neighboring residential
district “City of Mara”. Table 4 summarizes the solar energy surplus (S Epv) for the
summer months, the electrical energy required to produce domestic hot water that is
delivered to the “City of Mara” residential district (Hw Enec “City of Mara”) and the
electrical energy delivered in NES (Elec. In NES).

Table 4
Electrical and thermal energy introduced into the system [19]

[13 2 ”»
Month S Epv (MWh) LEhy E“eca\f‘%)"f Riand Elec. in NES (MWh)
April 22.76 52.04 5
May 60.54 51.22 9.32
June 8161 46.54 35.08
July 96.78 45.43 5135
Aug, 82.62 43.95 38.67
Sept. 35.88 42.66 -

Fig. 22 shows the functional diagram of the photovoltaic electricity and heating and
ACC thermal energy production plant and its integration into the district heating
system, so that the beneficiary of the buildings considered becomes a prosumer of

thermal and electrical energy [22]. The thermal energy produced is stored in a storage
tank (RS).

High School H. Coanda DH substation PT34
T ey ey 00 « K o T i
| Sy JELIEY ] |

-
| /! /A L |
; u PV High school = . |
i Inverter system heating system I [ Heating [
NES « +—— o g - scp |
igh schoo

i H. Coanda 1A hot water i i DH i
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5 s T~ | | |
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| hotwater |

Fig. 22. Functional scheme of the thermal and electrical installation [19]
Beneficiaries of residential or public buildings must view the need to use RES as an

opportunity to move from being consumers to being prosumers of thermal and
electrical energy.
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2.3. The recovery and utilization of residual heat from data centers

The rapid increase in the need for data storage and processing and digital
telecommunications have recently generated a massive development of the data center
(DC) industry. Although the digitization of various fields of human activity brings
major benefits to the quality of his life, the secondary effects that appear because of
this trend must also be assumed and solutions found to reduce the negative effects.
Considering the exponential increase in human dependence on IT devices and services,
an increase in energy consumption for manufacturing and powering these devices is
also generated [20].

Considering that the potential of recoverable energy from DC residual heat varies
depending on their size, the characteristics of the equipment used and the classification
class of the DC, the applications for its subsequent use will be of two types, namely:
local use, by integrating the energy under the form of hot water in the own heating
installation and hot water supply for consumption and centralized use by providing
thermal energy, as a prosumer, to the city’s district heating system [20].

2.3.1. Local use of recovered energy

The local use of recovered energy is chosen as a technical solution for situations
where the amount of thermal energy recovered is less than or equal to the total thermal
energy required to cover the needs of the buildings in which the DC is located, for
space heating in the winter and the production of domestic hot water in the summer.

For the recovery of residual heat from DC, an air-water heat exchanger connected to
the primary circuit of a water-water heat pump can be used, which will raise the
temperature of the heating agent so that it can still be used as needed in the thermal
heating installation or for the production and accumulation in a hot water tank (HWT)
of domestic hot water. The functional scheme of the waste heat recovery installation
and the production of thermal energy in the form of hot water is presented in Fig. 2
[20].

t —=/

Walls, ceilings

and radiant floors
L)
) Domestic
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Fig. 2. Functional scheme of the recovery and local use installation
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Regulating the temperature of the heating agent in district heating systems with the aim of RES integration and the recovery of
residual thermal energy

2.3.2. Introducing the recovered energy into the heating system

An important aspect that must be taken into account when we talk about RES
integration is the fact that the temperature of the thermal agent produced by these
sources is lower than in the case of the classic ones, so that the use of additional
equipment is required to raise the temperature of the agent to the necessary value so it
could finally be used by the consumers of the heating system, in most cases using
water-to-water heat pumps (Fig. 5).

NES Data Center Water-water Office/Residential
Heat Pump Buildings

ooo
00g
| ﬁ

= (H
[ T |
Electricity } - - } |4I
= | = | =
} Low Temperature circuit } Haigh Temperature circuit
|
} Data Center | District Heating
} Waste Heat Recovery } Network
|

|
Fig. 5. Integration of thermal energy recovered from data centers in the district heating system

3. Conclusions

The proposed energy efficiency measures aim at the sustainable implementation and
use of district heating networks, in accordance with the policy of reducing energy
consumption and CO: emissions.

The integration of renewable energy sources into the production process of the
thermal agent represents a pressing necessity for which the most efficient technical
solutions must be found so that thermal energy losses through transport are reduced as
much as possible.

The residual energy potential in the EU presented in specialized literature is
estimated to be approximately 2860 TWh/year of which approximately 56 TWh/year
comes from the DC sector [21,22]. So, the residual energy potential recoverable from
DC is a source for the preparation of hot water in various applications like domestic
hot water or thermal agent for heating installations.
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Abstract. The present study investigates the valorization of textile and cellulose-based
waste through the production of sustainable composite materials. Post-consumer textile
waste (cotton, polyester, and blends) was combined with paper and cardboard residues to
produce decorative panels, bricks, composite boards, handmade paper, compost, and
industrial absorbents. The manufacturing processes involved pressing, molding,
extrusion, and maceration with eco-friendly binders and mineral additives to enhance
mechanical, thermal, and fire-resistant properties. Characterization included thermal
conductivity, compressive strength, morphological analysis, and aesthetic evaluation.
Results indicate that the recycled products exhibit comparable performance to
conventional materials, offering good thermal and acoustic insulation, fire resistance,
and low emissions. The approach provides a viable circular economy solution, reducing
landfill waste and conserving natural resources.

Key words: textile, waste, cellulose, recycled, product

Rezumat. Studiul de fata investigheaza valorificarea deseurilor textile si a celor pe bazd
de celuloza prin obtinerea unor materiale compozite sustenabile. Deseurile textile post-
consum (bumbac, poliester si amestecuri) au fost combinate cu reziduuri de hdrtie §i
carton pentru a produce panouri decorative, caramizi, pldci compozite, hdrtie manuald,
compost, etc. Procesele de fabricare au inclus presarea, turnarea, extrudarea si
macerarea, utilizdnd lianti ecologici §i aditivi minerali pentru Imbunatdtirea
proprietdtilor mecanice, termice si de rezistentd la foc. Caracterizarea materialelor a
cuprins determinarea conductivitatii termice, a rezistentei la compresiune, analiza
morfologica si evaluarea esteticd. Rezultatele indica faptul ca produsele reciclate
prezintd performante comparabile cu cele ale materialelor conventionale, oferind o bund
izolatie termica §i acustica, rezistentd la foc si emisii reduse. Abordarea propusd
reprezintd o solutie viabild de economie circulard, contribuind la reducerea cantitdtii de
deseuri depozitate si la conservarea resurselor naturale

Cuvinte cheie: textile, deseuri, celuloza, reciclat, produs
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1. Introduction

The textile industry is one of the largest consumers of natural resources and a
major source of solid waste globally. According to data from the literature [1], the
equivalent of one garbage truck full of textiles is either incinerated or landfilled every
second. At the same time, the paper and cardboard industry generates large amounts of
waste, especially from packaging, used paper, and post-industrial residues. These two
waste streams — textile and cellulose-based — can represent a valuable resource if
intelligently combined and processed through innovative material recovery solutions.

Textile waste processing increasingly involves combining it with cardboard
waste or other cellulose sources to obtain new products such as thermal insulation
panels, composite materials, particle boards, or textile paper. This approach relies on
the synergy between textile fibers (natural or synthetic) and the cellulose matrix,
which helps improve the mechanical, thermal, or aesthetic properties of the final
product [2,3].

From a technical perspective, textile fibers — especially cotton and cellulose
blends — show high compatibility with paper and cardboard fibers, allowing the
formation of composite structures with increased strength and reduced environmental
impact. Recent studies indicate that mixing textiles with paper waste can result in
products with good thermal insulation properties and potential applications in
construction, eco-friendly packaging, or urban furniture [4,5].

This recovery method has multiple advantages: it reduces the volume of waste
sent to landfills; it replaces virgin resources with secondary materials; it contributes to
circular economy objectives and reduces the carbon footprint.

Moreover, this approach aligns with recent European directives regarding
Extended Producer Responsibility (EPR) and the EU Strategy for Sustainable and
Circular Textiles [6], which require the separate collection of textiles by 2025 and
encourage innovation in the recycling of mixed textile materials.

Therefore, research and development of new products made from textile—
cellulose blends represent not only an ecological necessity but also an industrial
opportunity. This paper proposes an evaluation of the potential for valorizing textile
waste by combining it with cardboard and paper waste to obtain composite materials
with practical applications in various fields.

2. Materials and Methods

Pressed Agglomeration Process (Manufacturing of Thermal Insulation Panels).
Textile waste is shredded and combined with rehydrated cardboard slurry (or
recyclable paper). An eco-friendly binder (starch, natural latex, vegetable resin) is
added. The mixture is placed into molds, pressed, and dried at temperatures of 80—
120°C [7]. Thermal insulation panels for construction (interior walls, attics) and
sound-absorbing boards are obtained (Composite panels made of 70% used cotton +
30% ground cardboard, bound with modified starch — thermal conductivity of 0.045
W/mK, comparable to expanded polystyrene).

148



Valorization of textile waste through the production of new products

For the manufacturing of decorative panels, recycled textile waste (cotton,
polyester, blends) and cellulosic waste (paper, recycled cardboard) were used. These
materials were selected due to their high availability and renewable nature,
contributing to the reduction of environmental impact [8].

As a binder, eco-friendly gypsum-based compounds (universal PVA glue,
wallpaper adhesive) were employed, ensuring the structural cohesion of the composite.
In addition, mineral additives such as borax, liquid glass, kieselguhr, bio-adhesives,
and modified starch were incorporated to enhance mechanical strength, improve fire
resistance, and ensure dimensional stability. To achieve a uniform visual appearance,
dyes were added, while tap/drinking water was used as a solvent and dispersion
medium (Table 1).

Table 1
Raw materials and additives used for the manufacturing of panels, bricks, and other
decorative objects from recycled materials

Component Exemple / Type Main role

Textile waste Cotton, polyester, blends Recyclable raw material, providing
bulk and strength

Cellulosic waste Paper, recycled cardboard Filler and reinforcement, utilization of
wastepaper

Eco-friendly PVA glue, wallpaper adhesive, gypsum | Structural cohesion

binders

Mineral additives | Borax, liquid glass, kieselguhr, bio- | Mechanical strength, fire resistance,

adhesives, modified starch dimensional stability
Colorants Eco-friendly pigments Visual uniformity
Potable water - Solvent and dispersion medium

Molding Process (Manufacturing of Eco-friendly Bricks). Textile fibers,
paper/cardboard pulp, and a binder such as cement or clay are combined. Water is added
until a homogeneous mixture is formed. The mixture is poured into brick or block molds
and left to harden [9,10]. Eco-friendly bricks for non-load-bearing construction,
decorative masonry, or gardening can be obtained (Bricks made from a mix of used
jeans + recycled newspaper + cement — reduced weight and improved insulation).

Extrusion Process (Manufacturing of Composite Boards). Textile fibers and
cardboard waste are mixed with a thermoplastic matrix (e.g., PLA, polypropylene).
The mixture is introduced into an extruder (160-200°C) and homogenized. It is
formed by molding or laminating [11,12]. Rigid composite boards can be obtained,
used for furniture, flooring, or partitions (Boards made from 40% textile fibers + 20%
cardboard + 40% PLA — reduced density, good resistance to mechanical shocks).

Handmade Paper Manufacturing Process with Textile Inserts. Paper/cardboard
waste is macerated in water to obtain pulp. Very finely cut textile fibers are added (e.g.,
white cotton). Sheets are formed by screening and pressing, then naturally dried [13,14].
Textured handmade paper can be obtained, used for invitations, luxury packaging, and
artistic stationery (Handmade paper made from 60% recycled newspaper + 30% white
linen scraps + 10% plant fibers — natural appearance, increased durability).

Co-composting Process (Biological Valorization). Natural textile waste (cotton,
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flax, wool) and paper/cardboard scraps are shredded. They are introduced into
compost along with organic waste (leaves, plant residues). Moisture and aeration are
controlled for 30—60 days [15,16]. A natural fertilizing compost is obtained, used in
agriculture or gardening (Compost made from a mix of paper napkins + cotton clothes
+ leaves — neutral pH, rich in nitrogen).

Manufacturing Process of Industrial Absorbent Materials. Textile waste
(including synthetic fibers) and cardboard are shredded, then impregnated with
hydrophilic agents. Absorbent materials are formed into rolls or mats [17,18].
Industrial absorbents for oils, toxic substances, or automotive maintenance are
obtained (Mats made from polyester + shredded cardboard — oil absorption capacity
>8x its own weight).

The technological process included the following stages (Table 2): preparation
of raw materials — sorting, shredding, and homogenization of textile and cellulosic
waste; mixture preparation — combining the recycled materials with the gypsum-based
binder and mineral additives in optimal proportions; molding — producing panels and
bricks with standard dimensions (200 x 100 x 60 mm), in both solid and hollow
variants; drying and curing — carried out under controlled conditions to prevent
cracking and to achieve the desired density (0.87 g/cm?3); finishing and packaging —
ensuring mechanical protection and resistance against moisture absorption during
transport and storage.

Table 2
Technological process for the production of panels, bricks, and other decorative objects
from textile and cellulosic waste

Stage Description

Preparation of raw materials | Sorting, shredding, homogenization

Mixture preparation Combining recycled materials with binders and additives in optimal
proportions

Molding Production of standard panels/bricks (200 x 100 x 60 mm)

Drying and curing Controlled process to prevent cracking and achieve target density

Finishing and packaging Mechanical protection and moisture resistance

The products were labeled in accordance with Government Decision no.
913/2016 and the harmonized standards SM EN 14322:2022 [19]. The label provides
information on composition, qualitative characteristics, intended use, shelf life, and
environmental benefits (=30% recycled materials), and is accompanied by the
environmental declaration according to SM EN ISO 14021:2016 (Table 3) [20].

Table 3
Labeling and applicable regulations for recycled construction products
Regulation / Standard | Content / Relevance
Sg;?;/glgln 6t Decision Minimum requirements for the marketing of construction products
SM EN 14322:2022 Technical requirements for wood-based panels with melamine-faced surfaces
ISO 14021:2016 Environmental declaration (>30% recycled materials)
Product label Includes: composition, characteristics, intended use, shelf life, marking
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The products were intended exclusively for interior use (wall decoration,
panels, non-load-bearing partitions), with structural applications, high-humidity areas,
and horizontal surfaces subjected to traffic being excluded. Performance testing
focused on mechanical strength, acoustic and thermal insulation, fire resistance, and
the determination of volatile emissions and toxic element migration (Table 4).

Table 4
Instructions for use and recommended applications for recycled decorative panels
Application area Example / Limitations
Recommended Wall decoration, panels, lightweight partitions
Not recommended Horizontal surfaces, high-humidity areas, structural applications
Tests performed Mechanical strength, acoustic and thermal insulation, fire resistance,
volatile emissions, and element migration

The obtained samples were characterized using thermal conductivity,
mechanical resistance, morphological analysis, and aesthetic and practical evaluation.

Thermal Conductivity determined using a Hot Disk device. The Hot Disk
method is a transient thermal conductivity measurement technique using a dual-
purpose sensor: a heat source and a thermometer. The sensor is placed between two
material samples, and the temperature variation is analyzed to determine the thermal
conductivity. It is applied to insulating, porous, composite materials. The measurement
is conducted according to the ISO 22007-2 standard [21,22].

Compression Test (Evaluation of Mechanical Strength). Conducted according
to the ISO 844 standard. The compression test determines the resistance to forces
applied perpendicular to the material's surface. It is essential for evaluating
construction materials, insulating panels, or rigid composites. The test is performed
according to the ISO 844:2014 standard — "Rigid cellular plastics — Determination of
compression properties" [23]. Obtained parameters: elastic modulus, compressive
strength at 10% strain [24].

Morphological Analysis. Optical microscopy for fiber distribution analysis.
Optical microscopy is used to investigate the internal structure of composites and the
distribution of textile and cellulose fibers. Agglomerations, fiber orientation, and
material porosity can be observed [25]. Sample preparation involves cutting a cross-
sectional slice and observing it with a binocular microscope or digital camera. It can
be complemented with image analysis (ImagelJ) [26].

Aesthetic and Practical Evaluation. Aesthetic and functional evaluation is
carried out by applying a standardized questionnaire to a group of users (e.g., 20
people) [27]. This method is commonly used in product design studies, innovative
materials, or eco-design. The questionnaire may include Likert scale items (1-5)
regarding: visual appearance, touch sensation, perception of durability, and utility. The
responses are analyzed statistically (mean, standard deviation, relative scores) [28,29].

3. Results and discussion

The experimental results highlight that decorative panels produced from textile
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and cellulosic waste represent a viable alternative to conventional materials used in
interior finishes. They combine the necessary technical performance with significant
environmental benefits, positioning them as a competitive option in the sustainable
construction materials market (Table 5) [30,31].

Table 5
Physico-mechanical properties of recycled panels
Tested parameter Obtained result Advantage
Acoustic insulation Confirmed by laboratory tests Acoustic comfort
Thermal insulation Confirmed by laboratory tests Energy efficiency
Fire resistance Enhanced by mineral additives Fire safety
Emissions / migration | Within acceptable limits Sanitary safety for interior use

From a physico-mechanical perspective, the standardized dimensions (200 x 100
x 60 mm) and an average density of 0.87 g/cm3 indicate a lightweight structure, which
facilitates transport and installation while simultaneously reducing the static load on
structural elements. The absence of cracks and deformations during internal
inspections confirms dimensional stability, an essential criterion for long-term use
under varying interior microclimate conditions.

Laboratory tests confirmed the acoustic and thermal insulation capabilities,
properties that enhance the comfort of interior spaces and reduce energy costs. These
characteristics make the product particularly suitable for educational, cultural, and
commercial spaces, where acoustic comfort and energy efficiency are priorities. Fire
resistance, improved through the use of mineral additives such as borax and liquid
glass, provides an additional safety advantage, increasing the material’s acceptability
in construction and renovation projects, especially in areas with stringent fire
protection requirements (Table 6).

Regarding user health safety, analyses of volatile emissions and element
migration demonstrated compliance with the permissible limits. This aspect is crucial,
as it ensures that the panels can be used in residential, office, and public spaces
without health risks, thereby confirming the product’s conformity with current quality
and safety requirements.

Table 6
Functional performance of recycled panels
Tested parameter Obtained result Advantage
Acoustic insulation | Confirmed by laboratory tests Acoustic comfort
Thermal insulation | Confirmed by laboratory tests Energy efficiency
Fire resistance Enhanced by mineral additives Fire safety
Emissions / Within permissible limits Sanitary safety for interior use
migration

A major differentiating factor is the environmental and economic component.
The use of at least 30% post-consumer textile and cellulosic waste contributes to
reducing the volume of waste sent to landfills, supporting the principles of a circular
economy (Table 7). Furthermore, the choice of recyclable and biodegradable
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packaging reduces environmental impact and increases the product’s appeal to
consumers who are conscious of the importance of sustainability [32].

Table 7
Environmental and economic advantages of decorative panels made from recycled
materials
Characteristic Obtained result Ecological / Economic benefit
Recycled material >30% post-consumer textile and cellulosic | Reduction of waste volume
waste

Packaging Recyclable cardboard, biodegradable film Reduced environmental impact
Environmental In accordance with ISO 14021:2016 Official recognition of
declaration sustainability

Practical aspects also confirm the feasibility of the product: rapid installation
(performed using polymer adhesives and simple tools such as a cutter or scissors) and
easy maintenance (periodic cleaning and application of an eco-friendly protective
lacquer) make the panels accessible even to non-specialist users. This characteristic

renders them a material that is not only environmentally friendly but also user-friendly
(Table 8).

Table 8
Practicality and maintenance of recycled panels
Aspect Obtained result Practical advantage
Installation | Easy (polymer adhesives, simple cutting) Accessible and quick to install
Maintenance | Periodic cleaning, eco-friendly protective Extended service life and preserved
lacquer appearance

A comprehensive analysis of the results indicates that decorative panels based
on textile and cellulosic waste meet the technical and environmental requirements of
modern finishing materials, offering an optimal combination of performance, safety,
and sustainability. They can be regarded as an innovative solution for green
construction, with a high potential for integration into the interior design materials
market.

6. Conclusions

The study demonstrates that combining textile and cellulose-based waste enables
the production of functional and sustainable materials suitable for interior construction
and decorative applications. The manufactured panels and bricks, composed of >30%
post-consumer waste, achieve standardized dimensions, adequate density, and
improved mechanical, thermal, and fire-resistance properties, making them suitable for
wall cladding, partitions, and sound-absorbing applications. Aesthetic and practical
evaluations confirmed user acceptability and ease of installation. Environmental
assessment highlighted the significant ecological benefits, including reduced landfill
deposition, lower resource consumption, and alignment with international
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sustainability standards such as ISO 14021:2016. Overall, the proposed valorization
strategy not only provides high-performance alternative materials but also contributes
to the circular economy, promoting innovation in sustainable construction and interior
design.
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Abstract. Seismic risk in Romania is mainly triggered by relatively rare but very severe
earthquake events capable of generating significant structural damage and socio-economic
losses. While traditional seismic risk mitigation has focused primarily on structural
measures, increasing attention is being paid to the concept of seismic resilience, which also
includes post-event recovery capacity. This paper discusses the role of insurance
mechanisms as a financial component of seismic resilience, with emphasis on the
Romanian context. By analysing seismic risk characteristics, expected losses and the
current level of insurance coverage, the study highlights the existing protection gap and
the limitations of current approaches. The paper argues for integrated strategies
combining structural risk reduction and financial risk transfer to enhance seismic
resilience.

Key words: seismic risk, seismic resilience, insurance, earthquake losses

Rezumat. Riscul seismic din Romadnia generat in principal de producera unor cutremure
relativ rare, dar foarte severe, cu potential ridicat de pierderi structurale §i socio-
economice. In mod traditional, reducerea riscului seismic a fost abordatd in principal prin
mdsuri structurale, insd conceptul de rezilienta seismica implicd §i capacitatea de
recuperare dupa producerea evenimentului. Lucrarea analizeaza rolul asigurarilor ca
instrument financiar in cresterea rezilientei seismice, cu accent pe contextul romdnesc. Pe
baza analizei riscului seismic, a pierderilor potentiale si a nivelului actual de asigurare,
este evidentiat decalajul existent intre pierderile asteptate si capacitatea de compensare.
Sunt subliniate necesitatea unor strategii integrate care sd coreleze reducerea
vulnerabilitatii structurale cu mecanismele financiare de transfer al riscului.
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Introduction

Seismic risk represents one of the major natural hazards affecting the built
environment in Romania. The characteristics of the Vrancea seismic source, combined
with the vulnerability of a large part of the existing building stock, lead to the potential
for significant structural damage and severe socio-economic consequences during major
earthquakes. Past events, most notably the 1977 Vrancea earthquake, have clearly
demonstrated the extent of human, material and economic losses that may result from
strong ground shaking [1].

Traditionally, seismic risk mitigation in civil engineering has focused primarily
on structural measures, such as seismic design provisions for new buildings and
strengthening or retrofitting interventions for existing structures. While these measures
are essential for reducing physical damage and loss of life, they do not fully address the
broader consequences of earthquakes. Even when structural performance is improved,
significant economic losses may still occur, and the recovery process after a major
seismic event can be long and costly.

In recent years, the concept of seismic resilience has gained increasing attention
[2]. Seismic resilience extends beyond structural safety and refers to the ability of the
built environment and society to absorb seismic shocks, limit disruptions, and recover
within a reasonable time after a damaging earthquake. From this perspective, resilience
depends not only on the physical performance of buildings, but also on the availability
of financial mechanisms that support post-earthquake recovery.

Insurance systems represent an important financial tool in this context. By
transferring part of the seismic risk from individual property owners to a collective pool,
insurance mechanisms can help transform rare but potentially catastrophic losses into
manageable annual costs [3] [4]. In this way, insurance can contribute to reducing the
financial burden on both affected populations and public authorities following a major
earthquake, supporting faster and more effective reconstruction [5] [6].

Despite the high seismic risk, the current level of seismic insurance coverage in
Romania remains limited. The existing compulsory insurance system provides only
partial protection and is characterized by relatively low penetration rates and modest
coverage limits when compared to the potential scale of seismic losses. This situation
highlights a significant gap between expected earthquake-induced losses and the
financial capacity available for recovery.

The objective of this paper is to discuss the role of insurance mechanisms as a
component of seismic resilience, with a particular focus on the Romanian context. The
study presents a qualitative analysis of seismic risk, expected losses and current
insurance coverage, emphasizing the limitations of existing approaches and the need for
integrated strategies that combine structural risk reduction with appropriate financial
instruments. By doing so, the paper aims to contribute to a broader understanding of
seismic resilience in civil engineering practice and policy-making.
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2. Seismic risk and the existing building stock in Romania

Romania is exposed to a significant seismic risk, primarily associated with the
intermediate-depth seismic source in the Vrancea region [7] [8]. This source is
characterized by the ability to generate strong earthquakes with large affected areas,
producing significant ground motions amplitudes over extensive parts of the country.
As aresult, seismic events in Romania have the potential to cause widespread structural
damage and economic losses.

The impact of seismic actions is strongly influenced by the characteristics of the
existing building stock. A large proportion of residential and public buildings in
Romania were constructed before the introduction of modern seismic design regulations
or according to earlier codes that did not fully account for the current understanding of
seismic demand and structural behavior [9] [10]. Consequently, many existing buildings
exhibit varying degrees of seismic vulnerability, particularly in urban areas with dense
and aging construction.

Historical earthquakes provide clear evidence of this vulnerability. The 1977
Vrancea earthquake remains a reference event, illustrating both the severity of structural
damage and the scale of socio-economic consequences. Post-earthquake investigations
revealed significant differences in damage levels among buildings with similar apparent
characteristics, highlighting the complex interaction between seismic demand, structural
systems, construction quality, and detailing practices. These observations underline the
difficulty of predicting damage at the level of individual buildings and emphasize the
importance of considering seismic risk at a portfolio or regional scale.

The typology of the Romanian building stock further contributes to this
complexity. Residential buildings include a wide range of structural systems, such as
unreinforced and confined masonry structures, reinforced concrete frames, shear wall
systems, and large-panel prefabricated buildings. Each of these typologies exhibits
distinct seismic performance characteristics, leading to non-uniform damage patterns
during strong ground shaking. Moreover, the spatial distribution of these building types
often results in concentrated losses in certain urban zones.

From a risk assessment perspective, seismic risk in Romania results from the
interaction between seismic hazard, exposure, and vulnerability. While hazard levels are
primarily controlled by the Vrancea source, exposure is determined by the number, type,
and value of buildings, as well as by population density. Vulnerability reflects the
expected structural response of buildings subjected to seismic loading. Together, these
components lead to the possibility of large, infrequent loss events with severe
consequences.

Importantly, even when the probability of occurrence of major earthquakes is
relatively low on an annual basis, the associated potential losses are extremely high.
This characteristic place seismic risk in the category of low-probability, high-
consequence events. For such events, conventional approaches based solely on average
or expected annual losses are insufficient to capture the full extent of potential damage
and disruption. This aspect has direct implications for risk management strategies and
for the financial capacity required to support post-earthquake recovery.
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In this context, the seismic risk associated with the existing building stock in
Romania represents not only a structural engineering challenge, but also a broader
societal and economic issue. Understanding the characteristics of hazard, exposure, and
vulnerability is therefore a fundamental step toward developing integrated approaches
that address both damage reduction and recovery capacity after major seismic events.

3. Seismic losses and limitations of conventional loss indicators

Seismic losses associated with earthquakes differ significantly from losses caused by
other types of natural hazards. Earthquake-induced losses are typically rare, but when
they occur, they can be extremely large and highly concentrated in space and time [11].
This characteristic makes seismic risk particularly challenging to assess and manage
using conventional indicators.

In engineering practice and risk assessment studies, seismic losses are often
expressed using average-based indicators, such as the average annual loss. This metric
represents the expected value of losses averaged over a long period of time, accounting
for both frequent low-intensity events and rare high-intensity earthquakes. While
average annual loss can be useful for comparative analyses or long-term planning, it
does not adequately reflect the potential impact of extreme seismic events.

Major earthquakes generate losses that are far greater than the values suggested by
average indicators, as shown in Figure 1 [12].
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Fig. 1. Comparison between direct economic losses and insured losses for major earthquake events [13].
All values are expressed in USD at 2025 price levels. For historical events (1906 and

1923), insured loss data mainly reflect fire-related claims and are not fully comparable
with modern earthquake insurance systems.
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A single destructive event may cause economic losses that exceed the cumulative
average losses expected over several decades. For decision-makers and stakeholders
involved in post-earthquake recovery, it is precisely these extreme scenarios that
dominate the real-world consequences, rather than the long-term average behavior of
seismic losses.

Another important aspect of seismic losses is their strong dependency on the spatial
distribution of damage. Due to the characteristics of seismic wave propagation and the
clustering of vulnerable buildings, losses tend to be highly concentrated in specific urban
areas. As a result, the financial burden imposed by a major earthquake is not uniformly
distributed, but instead affects particular regions and communities disproportionately.
This spatial concentration further amplifies the socio-economic impact of seismic
events.

From a structural perspective, observed damage patterns also exhibit significant
variability, even among buildings with similar structural systems and construction
periods. This variability introduces additional uncertainty into loss estimation and
complicates predictions at the level of individual buildings. Consequently, loss
assessment methods are generally more reliable when applied at the level of building
portfolios or regions, rather than single structures.

These characteristics place seismic risk in the category of low-probability, high-
consequence events. For such risks, approaches based solely on expected or average
losses provide an incomplete picture of the potential damage and disruption. Indicators
capable of capturing extreme loss scenarios and tail behavior of loss distributions are
therefore essential for effective risk management.

The limitations of conventional loss indicators have important implications for post-
earthquake recovery planning. In the absence of sufficient financial preparedness, large
seismic losses may overwhelm the capacity of public authorities, households, and
private stakeholders to fund reconstruction efforts. This gap between potential losses
and available financial resources represents a critical vulnerability in the overall seismic
resilience of the built environment.

In this context, seismic loss assessment should not be viewed only as a technical
exercise, but as a foundation for identifying appropriate risk transfer and risk financing
mechanisms. Understanding the scale and nature of potential seismic losses is a key
prerequisite for evaluating the role of insurance systems and other financial instruments
in supporting post-earthquake recovery and enhancing seismic resilience.

4. The role of insurance in enhancing seismic resilience

As discussed in the previous sections, seismic risk in Romania is characterized by the
potential for large and concentrated losses associated with rare but severe earthquakes.
Although structural measures are essential for reducing physical damage and loss of life,
they cannot fully mitigate the economic consequences of major events. Therefore,
seismic resilience should be understood not only in terms of structural performance, but
also in terms of the capacity to finance post-earthquake recovery.

Insurance systems represent an important financial mechanism for managing seismic
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losses [14] [15]. From an engineering perspective, insurance enables the transfer of part
of the economic consequences of structural damage from individual owners to a
collective framework. By pooling risks across many insured assets and over time,
insurance helps transform rare, high-impact losses into more predictable financial flows.

The primary contribution of insurance to seismic resilience lies in its role in supporting
post-earthquake recovery. Following a damaging event, the availability of financial
resources is critical for repair, reconstruction, and restoring functionality [16]. Insurance
payouts can facilitate these processes by providing timely funds, reducing reconstruction
delays and limiting prolonged social and economic disruption. In this sense, insurance
complements structural risk reduction measures rather than replacing them.

Conceptually, the interaction between seismic hazard, building vulnerability,
economic losses, and recovery capacity can be described as a sequential process, as
illustrated in Figure 2.

Seismic hazard
(Vrancea and other sources)
!
Exposure
(building stocks + vulnerability)

!

Expected seismic losses

(structural and economic)

l

Insurance
(financial transfer of risk)

!

Capacity to finance
post-earthquake recovery
!

Seismic resilience
(faster recovery)

Fig. 2. Conceptual framework linking seismic hazard, losses and insurance within seismic resilience

Seismic hazard acts on the exposed and vulnerable building stock, generating
structural and non-structural damage that leads to economic losses. Insurance
mechanisms intervene at this stage by transferring part of these losses into financial
compensation, which in turn supports post-earthquake recovery and contributes to
enhanced seismic resilience. This perspective highlights the integrative role of insurance
within the broader framework of seismic risk management.

It is important to note that insurance effectiveness depends on the characteristics of
the insured portfolio and on the level of coverage. Low insurance penetration rates and
limited coverage caps reduce the ability of insurance systems to significantly influence
recovery at a regional or national scale. In such cases, large portions of seismic losses
remain uninsured, and the responsibility for recovery falls primarily on affected
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individuals and public authorities. This situation may lead to delayed reconstruction and
increased long-term socio-economic impacts.

From a risk management standpoint, insurance mechanisms are particularly relevant
for low-probability, high-consequence events, such as major earthquakes. Because these
events can generate losses that exceed the financial capacity of individual households or
local administrations, the absence of adequate risk transfer instruments amplifies overall
vulnerability. Insurance, when appropriately designed and widely adopted, can therefore
contribute to reducing the protection gap between potential seismic losses and available
financial resources.

In summary, insurance represents a key component of seismic resilience by
addressing the financial dimension of earthquake risk. When integrated with structural
mitigation measures and informed by realistic loss assessments, insurance systems can
enhance the capacity of societies to recover more rapidly from major seismic events.
Understanding this role is essential for evaluating the current state of seismic risk
management and insurance coverage, particularly in high-risk regions such as Romania.

5. Current state of seismic insurance in Romania

Despite the compulsory nature of the insurance scheme, the level of seismic insurance
coverage in Romania remains limited, with a national penetration rate of approximately
24% in 2024 [17]. However, the coverage achieved through this system represents only
a fraction of the potential losses that may be generated by a major seismic event.

One of the key characteristics of the current insurance framework is the relatively low
penetration rate. A significant proportion of residential buildings are not insured against
seismic risk, despite the compulsory nature of the scheme. This situation reduces the
effectiveness of insurance as a collective risk transfer mechanism and limits its potential
contribution to post-earthquake recovery at a national scale.

In addition to low penetration, the level of coverage provided by existing insurance
policies is modest when compared to the expected scale of earthquake-induced losses.
Coverage limits are fixed and generally insufficient to reflect the actual replacement or
repair costs associated with severe structural damage. As a result, even insured buildings
may remain partially exposed to significant uninsured losses following a major earthquake.

From a loss perspective, this mismatch leads to a pronounced protection gap between
potential seismic losses and the financial resources available through insurance
mechanisms [18]. Large-scale seismic events may generate losses that far exceed the
capacity of the insurance system to provide compensation. In such scenarios, a
substantial part of the financial burden associated with reconstruction is transferred to
affected households and public authorities.

Insured

Protection gap (uninsured losses
losses gap ( )

\ Total earthquake losses |

|

Fig. 3. Conceptual illustration of the seismic insurance protection gap in Romania
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The figure highlights the limited share of losses currently covered by insurance and the
resulting protection gap, which may have significant implications for post-earthquake
recovery.

Another important aspect concerns the distribution of insured buildings across
different structural typologies and urban areas. Insurance coverage is not systematically
aligned with seismic vulnerability or exposure. Consequently, areas with high
concentrations of vulnerable buildings may also exhibit low insurance coverage, further
amplifying the potential socio-economic impact of a major earthquake.

The current structure of seismic insurance in Romania also limits its ability to
influence risk reduction at the building level. In the absence of differentiated premiums
that reflect seismic vulnerability or structural performance, there are limited financial
incentives for building owners to invest in seismic strengthening measures. As a result,
the interaction between structural risk mitigation and insurance remains weak.

Overall, the existing seismic insurance system provides an important but incomplete
contribution to seismic risk management in Romania. While it offers a basic financial
safety net, its current penetration, coverage limits, and limited integration with structural
vulnerability considerations constrain its role in enhancing seismic resilience.
Addressing these limitations is essential for reducing the gap between expected seismic
losses and the financial capacity available for post-earthquake recovery.

6. Discussion

The analysis presented in the previous sections highlights the multifaceted nature of
seismic risk and resilience in Romania. Structural vulnerability, seismic hazard, and
exposure collectively define the potential for damage, but the consequences of a major
earthquake extend well beyond structural performance alone. The ability to recover after
a seismic event emerges as a critical component of overall resilience, requiring both
technical and financial preparedness.

From an engineering perspective, structural mitigation measures such as seismic
strengthening and improved design standards remain essential for reducing physical
damage and loss of life. However, these measures are typically implemented gradually
and often focus on a limited portion of the existing building stock. Even in scenarios
where structural vulnerability is reduced, significant economic losses may still occur
due to the large scale and concentration of exposed assets [19]. This observation
reinforces the need for complementary mechanisms that address the financial dimension
of seismic risk [20].

Insurance systems have the potential to play a significant role in bridging this gap.
By providing a structured mechanism for risk transfer and loss compensation, insurance
can support post-earthquake recovery and reduce the burden placed on public authorities
and affected communities. However, the effectiveness of such systems depends strongly
on their design, coverage levels, and degree of integration with structural risk reduction
strategies.

In the Romanian context, the limited penetration of seismic insurance and the
relatively low coverage limits constrain the impact of insurance on national-scale
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recovery. These factors, combined with the absence of vulnerability-based premium
differentiation, weaken the link between structural performance and financial protection.
As a result, the current system does not fully capitalize on the potential synergies
between engineering-based risk reduction and financial risk management.

A more integrated approach to seismic resilience would involve the coordinated
development of structural and financial measures. From a conceptual standpoint,
improvements in seismic performance achieved through retrofitting or strengthening
interventions could be reflected in insurance conditions, thereby providing financial
incentives for risk reduction. Such an approach would reinforce the role of engineering
interventions not only in reducing damage, but also in enhancing financial preparedness.

Finally, it is important to recognize that seismic resilience is a systemic property that
emerges from the interaction of technical, economic, and institutional factors. Insurance
alone cannot ensure resilience, just as structural measures alone cannot guarantee rapid
recovery. Effective seismic risk management requires coherent strategies that address
both damage prevention and post-event recovery capacity. In this respect, insurance
mechanisms should be viewed as integral components of a broader resilience
framework, rather than as standalone solutions.

7. Conclusions

Seismic risk in Romania remains a major challenge due to the combined effects of a
strong seismic hazard, a vulnerable existing building stock, and high levels of exposure
in urban areas. While significant progress has been made in seismic design practice for
new constructions, the potential consequences of future major earthquakes continue to
raise serious concerns with respect to both structural damage and socio-economic
impact.

This paper has emphasized that seismic resilience cannot be defined solely in terms
of structural safety. Although engineering measures aimed at reducing vulnerability are
essential, they are not sufficient to ensure rapid and effective recovery after a damaging
seismic event. The financial capacity to support post-earthquake reconstruction
represents a critical dimension of resilience that must be explicitly considered within
seismic risk management frameworks.

Insurance mechanisms play an important role in addressing this financial dimension
by facilitating the transfer and distribution of seismic losses. By providing access to
post-event financial resources, insurance systems can support recovery processes and
reduce the long-term disruption associated with major earthquakes. However, the
current level of seismic insurance coverage in Romania, characterized by limited
penetration and modest coverage limits, constrains the ability of insurance to
significantly contribute to national-scale resilience.

The analysis highlights the existence of a clear protection gap between potential
seismic losses and the financial resources available through existing insurance
mechanisms. Reducing this gap requires not only improvements in insurance design and
coverage, but also a closer integration between structural risk reduction measures and
financial instruments. Such integration could enhance both damage prevention and
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recovery capacity.

In conclusion, enhancing seismic resilience in Romania calls for a comprehensive
and integrated approach that combines engineering-based mitigation measures with
effective financial risk transfer mechanisms. Recognizing insurance as a complementary
component of seismic risk management, alongside structural interventions, can
contribute to more robust and sustainable recovery following future seismic events.
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Abstract. This paper adapts the pressure-based algorithm of EPANET 2.2 to comply with
national plumbing standards under different operating contexts. The study focuses on
calibrating the discharge coefficient (C) and pressure exponent (y), which govern flow
behavior in pressure-driven conditions. Case studies in Algeria and Romania
demonstrate how regulatory provisions influence these parameters, with y converging
around 0.6 and C varying according to building typologies. Results highlight the
advantages of Pressure Driven Analysis (PDA) over Demand Driven Analysis (DDA),
offering more realistic simulations for water distribution networks.

Key words: water distribution system, calibration, simulation, demand driven analysis,
pressure driven analysis, EPANET

1. Introducere

Water distribution networks are vital infrastructure systems that ensure the efficient
and reliable delivery of drinking water to users. To achieve optimal design, operation,
and management, analyzing and simulating these networks is crucial. One of the most
commonly used tools for this purpose is EPANET, open-source software created by
the U.S. Environmental Protection Agency (EPA) [1]. EPANET enables extended
period simulations to analyze the hydraulic and water quality performance of
pressurized pipe networks. It provides valuable information on factors such as flow
rates, head losses in pipes, nodal pressures, and tank water levels. Thanks to its
intuitive interface, open-source adaptability, and compatibility with numerous
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extensions, it has become a widely used tool in academic studies as well as in real-
world water system design and management.

In hydraulic simulations, two main methods are used to model demand: Demand-
Driven Analysis (DDA) and Pressure-Driven Analysis (PDA). The DDA approach
assumes that the required water demand at each node is completely satisfied,
independent of the actual pressure conditions in the network. Although this method is
computationally efficient and has long been the default in EPANET’s engine, it fails to
account for pressure shortfalls, which can result in overly optimistic predictions when
the system is under st ress [2], [3]. In contrast, the PDA method modifies water
distribution according to the pressure at each node, providing a more accurate
depiction of how the system responds under unusual or emergency situations,
including pipe failures, periods of high demand, or firefighting operations. [4].
Although the benefits of PDA are increasingly acknowledged, many legacy
simulations and even newer studies still rely mainly on DDA models. This persistence
is due in part to default configurations in software such as EPANET and in part to the
limited number of comparative analyses conducted under consistent conditions.
Consequently, pressure-deficient scenarios often crucial for assessing resilience and
reliability remain underrepresented in system evaluations and planning. The omission
of PDA in standard modeling can lead to misleading insights for operators and
engineers, potentially affecting system reliability, emergency readiness, and long-term
investment decisions [5].This study seeks to fill this gap by performing a controlled
comparison between DDA and PDA simulations under the same network conditions.
Using EPANET along with suitable pressure-driven extensions, it examines how
accurately and reliably each approach represents different demand and pressure situations.
The findings will highlight how the selected modeling framework affects performance
evaluation and will help practitioners adopt more informed simulation practices,
particularly in relation to aging infrastructure and growing urban water challenges.

2. Calibration of the coefficients
2.1. Problematic

Studies in hydro informatics and water distribution network simulation show that
pressure-based algorithms do not treat consumption flows at nodes as fixed values.
Instead, the flow at demand nodes varies depending on the pressure available at those
nodes. To represent this relationship, a mathematical function is needed to describe
how flow changes with pressure, controlled by certain parameters.However, these
parameters are not universal. They differ depending on factors such as consumer type
and the regulatory standards in force, which vary across countries, regions, and
applications. Because there is no standardized way to define these parameters,
hydraulic simulations may be prone to inaccuracies, which can affect the planning,
design, and management of water supply systems. For this reason, a reliable
calibration procedure is required to connect regulatory pressure and flow requirements
for different categories of consumers to the correct pressure—flow parameters. The
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main aim of this paper is therefore to determine these parameters as precisely as
possible based on relevant regulations. Once a suitable method for their determination
is developed, numerical models will be constructed for several case studies, and their
outcomes will be evaluated.

2.2. Determining Coefficients for Different Cases

Based on the emitter flow rate equation expressed as a function of pressure, and given
the following formula:
q=CP (1)

Where q: is the flow (£/s), p: the pressure, C: the discharge coefficient, and y: the
pressure exponent, depending on the urban water distribution network.

The calculation of distribution networks under load has become increasingly complex,
and traditional algorithms are no longer sufficient to address it. The challenge lies in
the fact that pressure-based algorithms assume fixed consumption flows at nodes,
whereas in reality these flows vary according to the pressure available at the most
restrictive node. Therefore, it is essential to establish and accurately define the
relationship between consumption flow and pressure, in line with applicable standards
for the various categories of consumers. Concerning the determination of coefficients
in accordance with the applicable standards in different countries, we will focus on
two specific countries: Algeria and Romania.We will primarily rely on the data
provided in (DTU 60.11 P1-1) for the Algerian case and on the information from the
Official journal of Romania, (Monitorul Oficial al Romaniei, Part I, No. 1167
bis/6.X11.2022), for the Romanian case. Several cases were analyzed under the
assumption that each floor accommodated the maximum possible number of
dwellings. The buildings considered were characterized by their considerable height,
typically comprising six to seven apartments per floor and extending over ten or more
levels (R+ 10 floors). This building typology is exemplified by structures in the Tei-
Colentina District of Bucharest, Romania, as depicted in (Fig.1).

wide building : 6 to 7 apartments

a) Apartment block in Romania Source: Photo: H b) Isometric plan of the internal water (Tei-
- Lakhdari on: 22/02/2024 Colentina District in Bucuresti Supply system of
buildings. [6]
Fig. 1. Residential building pattern in Romania (Tei-Colentina District - Romania).
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As for Algeria, the building and the apartment block are composed of (2 to 4
apartments) on each floor with a height of (R + 4 floors). Like the city of N'gaous in
the Wilaya of Batna in Algeria, as shown in (Figure 2).
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a) Apartment block in N'gaous - Algeria. Source: b) Plan of the internal water Supply system of
Photo: H - Lakhdari on: 22/02/2024 buildings. [7]
Fig. 2. Residential building pattern in Algeria (city of N’gaous- Algeria).

Flow rates required to supply buildings ranging from 1 to 10 apartments per floor, and
up to 10 floors in height, were estimated using standard calculation methods. For each
configuration, the coefficients (C) and (y) were determined and then used to produce
graphs showing how flow rate varies with available pressure.

The choice of this method is mainly intended to enable direct comparison and
highlight differences between national standards in each country. The 1-10 range
ensures consistency when comparing the Algerian standard (DTU 60) with the
Romanian standard (Monitorul Oficial 1167 bis/2022), and it also allows the
development of coherent comparative curves for both.More generally, focusing on
buildings with 1 to 10 apartments per floor offers a representative framework: it
mirrors the most common urban layouts, facilitates the determination of C and 7y for
each case, and provides a uniform basis for cross-country and cross-standard analyses.

2.2.1. Proposed calculation methodology

The proposed methodology applies to collective residential buildings designed with
between 1 and 10 apartments per floor, and up to a maximum of 10 floors. It defines
the estimated flow rate requirements for each apartment, taking into account standard
sanitary installations as prescribed by national regulations. In the case of Algeria,
French standards [8] were referenced and adapted to local conditions, while Romania
applies its own national standards [9].

Drawing on our knowledge of typical housing configurations in both countries, we
observed that Romanian high-rise buildings often comprise 6 to 7 apartments per floor
and generally extend up to 10 stories. In contrast, Algerian residential buildings tend to
include 2 to 4 apartments per floor and are of moderate height, usually reaching
around 4 stories depending on the location.

The methodology follows a series of calculation steps:
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1. Specify the number of devices per building:
This section consists of determining the number of devices used per dwelling on one
side and the estimated flow rate reserved for each type of device on one side using the
data in (Table O1).
2. Calculating the total flow rate required for a home, called the base flow rate qp:
In this section, we will calculate the base flow rate (qv), which represents the sum of
the base flow rates of each device present in a home using the calculation formula
following the conditions of the DTU-60 standard (Table 02)
3. Calculation of the probable flow qp:
The probable flow rate of a dwelling is defined by the formula:

Q=29 x k

or >(q: represents the basic flow rate in ({/s), k: coefficient of simultaneity:
0,8

Npmy

dwellings we have g, = N2g» x k Where N is the number of dwellings.

K =

and x the number of devices per dwelling. For the case of several

4. Formatting a Data Table:

In this section, we will develop a table that includes all the calculation data, such as the
flow rate of the devices, the pressure on each floor, and the simultaneity coefficient for
each case, from 1 to 10 units / floor up to 10 floors.

5. Formatting the graphs of the variation of the flow rate as a function of the pressure q
= f (p): In this step consists of mastering the format of the variation of the probable
flow rate as a function of the pressure necessary at each level of a building which
varies from 1 to 10 dwellings / floor up to 10 floors. First of all we worked with the
directives of DTUG60.

6. Formatting a Data Summary Table

This step involves formatting a data summary table, which primarily encompasses the
form of the equation q = f (p) and the coefficients associated with this equation.

7. Processing and analysis of the data in the table from step 6:

In this step, we will analyze the processing and analysis aimed at defining coefficients
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(a) and (b) that are unique for all cases, to the extent possible, and at least for the
pressure exponent (b).

8. Data correction with the new value of the pressure exponent coefficient (b):

After processing and analyzing the data in the summary table, we were able to arrive at
a single pressure exponent coefficient (b) for all cases processed, from 1 to 10
dwellings / floor up to 10 floors. We will apply this coefficient to all cases.

9. Correction of coefficient (a) unloading coefficient:

In this section, we will establish a relationship between the number of dwellings per
floor and the variation of coefficient (a) to arrive at the final form of the equation: q = f

®).

For Romania case, we used the same methodology to structure the procedures.
However, the determination of basic flow is carried out differently, since Romania
applies its own standards and methods, distinct from those in NF DTU 60.11 P1-1. A
major difference comes from the approach defined in the Romanian standard No. 1167
bis / 6.X11.2022.

e The coefficient of simultaneity for cold water is calculated with the following
formula:

0,83
N-1

far = 2)

According to the Roman Standard, two different formulas are used to calculate
simultaneity coefficients one for cold water and another for hot water whereas the
French standard relies on a single formula. Among the notable differences is that.

e The B-2 method was chosen, since the consumption unit Ui is applied when the
reinforcement factor U > 15 [9].

Consequently, the following flow rate calculation relations are used:

QC,AR = QS,tot,AR x f AR (D)

With:

Q.. ar : Design flow rates for cold water distribution (£/s) ;
Os.o1. AR - Total specific cold water flow for a section (£/s) ;
fAR: The coefficient of simultaneity for cold water.

172



Adaptation of the pressure-based algorithm used by EPANET 2.2 to the provisions in force for different situations

3. Cases selected in the study

- Estimating of probable flows according to housing units and floors:

This study focuses s the estimation of probable flow rates based on the number of
apartments per building and the total number of floors, in line with recognized national
standards. In Algeria, the French DTU 60 standards were adjusted for local use, while
in Romania the reference was the official standards (Monitorul Oficial al Romaniei,
partea I, Nr. 1167 bis /6.X11.2022). The analysis covers buildings ranging from 1 to 10
apartments per floor, with a maximum of 10 floors. The methodology is illustrated in
detail through two case studies: buildings with 4 apartments per floor in three Algerian
cities, and buildings with 7 apartments per floor in the Tei— Colentina District of
Romania. This same procedure is then extended to the other configurations.

3.1. Algerian Case

The procedure is illustrated using a reference building consisting of 10 floors, with 4
apartments per floor.

Tabelul 1
Estimated probable flow for a building with 10 floors and 4 apartments per floor.

Floor Gf | Pt | P2 | F3 | F4 | F5]| F6|F7][F8]F9|FI0
designation pressure demand per floor in (m)
s [ 8 [ 11 [ 1417 12 [23[2 [29] 3 [35

Device Type | Flow

in apartment | (€/s) Basic Flow of devices according to the type and number of apartments in ({/s)

Sink 02 | 08 1,6 24 | 32 4 48 | 56 | 64 | 72 8 8,8

Wash basin | 0,2 | 0,8 1,6 24 3,2 4 4,8 5,6 64 | 7.2 8 8,8

Shower 02 | 08 1,6 24 3,2 4 4,8 5,6 64 | 7.2 8 8,8

Bathtub 0,33 | 1,32 | 2,64 | 396 | 528 | 6,6 | 7,92 | 9,24 | 10,56 | 11,88 | 13,2 | 14,52

Basinhand | 1\ 64 1 08 | 12| 16| 2 | 24 | 28 | 32|36 | 4 | 44
wash

Washing =\ 5 1 08 | 16 | 24 | 32| 4 | 48 | 56| 64 | 72| 8 | 88
machine

WEWIRAush .12 | 048 | 096 | 144 | 192 | 24 | 288 | 336 | 384 | 432 | 48 | 528
TOTAL | 135| 54 | 10,8 | 162 | 21,6 | 27 | 324 | 37,8 | 432 | 48,6 | 54 | 59.4

Number of apartments| 4 8 12 16 20 24 28 32 36 40 44

Number of devices 28 56 84 112 140 168 196 | 224 | 252 | 280 | 308

Coefficient of

. . 0,154 | 0,108 | 0,088 0,076 | 0,068 | 0,062 | 0,057 | 0,054 | 0,050 | 0,048 | 0,046
simultaneity

Q probable in (£/s) | 0,831 | 1,165 | 1,423 | 1,640 1,832 | 2,006 | 2,166 | 2,314 | 2,454 | 2,586 | 2,712
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- Graphical representation

The graphical representation in Fig.3 shows how the probable flow (qp) changes in
relation to the requested pressure for the Algerian case (4 apartments per floor).

Flow (€/s )5 05363
2 000 (€/s) y [2),.%.42..‘;13(.
2P =0,5508
% 2,712
- _—® 2,586
2,500 Y
#7314
#7166
2,000 —-=790¢6
_#-TR32
&-T hai
1,20 =
‘ #1423
#1165
1,000 g
¢ 0,831
0,300
0.000 1 1 1 1 1 1
o} 5 10 15 20 25 30 35 40
Pressure (m)

Fig. 3. Graph representing the variation in probable flow (qp) as a function of the requested pressure.
3.2. Romanian Case

This section describes the methodology applied to a building comprising 10 floors,
each containing 7 apartments.

Tabelul 2

Estimated probable flow rates for this configuration of 7 apartments per floor across 10 floors

Floor Gf | F1 F-2|[F3|F4]|F5]F6|F7]|F8[F9]|F10
DESIGNATION pressure demand per floor in (m)
5 | 8 1| 14| 17 [ 20| 23] 2 |29 |32] 35
Device iy . . . .
Flow | Unité Basic flow rate of devices according to the type and number of dwellings
e ws) | (Ui (Qs, ton in (U/5)
apartment ’
Sink 0,2 2 14 | 28 | 42 | 56 7 84 | 98 | 11,2 | 126 | 14 | 154
Wash basin| 0,15 | 1,5 | 1,05 | 2,1 | 3,15 | 42 | 525| 6,3 | 7,35 | 84 | 945 |10,5| 11,55
Shower | 0,2 2 14 | 28 | 42 | 56 7 84 | 98 | 11,2 | 12,6 | 14 | 154
Bathtub | 0,25 1,75 | 3,5 | 5,25 7 8,751 10,5 | 12,25 14 |15,75|17,5| 19,25
Toilet sink | 0,1 1 07 | 1,4 | 2,1 | 28 | 35 | 42 | 49 | 56 | 63 | 7 7,7
WE with 0,12 1 0,84 | 1,68 | 2,52 | 336 | 42 | 5,04 | 588 | 6,72 | 7,56 | 8,4 | 9,24
wash tank
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Floor Gf | F1  F-2[F3|F4|F5]F6|F7]|F8[F9]|F10
DESIGNATION pressure demand per floor in (m)
5 | 8 | 11|14 ] 172 | 23]2 [2 |32] 35
Device . s . . . .
Flow | Unité Basic flow rate of devices according to the type and number of dwellings
Type |y | i (O, tot) in (Us)
apartment ’
Washing | 5 5 | 14 | 28 | 42 | 56| 7 | 84 | 98 | 112|126 14 | 154
machine
Dishwasher| 5 |5 1 4 | 08 | 42 | 56| 7 | 84 | 98 | 112 126 | 14 | 154
machine
TOTAL | 1,42 | 14,5 | 9,94 | 19,88 | 29,82 (39,76 | 49,7 | 59,64 | 69,58 | 79,52 | 89,46 | 99,4 |109,34
Number of apartments 7 14 21 28 35 42 49 56 63 | 70 | 77
Number of devices/ | 5| 115 | 168 | 204 | 280 | 336 | 392 | 448 | 504 | 560 | 616
apartment
Coefficient of simultaneity| 0,112 | 0,079 | 0,064 | 0,056 | 0,050 | 0,045 | 0,042 | 0,039 | 0,037 |0,035| 0,033
Q probablein (€/s) | 1,112]1,566| 1,915 | 2,210 2,470 | 2,705 | 2,921 | 3,122 | 3,311 |3,489| 3,659

- Graphical representation

Figure 4 shows the relation between probable flow (qp) and the required pressure. It
also illustrates the variation of probable flow according to Romanian standards (7

apartments per floor),

confirming the increasing demand on higher floors.

flow (£/s)
4,000

y = 0,443x".500

3,500

R*=0,996
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59
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¥ 3,485
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o] 5

10 15 20 25 40

Pression (m)

Fig. 4. Graphical representation of the probable flow variation (qp) as a function of the requested

pressure.

4. Result and discussion

In the context of searching for the discharge coefficient (C) and the pressure
coefficient (y) related to the emitter formula (1)
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After conducting a study on two cases, namely Algeria and Romania, the results
obtained through the following two tables (3) and (4) were:

4.1 Case of Algeria
The coefficients determined for Algeria are presented in Table 3, showing the
variation of discharge coefficient C with the number of apartments per floor.

Tabelul 3
The coefficients adopted (Case of Algeria)
Form of the equation Coefficients
Designation q=c.p' . v

1 apartment / floor on 10 floors q=0,176 p°¢ 0,176 0,6
2 apartment / floor on 10 floors q = 0,242 p° 0,242 0.6
3 apartment / floor on 10 floors q=0,292 p 0,292 0,6
4 apartment / floor on 10 floors q = 0,334 0,334 0.6
5 apartment / floor on 10 floors q = 0,370 p* 0,370 0.6
6 apartment / floor on 10 floors q = 0,403 p 0.403 0.6
7 apartment / floor on 10 floors q = 0,432 p° 0.432 0.6
8 apartment / floor on 10 floors q = 0,460 p 0,460 0,6
9 apartment / floor on 10 floors q = 0,486 p 0.486 0.6
10 apartment / floor on 10 floors q=0,510 p° 0,510 0.6

The relation between coefficient C and the number of apartments is depicted in Figure
5 (Case of Algeria).

- Graphical representation: C = f (N)

This curve represents the variation of the coefficient C as a function of the number of
apartments per floor.
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Fig. 5. Curve of the variation of the coefficient C as a function of the number of dwellings per floor
Curve of the equation: y = 0.176 x40,

4.2. Case of Romania

As shown in Table 4, Romania’s adopted coefficients similarly indicate consistent
pressure exponent values, with slight differences in C compared to Algeria.

The coefficients adopted (Case of Romania)

Tabelul 4

Form of the equation Coefficients
Designation q=c.p' c y

1 apartment / floor on 10 floors q=0,178 po’6 0,178 0,6
2 apartment / floor on 10 floors q=0,246 po’6 0, 246 0,6
3 apartment / floor on 10 floors q= 0,297p0’6 0,297 0,6
4 apartment / floor on 10 floors q=0,340 po’6 0,340 0,6
5 apartment / floor on 10 floors q=0,377 p*¢ 0,377 0,6
6 apartment / floor on 10 floors q=0411p" 0,411 0,6
7 apartment / floor on 10 floors q =0,442 p*¢ 0,442 0,6
8 apartment / floor on 10 floors q = 0,470 p*¢ 0,470 0,6
9 apartment / floor on 10 floors q=0,497 po’6 0,497 0,6
10 apartment / floor on 10 floors q=0,522 po’6 0,522 0,6

The relationship between coefficient C and the number of apartments is depicted in

Figure 7 (Case of Romania).

177



Hocine Lakhdari, Andrei-Mugur Georgescu

- Graphical representation C = f (N)
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Fig. 6. Curve of the variation of the coefficient (C) as a function of the number of apartments per floor
Curve of the equation: y = 0.178 x**7,

5. Comparison between flow and pressure-based analysis in water distribution
systems serving a given population.

In this section, we will conduct a comparative case study of the two calculation
algorithms currently used by EPANET 2.2. For the pressure-based analysis, the flow
variation coefficients determined in the previous section will be used. The study will
examine how results differ depending on the locality's geographical location across
different countries.

5.1. Hydraulic simulation and analysis methods

There are two approaches that we normally use to run Hydraulic Modeling in
EPANET, Demand Driven Analysis (DDA) and Pressure Driven Analysis (PDA).

The model-based distribution site identification methodology was tested in Two
Algerian cities and one Romanian city under real-world distribution scenarios. The
water distribution networks in these cities cover their entire urban areas, and the
populations of the cities are listed in table 5 below.

Tabelul 5
Population number in each city
Cities Total population
N’gaous 33619
Ras El Aioun 19850
Tei-Colentina 40 000
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In these figures, the simulation process was carried out for two cases: Demand Driven
Analysis (DDA) and Pressure Driven Analysis (PDA). The previously defined
parameters were inserted into the numerical model for the PDA case at the nodes
corresponding to the type of building they supply.

To our knowledge, the buildings in the studied Algerian cities each consist of five
floors (ground floor + 4 upper floors) and contain four apartments per floor. In
contrast, buildings in Tei-Colentina District, Romania, typically consist of eleven
floors (ground floor + 10 upper floors) and contain seven apartments per floor, as
previously explained.

Therefore, the parameters entered into the numerical models for each city are as
follows:

- For the four cities in Algeria, the values were based on the equation obtained from
Table 6.

Tabelul 6
The coefficients determined for the case of Algeria
Designation Equation form Coefficients
4 apartment/ floor on g=c.p’ C Y
10 floors q=0,334p *° 0,334 0,6

For the city of Tei - Colentina District in Romania, the values were calculated based
on the equation shown in Table 7.

Tabelul 7
The coefficients determined for the case of Romania

Designation Equation form Coefficients
7 apartment/ floor on g=c.p’ C Y
10 floors q=0,442p ¢ 0,442 0,6

5.2. Simulation and analysis for cities
5.2.1. Analysis for the city of N'gaous
5.2.1.1. DDA (Demand-Driven Analysis)

As illustrated, the water distribution network of the city of N’gaous was simulated
under demand driven analysis (DDA) conditions. Figure 7 shows the pressure
distribution and the resulting flow, while Figure 8 shows the pressure and velocity
results
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Fig.8. Water distribution network of the city N’gaous, simulation: Pressure — velocity.
5.2.1.2. PDA (Pressure Driven Analysis)

As illustrated, the water distribution network of the city of N’gaous was simulated
under pressure driven analysis (PDA) conditions. Figure 9 shows the pressure
distribution and the resulting flow, while figure 10 shows the pressure and velocity
results.
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Fig. 10. Water distribution network of the city N’gaous, simulation: Pressure — velocity.

5.2.2. Analysis for the city of Ras El Aioun
5.2.2.1. DDA (Demand-Driven Analysis)

As illustrated, the water distribution network of the city of Ras ElAioun was simulated
under demand driven analysis (DDA) conditions. Figure 11 shows the pressure
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distribution and the resulting flow, while Figure 12 shows the pressure and velocity
results.
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Fig. 11. Water distribution network of the city Ras El Aioun, simulation: Pressure — flow.
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Fig. 12. Water distribution network of the city Ras El Aioun, simulation: Pressure — velocity.

5.2.2.2. PDA (Pressure Driven Analysis)

As illustrated, the water distribution network of the city of Ras El Aioun was
simulated under pressure driven analysis (PDA) conditions. Figure 13 shows the
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pressure distribution and the resulting flow, while figure 14 shows the pressure and
velocity results.
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Fig.14. Water distribution network of the city Ras El Aioun, simulation: Pressure — velocity.

5.2.4. Analysis for the « Tei - Colentina District » (Bucarest)
5.2.4.1. DDA (Demand-Driven Analysis)

As illustrated, the water distribution network of the city of Tei - Colentina was
simulated under demand driven analysis (DDA) conditions. Figure 15 shows the
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pressure distribution and the resulting flow, while Figure 16 shows the pressure and
velocity results.
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Fig. 15. Water distribution network of the city Tei-Colentina, simulation: Pressure — flow.
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Fig.16. Water distribution network of the city Tei-Colentina, simulation: Pressure — velocity.

5.2.4.2. PDA (Pressure -Driven Analysis)

As illustrated, the water distribution network of the city of Tei - Colentina was
simulated under pressure driven analysis (PDA) conditions. Figure 17 shows the
pressure distribution and the resulting flow, while figure 18 shows the pressure and
velocity results.
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Fig. 17. Water distribution network of the city Tei-Colentina, simulation: Pressure — flow.
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Fig. 18. Water distribution network of the city Tei - Colentina, simulation: Pressure — velocity.
6. Simulation results and discussion by city
6.1. City of N'gaous
*Analyse DDA (Demand Driven Analysis):
- Pressures are relatively high, ranging from 14 m to 66 m, with all demands fully met.
as shown in Figures (7) and (8).

- This may seem ideal but does not reflect reality if the pressure were to drop or in the
event of network overload.

*Analyse PDA (Pressure Driven Analysis):
- Results show more realistic pressure in high-altitude areas or at the end of the
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network. as shown in Figures (9) and (10).
- In some nodes, demand is only partially met, and speeds vary more.
- We notice a progressive loss of pressure, revealing weak points in the network.

6.1.2. City of Ras EIl Aioun

* DDA (Demand Driven Analysis):

- Hypothesis: All demands are met regardless of pressure.

- Relatively high pressures, for example, from (54.29 m to 65.15 m) in the nodes. as
shown in Figures (11) and (12).

* PDA (Pressure Driven Analysis):

- Slightly lower pressures than in DDA.

- Allows observation of areas where pressure is insufficient to meet demand. as shown
in Figures (13) and (14).

6.1.3. Tei - Colentina

* DDA analysis:
- Provides optimistic results: demand is assumed to be fully supplied. As shown in the
figure (15) and (16).

* PDA analysis:

- From Figure (17) and (18) highlights critical low pressure areas (e.g. pressures
around 15 m).

The comparative analysis of the three urban networks shows that:

- Traditional methods (DDA) may overestimate the actual performance of the
networks, especially under variable pressure conditions.

- The (PDA) approach allows for a better understanding of hydraulic behavior, taking
into account the nonlinear relationship between flow and pressure. The data from the
simulations clearly show that Algerian networks, although important, require
technological updates and hydraulic optimization (better management of pressures,
flows, water losses, etc.) to ensure efficient (good quality, waste-free, and cost-
effective) and sustainable (long-term, even in the face of growing demand or limited
resources) service.

In EPANET, when performing a Pressure Driven Analysis (PDA), the introduction of
discharge coefficients and the emitter exponent has a direct impact on the modeling of
flow rates at nodes based on the available pressure.

From what has been observed:

- Unlike Demand Driven Analysis (DDA), where demand at nodes is fixed, PDA
adjusts flow rates at nodes based on available pressure.

- When the pressure drops below a certain threshold value, the delivered flow rate is
reduced in accordance with the orifice emission equation (n°1): g = C.P?
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Where: q: flow rate, c: discharge coefficient, It was determined with a variable value
between: (0,176 - 0,510) in the case of Algeria. And between: (0,178 - 0,522) in the
case of Romania. This coefficient varies according to the number of apartments on
each floor of the building (see tables 3 and 4).

P : is the nodal pressure, y: pressure exponent (generally between 0.5 and 0.6 for
orifices), It was determined with a value of 0,6.

The formulas deduced for each of the two cities are:

* The 02 cities of Algeria: q =0,334.p 0,6

* Tei-Colentina: q = 0,442 . p 0,6

We observed that the difference between the two formulas is minimal, due to the type
of equipment used by households either in Algeria or in Romania.

The same applies when we look at the basic flow rate tables, according to the French
standard NF DTU 60.11P1-1. And the Roman standards (Monitorul Oficial al
Romaniei, partea I, nr. 1167 bis/6.X11.2022) and standard (STAS 1478-90).

There is a slight difference in the estimated flow rates in buildings, for example, for
(sinks French standards: 0.20 /s and Roman standards 0.15 /s while for bathtubs
0.33 €/s vs 0.25 £/s.( See Tables 1 and 2)

The same can be observed for the formula for calculating the simultaneity coefficient,

0,83
N-1
0,8

x—1

given that in Romania, the formula is as follows: f,, = ; while those applied in

Algeria are based on the French standards, which are: K =

This slight difference between the two constants (0, 8 in the French standards) and (0,
83 in the Roman standards) is:

* The difference between 0.83 and 0.8 comes from experimental data and analyses
conducted in each country on how sanitary facilities are used.

- Romania adopted the coefficient of 0.83 based on local studies on the frequency of
use and the distribution of water consumption.

- French standards adopted the coefficient of 0.8 following its own observations on the
use of the facilities.

* Furthermore, the difference between these two constants is probably due to several
factors:

- Building typology: In Romania and France, the use of sanitary facilities can vary
depending on the building type (residential, hotel, industrial ........ etc.).

- Consumption habits: Depending on lifestyle, the frequency and duration of use of
water consumption points can differ between the two countries.

- Design safety: The slightly higher coefficient in Romania (0,83 versus 0,8) may indicate
a more conservative approach, providing a greater safety margin for system design.
Ultimately, the difference between the two coefficients is relatively small (0.83 versus
0.8), but reflects national particularities in terms of water consumption and plumbing
design philosophy. Romania adopts a slightly higher value, likely for safety reasons
and to adapt to the specific requirements of local infrastructure.
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*Regarding the analysis status :

- PDA allows for more accurate modeling of network pressure variability, which is
essential for infrastructure design.

- PDA focuses on assessing network pressures, providing a more realistic
representation of the service conditions offered to users.

- Regarding pressure and flow, in both analysis cases

*Flow-based analysis (DDA) and

*Pressure-based analysis (PDA), this must be done under two conditions:

{ Flow rate: Q DDA # Q PDA (Varies with pressure)
Pressure: P (DDA) > P (PDA).

The flow-in state (DDA) is a theoretical state where all demands are met, but as soon
as the pressure is insufficient, the analysis state moves to a pressure-based analysis
state (PDA), where the flow is reduced based on the available pressure. This change
allows for more realistic modeling of networks under hydraulic constraints.

7. Concluzii

This study presents a comprehensive methodology for simulating and calibrating water
distribution networks using EPANET 2.2, with a particular focus on evaluating
Demand Driven Analysis (DDA) and Pressure Driven Analysis (PDA) under realistic
operating conditions. By deriving discharge coefficients (C) and pressure exponents
(y) based on national plumbing standards from Algeria and Romania, the research
bridges theoretical hydraulic modeling with practical regulatory constraints and
consumer behavior.

The calibration process yielded consistent values for the pressure exponent (y =0.6),
while the discharge coefficient (C) varied according to the number of apartments per
floor ranging from 0.176 to 0.510 in Algeria and 0.178 to 0.522 in Romania. These
parameters were essential in constructing pressure-dependent demand models that
more accurately reflect flow conditions under variable pressure scenarios. Case studies
from both gravity-fed and pumped systems (in Algeria and Romania, respectively)
demonstrated that while DDA assumes ideal conditions with fully satisfied demands,
PDA reveals actual network limitations, such as pressure deficiencies and unsatisfied
demands during peak usage or infrastructure stress. PDA simulations enabled the
identification of critical nodes, areas prone to underperformance, and design oversights
that DDA tends to obscure.

This work contributes a novel framework by linking empirical regulatory data to
hydraulic simulation parameters, thus improving the realism and transferability of
network models across different urban contexts. It highlights the necessity of using
PDA augmented by properly calibrated coefficients for informed decision-making in
system design, infrastructure reinforcement, and operational management.

Ultimately, the study demonstrates that integrating country-specific standards into
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pressure-based simulation models not only enhances their accuracy but also fosters a
more resilient and responsive approach to managing water distribution systems in
diverse geographic and technical environments.
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Abstract. The purpose of this article is to provide an overview of the environmental effects
that may influence the durability of concrete structures in nuclear power plants. Over time,
the properties of concrete change as a result of the evolution of microstructural processes
as well as under the action of environmental factors. These transformations are not
necessarily severe enough to compromise the ability of concrete to meet its performance
requirements. However, under certain conditions, concrete may experience undesirable
deterioration due to inadequate specifications, noncompliance with those specifications,
or unfavorable behavior of the cement paste or aggregate constituents as a result of
physical or chemical actions.

Key words: Nuclear structures, concrete, high temperatures, radiation, corrosion,
durability, concrete shrinkage

Rezumat. Scopul acestui articol este de a oferi o prezentare generald a efectelor de mediu
care pot influenta durabilitatea structurilor din beton ale centralelor nucleare. Odata cu
trecerea timpului, proprietatile betonului se modifica ca urmare a evolutiei proceselor
microstructurale, dar si sub actiunea factorilor de mediu. Aceste transformdri nu sunt, in
mod necesar, suficient de severe pentru a compromite capacitatea betonului de a indeplini
cerintele de performanta. Totusi, in anumite condifii, betonul poate suferi degradari
nedorite din cauza unor specificatii neadecvate, a nerespectarii acestora sau a comportarii
nefavorabile a pastei de ciment hidratate ori a agregatelor, ca urmare a solicitarilor fizice
sau chimice.

Cuvinte cheie: structuri nucleare, beton, temperaturi ridicate, radiatii, coroziune,

durabilitate, contractia betonului

1. Introduction

Classic factors influencing concrete durability include mechanical actions,
aggressive environmental conditions, and reinforcement corrosion.

The article was received on 21.02.2026, accepted on 27.05.2026 and published on 12.06.2026
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In addition, nuclear structures may be exposed to high temperatures and ionizing
radiation, which can accelerate concrete degradation and prestress loss.
These effects should be explicitly considered in long-term durability assessments.

2. The influence of high temperatures

Elevated temperature can significantly impact all heat treated and drawn wires.
Such wires may not regain their initial strength when cooled because subsequent heating
destroys crystal transformations achieved by the initial heat-treating process. Short term
heating (e.g. 3—-5 min) even to temperatures as high as 400°C, however, may not harm
mechanical properties of prestressing wire [1]. A Belgian study [2] involving 30 types
of prestressing steel indicated that thermal exposures up to ~200°C do not significantly
reduce (<10%) tensile strength of prestressing wires or strands. References [3] and [4]
support these results. The effect of elevated temperatures (from 21-649°C) on the stress-
strain behavior of one type of prestressing steel (ASTM A 421) is provided in Ref. [5].
As temperature levels experienced by prestressing tendons in Nuclear Power Plant
(NPP) containment are typically below 200°C, the risk of thermal damage under normal
operating conditions is low.

The loss of prestressing force increases at elevated temperatures due to increases in
the relaxation of steel and volumetric changes of concrete (i.e. creep and shrinkage). As
shown in Fig. 1, the change in slope of prestress force versus time is associated with a
reactor startup, when temperatures increase from about 20°C to 30—45°C [6].

Elevated temperature exposures impact the relaxation of prestressing tendons. As
exposure temperature and initial stress levels increase, prestressing wire relaxation
losses can increase significantly [7-8].

Results obtained from prestressing wires obtained from four British manufacturers
indicate that as exposure temperature was increased from 18—120°C, stress relaxation
was approximately proportional to the temperature increase [8].

Fig. 2 shows a 15.2 mm 7 wire strand stress loss from initial stress of 75% of
specified minimum breaking strength [9]. Relaxation at 40°C is about twice as much as
at 20°C. Based on testing performed by Briton Wires [7], the average relaxation after 40
years was estimated to be 2% at 20°C and 5% at 40°C.

Relaxation tests were performed at Forsmark NPP (Sweden) for 1000 hours, and
to 70% of their ultimate strength at temperatures of 20°C and 50°C . Results were 1.4%
at 20°C and 2.7 % at 50°C.
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Fig. 1. Prestressing (initial) and residual force as a function of time as measured by fixed gauges at
Forsmark 1(adapted from Ref. [6]).
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Fig 2 Relaxation of stabilized (low relaxation) 7 wire strands at 75% of fyx at various temperatures [9].

Temperature has significant effect on creep [3, 5, 8, 9]. This is not typically
addressed in generic creep prediction models, and temperature is only of concern for
prestressed nuclear Containment Concrete Structures (CCS). Creep rate increases with
temperatures up to about 70°C. The creep rate at 70°C was shown to be about 3.5 times
higher than the rate at 20°C, at least for the first 15 months under load [10].

Based on results from a number of studies [3], creep at temperatures of between 40
and 50°C is about twice the creep at a temperature of 20°C. This is consistent with the
results in Fig. 3, showing short term creep. Investigations in Ref. [11] show that the
creep strain is 2-3 times greater at 52°C than at 27°C.

Elevated temperature effects on drying shrinkage are less pronounced than the effect
of reduced relative humidity. A 15% increase in shrinkage can be expected when
temperature is increased from 23°C to 60°C at a constant relative humidity [11].
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Fig. 3. Effects of temperature on creep [11]

2.1. Mechanical and structural changes

High temperatures affect the properties of concrete as follows:

Accelerated creep

Creep is the increased strain or deformation of a structural element under a constant
load.

There are multiple levels of creep that a concrete structure can undergo:

¢ Primary creep is the immediate elastic strain or initial creep when the load
is first applied to the concrete.

e Secondary creep is the slow progress of this creep over time resulting from
a sustained load.

e Tertiary creep is the accelerated creep that eventually leads to a break or
rupture of the structure.

¢ Drying creep is when basic creep and shrinkage are exceeded at drying.

Over time, hardened concrete can gradually change shape under constant pressure,
causing a deformation.

Concrete creep has been accepted as an inevitable fact for decades. In fact, creep is
still calculated in concrete projects to determine whether the structure will sustain the
anticipated load.

e Thermal shrinkage

Thermal shrinkage in concrete is the reduction in volume and contraction of
hardened concrete as it cools down from the high temperatures generated by the
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chemical heat of hydration. It occurs when concrete, often in large pours, expands while
setting and subsequently contracts upon cooling, leading to cracking if restrained.

2.2. Precompression losses.

Creep and thermal contraction lead to a decrease in stress in the prestressing
cables, affecting the load-bearing capacity and tightness of the envelope.

2.3. Reinforcement corrosion amplification

High temperatures accelerate the diffusion of aggressive ions (Carbonation,
Corrosion, Chloride penetration), favoring reinforcement corrosion and decreasing
durability.

2.3.1 Carbonation

Carbonation is a deleterious mechanism in concrete that can occur when
atmospheric carbon dioxide (CO2) reacts with hydration products, such as calcium
hydroxide (Ca(OH),), to form calcium carbonates (CaCOs3).

Carbonation lowers the concrete pH, which may promote reinforcement
corrosion and, eventually, lead to the formation of cracks, delamination, and spalling.
The presence of sufficient moisture is essential for the carbonation process [12]. Also,
the rate of carbonation depends on the quantity of Ca(OH)2 in the matrix and
concentration of CO; [13].

To perform accelerated carbonation tests, special chambers are utilized with a high
content of COs,.

After performing the tests, by applying a phenolphthalein solution to a concrete
surface, which appears pink, if the pH level is high, the carbonation depth can be
determined. If a specimen shows no color change, it can be considered carbonated (see
Figure 4).

Roux et al. [14] measured the resistance of RPC200 to carbonation. Using
accelerated treatment at 100% CO2, no carbonation was detected after 90 days of
exposure. Sohail et al. [11] compared the carbonation rate of NSC and UHPC.

Both types of cylinders were placed in an environmental chamber with 50% CO»
for six months. After six months, there were no signs of carbonation on UHPC, and a
12 mm carbonation depth was observed on Normal Strength Concrete (NSC). The
studies of Pierard et al. [15] have also confirmed the superiority of Ultra-High
Performance Concrete (UHPC) over NSC in terms of carbonation resistance: the
researchers estimated the minimum concrete cover for a 100-year carbonation resistance
of 65 mm for conventional concrete and 5 mm for UHPC (the specimens were exposed
to a 1% CO. atmosphere for one year). Valcuende et al. [16] reported no statistically
significant differences in carbonation of UHPC prepared using different curing
temperatures (20 "C, 60 "C, or 90 "C) and fiber contents (0%, 1%, or 2%).
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Excellent carbonation resistance was observed for UHPC prepared using different
waste materials as a cement substitution. Sun and Lai [17] have performed the tests
using UHPC prepared with silica fume, fly ash, and slag.

Fig 4. Examples of (a) pre-carbonized and (b) carbonized concrete specimens (reprinted from Ref.

[18]).
2.3.2 Corrosion

Corrosion of steel in concrete is an electrochemical process. General corrosion
refers to a relatively uniform reduction of thickness over the surface of a corroding
material. It is relatively easy to measure and monitor. Pitting corrosion is a localized
form of corrosion where the bulk of the surface remains unattached. Pitting is often
found at locations where resistance against general corrosion provided by passive
surface films or coatings has broken down.

Both water and oxygen must be present for corrosion to occur. There is no
corrosion in dry concrete or in fully immersed concrete that does not contain entrained
air. The electrochemical potentials that form corrosion cells may be generated in two
ways:

(1) Composition cells formed when two dissimilar metals are embedded in concrete,
such as rebar and aluminum conduit, or when significant variations exist in steel surface
characteristics;

(2) Concentration cells formed due to differences in concentration of dissolved ions near
steel, such as alkalis, chlorides and oxygen [19].

One of two metals (or different parts of the same metal) becomes anodic and the
other cathodic to form a corrosion cell. Corrosion may also be induced by stray electrical
currents or galvanic action with embedded steel of different composition. Figure 5
illustrates the electrochemical process of steel corrosion in moist and permeable
concrete.
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Fig 5. Electrochemical reaction illustrating corrosion of steel in concrete (adapted from Ref. [20]).

Figure 6 presents examples of rebar corrosion in general civil engineering
structures.

In good quality, well compacted concrete, reinforcing steel with adequate cover
should not be susceptible to corrosion, because the highly alkaline conditions (pH>12)
cause a passive iron oxide film (gamma Fe;O3) to form on the concrete surface (i.e.
metallic iron will not be available for anodic activity). The passive film may be relatively
thick to inhibit corrosion by providing a diffusion barrier to reaction products of the
reacting species (Fe and Oz) or, as is more common, the layer can be very thin.

The film does not actually stop corrosion, but reduces corrosion rates to
insignificant levels [21].

Corrosion can occur if this passivating environment is altered by a reduction of
concrete pH or by the introduction of chlorides that destabilize the passive layer.

.,

Spalling of concrete cover ach!

Fig 6. Corrosion of reinforced concrete. (a) Seawater structure; (b) bridge structure on highway 401 in
Ontario, Canada (adapted from Refs [22] and [23], respectively).

3.The influence of ionizing radiation

Irradiation in the form of either fast and thermal neutrons emitted by the reactor core
or gamma rays produced as a result of capture of neutrons by members (particularly
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steel) in contact with concrete can affect the concrete. Changes in the properties of
concrete appear to depend primarily on the behavior of the concrete aggregate that can
undergo a volume change when exposed to radiation. [24]

Behavior of the concrete aggregate that can undergo a volume change when exposed
to radiation. [24] The fast neutrons are mainly responsible for the considerable growth,
caused by atomic displacements, that has been measured in certain aggregate (e.g., flint).
Quartz aggregates that contain crystals with covalent bonding should be more affected
by radiation than calcareous aggregates that contain crystals with ionic bonding. [25]
Furthermore, when nuclear radiation is attenuated or absorbed in the concrete almost all
the absorbed radiation is converted into heat.

Nuclear heating occurs as a result of energy introduced into the concrete as the
neutrons or gamma radiation interact with the molecules within the concrete material.
The heat generated may have detrimental effects on the physical, mechanical, and
nuclear properties of the concrete. Reference [26] indicates that nuclear heating is
negligible for incident energy fluxes less than 1010 MeV/cm ? per s. Determination of
whether any deterioration that may occur in concrete properties is due to radiation
damage or thermal effects can be difficult.

Prolonged exposure of concrete to irradiation can result in decreases in tensile and
compressive strengths and modulus of elasticity. Figure 7 presents a summary of the
effects of neutron radiation on the compressive strength and modulus of elasticity of
several concretes.
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Fig.7 Effect of neutron radiation on concrete compressive strength and modulus of elasticity relative
to unirradiated and unheated control specimen results

Results in the literature indicate that:

(1) for some concretes, neutron radiation above 1x10" neutrons/cm? or doses of 101°
rad can cause significant reductions in compressive strength and modulus of elasticity,
relative to unirradiated and unheated control specimens. Gamma radiation may cause a
reduction in compressive strength;
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(2) tensile strength of concrete is significantly reduced at neutron fluences exceeding
10" n/cm? with the decrease of tensile strength caused by neutron radiation more
pronounced than the decrease of compressive strength;

(3) resistance of concrete to neutron radiation apparently depends on the type of
neutrons (slow or fast) involved, but the effect is not clarified;

(4) resistance of concrete to neutron radiation depends on mix proportions, type of
cement, and type of aggregate;

(5) the effect of gamma radiation on concrete's mechanical properties requires
clarification;

(6) the deterioration of concrete properties associated with a temperature rise resulting
from irradiation is relatively minor;

(7) coefficients of thermal expansion and conductivity of irradiated concrete differ
little from those of temperature-exposed concrete;

(8) when exposed to neutron irradiation, the modulus of elasticity of concrete
decreases with increasing neutron fluence;

(9) creep of concrete is not affected by low-level radiation exposure, but for high
levels of exposure creep probably would increase with exposure because of the effects
of irradiation on the concrete's tensile and compressive strengths;

(10) for some concretes, neutron radiation with a fluence of more than 1 x 10"
neutrons/cm? can cause a marked increase in volume;

(11) generally, concrete's irradiation resistance increases as the irradiation resistance
of the aggregate increases;

(12) irradiation has little effect on shielding properties of concrete beyond moisture
loss caused by a temperature increase. Furthermore, there is an indication that nuclear
radiation can significantly increase the reactivity of silica-rich aggregates to alkali (i.e.,
alkali-silica reaction). [27]

Results from an investigation of the effect of irradiation on the strength of a nuclear
power plant concrete indicate that for a dose up to 6 x 10° Gy the compressive, splitting-
tensile, and flexural strength of concrete decreased with dose, reaching a reduction of
about 10%, 5%, and 5%, respectively, at the maximum dose. [28]

It was noted in the reference that interaction of concrete with irradiation generated a
succession of chemical reactions starting with radiolysis of water and terminating in
formation of calcite crystals that decrease both the size of pore space and the strength of
the concrete.
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Section III, Division 2 of the American Society of Mechanical Engineers (ASME)
Pressure Vessel and Piping Code specifies an allowable radiation exposure level of
1x10?! n-vt [29].

The British Specification for Prestressed Concrete Pressure Vessels for Nuclear
Reactors [30] states that the maximum permissible neutron dose is controlled by the
effects of irradiation on concrete properties. These effects are considered insignificant
for doses up to 5x10'7 neutrons/cm?.

Table 2.7 in Ref. [31] provides estimated radiation environments at the outside
surface of light-water reactor pressure vessels for a 1000 MW(e) plant operating at an
80% capacity factor. The results indicate that radiation levels in a concrete primary
shield wall may approach the above limits after 40 years of operation (equivalent to 32
full-power years). However, these values represent upper bounds and are likely higher
than actual exposure levels, due to attenuation effects caused by air gaps, insulation, and
other materials that may be positioned between the pressure vessel and surrounding
concrete structures.

3.1. Microstructural changes

Gamma and neutron radiation causes:

. Radiolysis of interstitial water, generating free radicals that induce
microcracks.

. Modification of cement hydration, reducing matrix cohesion with effects
on decreasing compressive and tensile strengths.

. Increased porosity, favoring the penetration of aggressive agents,

accelerating aggregate alkali reaction
3.2 Radiation—temperature interaction
High temperatures amplify the effects of radiation, accelerating chemical reactions

and increasing prestressing losses. This interaction is critical for the durability of
prestressed concrete.

4. Comparative analysis with common sustainability factors
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Common factor

Normal effect

Temperature amplification

Radiation amplification

Notes for prestressed concrete

Material quality

Porosity, strength

Increased creep and
shrinkage

Microcracking and matrix
degradation

Strength and durability may be
affected

Mechanical actions

Static and dynamic loads

Accelerated loss of prestress

Reduction of the
cohesion of the concrete
microstructure

Prestressing stresses decrease
more rapidly

Aggressive environment

Diffusion of water and ions

Acceleration of diffusion

Increase in permeability

Corrosion of reinforcement is

more likely

Microcracking favors the
penetration of aggressive
agents

Combination of factors can affect

Faster diffusion . .
homogeneity and tightness

Reinforcement corrosion CO,, chlorides

5. Conclusion

High temperatures and ionizing radiation:

e Accelerate Creep and Shrinkage, increasing stress losses and reducing
precompression.

¢ Promote microcracking and increased porosity, accelerating the diffusion of
aggressive agents, reducing durability.

e Amplify the effects of classical degradation factors (Carbonation, Corrosion,
Chloride penetration, Aggressive Environment).

¢ Create synergistic effects, where combined degradation is much faster than under
normal conditions.
The evaluation of the durability of prestressed concrete in nuclear power plants must
integrate, in addition to classical influencing factors, combined temperature-radiation
modeling.
Specific factors influencing the strength and durability characteristics of concrete
structures of nuclear power plants
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Abstract. The study assesses the characteristics of urban traffic flow along Oba Adesida
Road, Akure, Nigeria, using a combination of field data and Simulation of Urban Mobility
(SUMO). Physical measurements of the roadway were obtained, and a seven-day traffic
count was conducted from 7:00 a.m. to 7:00 p.m. using videographic and manual methods.
Vehicle volumes were converted into Passenger Car Units (PCU) using the British standard
equivalence method. SUMO simulation was applied to replicate the observed conditions,
enabling comparison between field and model outputs. Results indicate that the corridor is
dominated by taxis, motorcycles, tricycles, and buses, with peak volumes ranging from
1080 to 2221 PCU/hr and daily totals between 13,908 and 25,788 PCU/day. The simulation
closely matched field observations, with a mean deviation of about 10%. The findings
highlight significant congestion patterns during morning and evening peaks, providing a
basis for improving traffic management strategies in Akure.

Keywords: Urban Traffic Flow, SUMO Simulation, Passenger Car Unit, Traffic
Congestion, Akure City

1.0 Introduction

Urban traffic flow analysis is a critical component of transportation engineering and
sustainable city planning. As cities expand, understanding the dynamics of vehicular
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movement becomes essential for managing congestion, optimizing road capacity, and
improving travel efficiency. Efficient traffic management not only supports economic
productivity but also reduces fuel consumption, air pollution, and travel delays that
affect the overall quality of urban life [1, 2]. Consequently, the study of traffic flow
characteristics provides valuable insights into road performance, driver behavior, and
infrastructure needs in rapidly growing urban environments [3]. In developing cities, the
challenges of traffic congestion have intensified due to unregulated urbanization,
inadequate infrastructure, and the absence of integrated transport systems. Many African
cities, including those in Nigeria, experience a rapid rise in motorization without
corresponding improvements in road networks and traffic control systems [4, 2].
Traditional methods of traffic analysis relying solely on manual counts and limited
observational data are increasingly insufficient for capturing the complexity of modern
traffic conditions [5]. Moreover, there remains a significant gap in data-driven
modelling approaches that can simulate and predict real-world traffic scenarios with
high accuracy [6]. To address these limitations, advanced traffic simulation tools such
as the Simulation of Urban Mobility (SUMO) have emerged as effective frameworks
for modeling and evaluating urban traffic behavior. SUMO is an open-source,
microscopic simulation platform developed by the German Aerospace Center (DLR)
that allows researchers to replicate vehicle interactions, assess traffic control strategies,
and estimate performance metrics such as flow, delay, and emissions under various
conditions [6, 1]. When calibrated with accurate field data, SUMO can provide reliable
insights into congestion patterns and system efficiency [5]. Therefore, this study aims
to analyze urban traffic flow characteristics using field data and SUMO simulation for
Oba Adesida Road, Akure, with the goal of understanding prevailing traffic dynamics,
validating simulation performance, and proposing data-supported measures for
improved mobility management in the city.

Figure 1: Oba Adesida Road, Akure during peak hours

Figure 1 shows Oba Adesida Road, featuring various traffic composition and
commercial activities along both directions. The study corridor, extending from Sacred
Heart Cathedral Junction to Oba Osupa/Police A-Division Junction, was assessed in
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terms of drainage, median, carriageway, and length. Serving as a key feeder road to
other major routes in Akure, it has experienced a marked increase in vehicular traffic
due to growing socioeconomic activities. Analyzing its traffic characteristics is essential
for understanding traffic volume, congestion patterns, and for evaluating the road’s
capacity and level of service.

2.0 Materials and Methods

Akure is a city in southwestern Nigeria and the capital of Ondo State. , it is located
between latitudes 7° 15" and 7° 17! north of the Equator and between longitudes 5° 14!
and 5° 15! east of the Greenwich Meridian. It is about 204 km east of Ibadan, capital of
Oyo state; 168 km west of Benin City, capital of Edo state; 311 km north-east of Lagos;
and 323 km south-west of Abuja, the Federal Capital Territory of Nigeria. Akure city
spreads over an area of about 15,500 km? in about 370 m above the sea level. Akure is
divided into two local government areas: Akure South and Akure North LGA. Notably,
Oba Adesida Road falls within the jurisdiction of Akure South Local Government Area.
Figure 2 depicts a map outlining the boundaries of the two local governments within
Akure city.

Akure North

Akure South

Figure 2: Akure South and Akure North LGA Map

2.1  Methods of Data Collection

Data collection for this study was primarily conducted through direct field surveys,
including traffic counts, road measurements, and observational assessments, following
procedures recommended in recent traffic studies [11, 12]. The study was carried out
over a seven-day period from Monday, 25th September to Sunday, 1st October 2023,
under clear and dry weather conditions to minimize variability in traffic patterns. Road
parameters, including carriageway width, median, and drainage, were measured using a
measuring tape for each lane, consistent with standard field survey techniques [11].
Traffic characteristics were surveyed using a combination of manual counting and
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video-graphic techniques, capturing traffic flow in both directions from 07:00 am to
7:00 pm daily. Data quality was ensured through error checking, cross-validation
between manual and video counts, and handling of missing data via interpolation
methods where necessary, as recommended in previous studies using mixed
manual/video field surveys [12, 13]. The Passenger Car Unit (PCU) technique was
applied to standardize vehicle flow, converting heterogeneous traffic into equivalent
passenger car volumes. PCU factors were based on IRC: 106-1990 and the British
Standard (UK Transport Research Laboratory) for each vehicle classification, in line
with the approaches used in recent research [11, 12]. For simulation analysis, the study
employed Simulation of Urban Mobility (SUMO) v1.18 (DLR, 2023). Field traffic data
were used to generate road networks, define vehicle types, and configure simulation
parameters including step size, car-following models, and route assignments, following
methodologies described in SUMO simulation studies [13, 14].

Table 1
Vehicular Traffic Classifications with its equivalent PCU Factors
S/N 1 2 3 4 5 6 7
Vehicle Motorcycle/ Car Bus 2-Axle 3-Axle 4-Axle 5-Axle
Classifications  Tricycle Truck Truck Truck Truck
PCU Factors 0.75 1.0 2.0 2.0 3.0 4.0 4.0

Source: [15]

Table 1 presents the classification of vehicular traffic along with the corresponding
Passenger Car Unit (PCU) factors for each vehicle type. Tricycles and motorcycles have
a PCU factor of 0.75, while a 5-axle truck is assigned a factor of 4.0. Cars and buses
have PCU factors of 1.0 and 2.0, respectively. Trucks with two to four axles are assigned
PCU factors ranging from 2.0 to 4.0.

3.0 Results and Discussion

The carriageway width of Oba Adesida Road, as well as its length includes
measurements for both the shoulder and lateral clearance. The total width of 14.6 meters
and length of 1800 meters, encompassing the right-of-way components, conforms to the
provisions of the Code of Practice for Road Geometric Design [16]. Adequate lane width
is critical for safe and efficient traffic operation. It was noted that lanes that are too
narrow can increase collision risks and hinder vehicle maneuverability, while
excessively wide lanes may encourage over speeding and reduce driver vigilance.
Similarly, insufficient shoulder width limits space for emergency stops, heightening
accident risk. The measured lane width on Oba Adesida Road strikes an appropriate
balance, being neither overly narrow nor excessively wide. Furthermore, the median,
walkway, and drainage dimensions of 1.2, 2.4 and 0.6 meters respectively are all within
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the required standards, ensuring compliance with roadway safety and design
specifications.

Table 2
Traffic Volume Capacity Per Hour With PCUE (First Day)
In-Coming Out-Going Average
Time Interval Vehicles Vehicles

Field PCUE Field PCUE Field PCU

From To Values Values Values Values Values Values
7:00am — 8:00am 2195 1958 1946 1774 2071 1866
8:00am — 9:00am 2431 2165 2051 1884 2241 2025
9:00am — 10:0am 2198 1970 1950 1775 2074 1873
10:0am — 11:0am 2092 1855 1916 1730 2004 1793
11:0am — 12:0pm 1818 1645 1849 1677 1834 1661
12:0pm — 1:00pm 1819 1642 1789 1620 1804 1631
1:00pm - 2:00pm 1866 1676 1811 1642 1839 1659
2:00pm — 3:00pm 1986 1778 1884 1706 1935 1742
3:00pm — 4:00pm 2036 1817 1889 1688 1963 1753
4:00pm — 5:00pm 2195 1946 1994 1806 2095 1876
5:00pm — 6:00pm 2273 2027 2043 1852 2158 1940
6:00pm — 7:00pm 2173 1915 1931 1741 2044 1828
Total 25082 22394 23053 20895 24068 21645

Field Survey, 2023

It was observed from Table 2 that the highest traffic volumes on Mondays, the first survey
day were recorded between 8:00 a.m. and 9:00 a.m., with average field and PCU values
of 2,241 veh/hr and 2,025 PCU/hr, respectively, in both directions. The lowest traffic
volumes occurred between 12:00 noon and 1:00 p.m., registering 1,804 veh/hr (field
count) and 1,631 PCU/hr. Overall, the total daily averages for Monday were 24,068
vehicles/day and 21,645 PCU/day for both directions combined.

Table 3

Differences between Field and PCU Using Simulation of Urban Mobility (SUMO) Technique

Category Field Total PCU Total Difference % Difference
(PCU vs Field)
Incoming 25,082 22,394 -2, 688 -10.7%
Outgoing 23, 053 20, 895 -2,158 -9.4%
Average 24, 068 21, 645 - 2,423 -10.1%

From table 3, the SUMO PCU results underestimate field traffic counts by roughly 9—
11%, which is reasonable depending on simulation calibration, detector precision, or
conversion factors.
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Table 4
Difference Patterns (Hourly Deviation)
Time % Difference (Avg) Comment

7-8 am -9.9% Early buildup

8-9 am -9.6% Morning peak underestimated
9-10 am -9.7% Stable
10-11 am -10.5% Midday drop starts
11-12 pm -9.4% Consistent

12-1 pm -9.6% Lunch off-peak

1-2 pm -9.8% Lowest period

2-3 pm -10.0% Gradual recovery

34 pm -10.7% Afternoon buildup

4-5 pm -10.5% Evening rise begins

5-6 pm -10.1% Evening peak

6—7 pm -10.6% Post-peak decline

From Table 4 and Figure 3 the PCU simulation shows strong correlation in pattern
(timing of peaks matches field data), but an underestimation in magnitude by about 10%.
This may be due to default car-following parameters (e.g., gaps or speed distributions
slightly conservative). It can also be as a result of simplified vehicle composition mix
(car-heavy versus mixed fleet). However, A 10% difference is within acceptable limits
for many urban simulation calibrations (typically +15% is acceptable). Between 7: 00
am and 12: 00 noon are early build up traffic, stable and consistent. There was off peak
hour before traffic began to rise to the peak between the hours of 1: 00 pm and 7:00 pm.
Figure 3 shows this fall (off peak hour) and rise (Peak hour) of the traffic graphically.
The traffic volume comparison between the field values and PCU (SUMO) can be seen
clearly as presented in figure 3. Observations from figure 4 shows that GEH Statistics
reveals that all hourly GEH values are below 5, indicating very good calibration
(standard threshold: GEH < 5 for >85% of intervals). This implies that the SUMO model
is highly reliable, with strong temporal alignment and minor systematic bias. Coefficient
of determination (R2) is 0.995, indicating excellent correlation between field and SUMO
PCU data. An average percentage difference of about —10%, shows consistent
underestimation.
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Oba Adesida Road Akure, Nigeria
Traffic Volume Comparison (Field vs SUMO PCU)
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Figure 3: Showing Traffic Comparison between Field Values and SUMO PCU

GEH Statistic by Hour (Calibration Quality)
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Figure 4: Showing Calibration Quality of SUMO by GEH Statistics per hour
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Table 5
Traffic Volume Classifications per day with PCU Equivalent (First day)

In-Coming Vehicle Classifications Out-going Vehicle Classifications
PCU Field PCUE Field PCUE Total Total
Vehicles Factors Values Values Values Values Average Average
Field Average
Values
Passenger 1.00 12170 12170 12089 12089 12130 12130
car
Motorcycles/ 0.75 12526 9395 10571 7928 11549 8662
Tricycles
Bus 2.00 329 658 313 626 321 610
2-Axle 2.00 19 38 23 46 33 42
Truck
3-Axle 3.00 20 60 23 69 22 65
Truck
4-Axle 4.00 14 56 23 92 19 74
Truck
5-Axle 4.00 04 16 11 44 08 30
Truck
TOTAL 25082 22393 23053 20894 24068 21644

Field Survey, 2023

Table 5 shows that the traffic composition of Oba Adesida Road is characterized by a
diverse mix of vehicles, including motorcycles, tricycles, taxis, buses, and trucks. The
trucks are subcategorized based on the number of axles, namely 2-axle, 3axle, 4-axle,
and 5-axle trucks. However, upon evaluation, the traffic composition of this road
predominantly consists of taxis, motorcycles (Okadas), tricycles and buses. From tables
5 and 6, the passenger car categories for both directions was observed took the lead with
average values of 12130pcu per day while 5-Axle truck settled for the least volume of 8
and 30 for field and PCU equivalent respectively.

Table 6
Traffic Composition Analysis with SUMO (Avg. of incoming and outgoing Vehicles)
Vehicle Avg Field Avg PCU Share of Field Share of PCU
(veh) (PCU) (%) (%)
Passenger car 12,129.5 12,129.5 50.4% 56.0%
Motorcycle/Tricycle 11,548.5 8,601.5 48.0% 40.0%
Bus 321.0 642.0 1.33% 2.97%
2-Axle Truck 21.0 42.0 0.09% 0.19%
3-Axle Truck 21.5 64.5 0.09% 0.30%
4-Axle Truck 18.5 74.0 0.08% 0.34%
5-Axle Truck 7.5 30.0 0.03% 0.14%
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In Table 6, the PCU of the passenger cars share rises from approximately 50% for field
value to 56% because motorcycles are down-weighted by 0.75 PCU while heavy
vehicles are up-weighted. Since PCU inflates the effective occupancy of lanes for heavy
vehicles, junction performance indices (delay, queue, and throughput) will be sensitive
to those vehicle classes.

Table 7
Traffic Volume Capacity for the whole week
In-coming Vehicles Out-coming Vehicles
Field PCUE Field PCUE Total Total
Days Values Values Values Values Average Average
Field Values PCUE
Monday 25050 22393 23053 20894 24052 21644
Tuesday 25277 22633 23117 19945 24197 21290
Wednesday 24237 21894 23076 20899 23657 21397
Thursday 27090 25788 23539 22304 25315 24047
Friday 24031 22124 23387 21390 23709 21757
Saturday 17425 16065 16346 15289 16886 15677
Sunday 15090 13908 14970 13818 15030 13863
Field Survey, 2023
Table 8:
Day-by-Day Comparison (FIELD and SUMO values)
Day Avg. Field Avg. PCU % Diff Comment
Monday 24,052 21,644 -10.0% Typical weekday calibration
Tuesday 24,197 21,290 -12.0% Slightly higher deviation
Wednesday 23,657 21,397 -9.5% Very good fit
Thursday 25,315 24,047 -5.0% Excellent fit (well-calibrated)
Friday 23,709 21,757 -8.2% Acceptable
Weekend drop correctly
Saturday 16,886 15,677 —1.2%
captured
Sunday 15,030 13,863 —1.8% Consistent pattern

Table 7 presents the week day data for both in-coming and out-going vehicles; while
Table 8 depicts the comparison between day-by-day field data and SUMO PCU. It is
evident that Thursday (Day 4) recorded the highest PCU values for inbound traffic at
25,788 PCU/day (Table 7) and well calibrated with SUMO, given excellent fit (Table
8). In comparison, the other weekdays showed relatively similar values: Monday at
22,393 PCU/day, Tuesday at 22,633 PCU/day, Wednesday at 21,894 PCU/day, and
Friday at 22,124 PCU/day. However, Saturday and Sunday witnessed lower incoming
vehicle numbers at 16,065 PCU/day and 13,908 PCU/day, respectively. Outbound
traffic displayed a range between 13,818 PCU/day and 20,894 PCU/day (Table 7). In
summary, SUMO successfully mirrors this pattern, indicating correct temporal behavior
and demand assignment, though slightly conservative in magnitude (Table 8).
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Weekly Traffic Volume Comparison (Field vs SUMO PCU)

Field (Average)

PCU (SUMO)
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Figure 5: Showing Weekly traffic Volume comparison with SUMO PCU

GEH Statistic by Day (Calibration Quality)

——- GEH = 5 threshold

GEH Value
=
N

Monday Tuesday Wednesday  Thursday Friday Saturday Sunday
Day of Week

Figure 6: Showing Calibration Quality of SUMO by GEH Statistics per day

Figure 5 Shows Weekly traffic Volume comparison with SUMO PCU. It is clear that
SUMO simulation accurately reproduces the weekly traffic trend, correctly capturing
weekday peaks and weekend reductions. Thursday shows the best match (only —5%),
while Tuesday shows the largest deviation (—12%). All days fall within acceptable
calibration tolerance (< £15%). From figure 6, it was observed that all GEH Values were
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below 5, pointing to excellent calibration according to transport modeling standards.
This means that SUMO simulation accurately reproduces the weekly traffic trend and
correctly capturing weekday peaks and weekend reductions. Only minor scaling (+10%)
is needed to match absolute volumes perfectly, confirming that the model is both stable
and reliable for operational or planning analysis. Also coefficient of determination (R?)
is 0.979, showing very strong correlation between field and SUMO PCU data across the
week. Average percentage difference of approximately —10 to —12%, indicates mild
underestimation.

4.0 Conclusion

The study successfully demonstrated the integration of field-based data and SUMO
simulation for evaluating urban traffic flow characteristics in Akure. The road exhibits
significant congestion during peak hours, particularly between 8:00-9:00 a.m. and 4:00—
6:00 p.m. SUMO effectively replicated these patterns with an average 10% deviation
from field observations, confirming its suitability for planning and traffic management
analysis in developing cities.

5.0 Recommendations

To address the recurring congestion identified along Oba Adesida Road, it is
recommended that the transport authorities and state government adopt a data-driven
traffic management approach supported by continuous field data collection and
simulation analysis using tools such as SUMO. The implementation of adaptive or
actuated signal control systems, capable of adjusting in real time to fluctuating traffic
volumes, would significantly improve flow efficiency during the morning and evening
peak periods. Additionally, enhancing road geometry through lane widening,
channelization, and improved intersection design can help alleviate bottlenecks and
reduce queue lengths. Furthermore, policies should promote sustainable mobility
options by strengthening public transport services and improving infrastructure for non-
motorized users such as pedestrians and cyclists. Future studies should expand the
analytical framework to include multiple corridors, 24-hour monitoring, and the
integration of real-time data and artificial intelligence for predictive modeling.
Embedding SUMO-based simulation into urban transport planning will support more
informed, cost-effective, and sustainable decision-making across developing cities like
Akure.
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Abstract. This paper explores the methodology and implications of transforming
traditional cadastral plans into three-dimensional digital models using complementary
software tools such as GIMP, ArcGIS Pro, ArcGIS CityEngine, and Python. The research
addresses the growing need for digitization in Romania’s cadastral system, highlighting
both technological opportunities and legislative challenges. A step-by-step workflow is
proposed, from preprocessing scanned cadastral maps to generating realistic 3D city
models. The study demonstrates the added value of 3D models for urban planning,
heritage conservation, infrastructure design, and public consultation. Recommendations
are made for standardizing practices and aligning Romania’s approach with European
and international best practices.

Key words: GIS, 3D models, cadastral plans

1. Introduction

The accelerated pace of urbanization, globalization, and the increasing pressure
on spatial resources have generated an urgent demand for modern tools capable of
managing territorial information more efficiently. In this context, the digitization of
cadastral plans and their integration into Geographic Information Systems (GIS)
represent not only a technological innovation but also a strategic necessity for national
administrations, municipalities, and private stakeholders. Cadastral systems, as
foundational infrastructures for land administration, provide security of property
rights, support the functioning of real estate markets, and ensure transparent taxation
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systems. In addition, they play a vital role in urban and regional planning,
environmental protection, and disaster risk management.

Historically, cadastral plans were drawn on paper, serving as static
representations of property parcels and ownership information. Although these
analogue records were functional in their time, they present serious limitations today:
they are difficult to update, prone to deterioration, and require significant effort to
integrate with digital workflows. As modern cities face rapid demographic changes
and complex spatial transformations, the lack of digitally integrated cadastral data
creates inefficiencies in planning processes, legal disputes, and administrative
bottlenecks.

The concept of transforming cadastral plans into three-dimensional (3D) digital
models aligns with broader global trends such as the creation of digital twins for cities,
the push toward smart city governance, and the integration of geospatial data into
decision-making platforms. By shifting from two-dimensional (2D) maps to immersive
3D environments, planners, architects, engineers, and citizens can visualize and
analyze urban realities in ways previously unavailable.

Despite progress in Romania, the country continues to face challenges: the lack
of uniform digitization standards, inconsistent technical requirements across regions,
gaps in legislation, and low interoperability between agencies. Furthermore, public
access to cadastral information remains limited compared to other European states.
These obstacles reduce the efficiency of land management and delay Romania’s
alignment with European Union directives.

The main objective of this paper is to provide a comprehensive methodology for
converting traditional cadastral plans into 3D digital models, while also exploring the
practical applications, limitations, and opportunities associated with this
transformation. The study contributes to both the academic literature and professional
practice by offering a replicable workflow, contextualizing the Romanian situation
within international best practices, and identitfying future directions for policy and
technology.

2. Theoretical background and conceptual framework

Cadaster constitutes a fundamental pillar of land administration, combining
both legal and technical dimensions that shape the management, governance and
development of territorial resources. Legally, it ensures the publicity and security of
property rights, facilitates real estate transactions and supports the stability of land
markets. Technically, it provides an essential geospatial foundation for urban planning,
infrastructure development, density analysis and heritage protection. In Romania, the
importance of cadaster is amplified by ongoing processes of rapid urbanization and
increasing spatial pressures, which require modern digital tools capable of managing
detailed and accurate spatial information.

Recent technological developments have profoundly transformed the way
cadastral data are produced, managed and analyzed. While traditionally based on two-
dimensional representations, cadastral systems are increasingly integrated into
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advanced geospatial infrastructures built upon Geographic Information Systems (GIS).
GIS enables the storage, visualization and analysis of spatial information while
supporting the integration of multiple thematic datasets—ranging from cadastral
parcels to infrastructure, utilities, demographic indicators and mobility networks. This
integration facilitates coherent data management and enhances the analytical
capabilities of urban planners, engineers and local authorities, who can now examine
spatial relationships that were previously difficult or impossible to evaluate using
analogue maps.

Incorporating cadastral datasets into GIS is therefore an essential step in the
modernization of land administration systems. The ability to import, georeferenced
and structure historical cadastral plans within a GIS environment offers substantial
advantages, such as improved spatial accuracy, rapid access to information, enhanced
interoperability with other geospatial datasets and the possibility of performing
complex spatial analyses. Moreover, GIS platforms provide the computational
framework necessary for transitioning from 2D to 3D representations, a domain that is
increasingly central to urban analysis and planning.

The shift from two-dimensional to three-dimensional cadastral modelling
represents one of the most significant conceptual and methodological advances in
recent decades. While 2D cadaster can describe parcel boundaries and surface extents,
it cannot capture the volumetric characteristics of the built environment—such as
building height, roof geometry or the relationship between overlapping structures,
technical corridors or underground utilities[1]. In dense urban areas, where vertical
complexity is substantial, relying solely on 2D data leads to interpretative ambiguities
and limits the potential for accurate planning and legal analysis. In contrast, 3D
cadastral models provide volumetric representations that more closely reflect the
spatial reality of cities. These models enable detailed assessments of urban density,
morphological patterns, visibility, shadow casting, and volumetric use of space. They
also help clarify complex property situations such as condominiums, multi-level
underground infrastructure or shared technical spaces. Through their increased
realism, 3D models greatly support communication with non-expert stakeholders and
enhance transparency in planning processes.

A decisive factor in achieving high-quality digital cadastral models is the
quality of the input data, particularly the resolution of scanned cadastral plans. In
Romania, historical cadastral maps are frequently digitized at relatively low
resolutions—often around 150 DPI—which generate blurred lines, insufficient
contrast and numerous graphical artefacts. Such limitations negatively affect
subsequent digital processing stages, especially contour detection, vectorization and
the separation of relevant features from background noise. Without nationally
regulated scanning standards, considerable discrepancies exist between institutions,
resulting in heterogeneous datasets and inconsistent outputs during vectorization.
Establishing a minimum scan resolution (e.g., 300 DPI or higher) would significantly
improve the accuracy and efficiency of digital workflows and reduce the need for
extensive manual corrections.
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Digital preprocessing therefore becomes a critical stage in ensuring the
reliability of vector extraction. Operations such as contrast enhancement, background
normalization, noise removal and the elimination of irrelevant graphical elements help
produce clean raster inputs suitable for automated or semi-automated detection
algorithms. The research demonstrates that such preprocessing not only optimizes
contour recognition but also reduces total processing time and improves the
consistency of the resulting datasets.

Within this conceptual framework, cadaster evolves from a static registry of
land parcels into a dynamic component of an integrated spatial information system.
The methodology described in this study must be understood in the context of global
advancements in 3D cadaster, digital cartography and smart city technologies, where
geospatial infrastructures increasingly incorporate three-dimensional visualizations,
simulation tools and analytical models. The emergence of 3D city models, CityGML
standards and digital twins confirms that cadastral information is no longer solely a
basis for legal documentation, but also a strategic resource for urban modelling,
scenario testing and long-term territorial management. The transition towards 3D and
the adoption of advanced digital tools are thus interconnected processes aimed at
modernizing urban governance and fostering sustainable development.

In conclusion, the theoretical foundation of this research demonstrates that the
digitization of cadastral plans, their integration into GIS platforms and the
development of 3D representations constitute synergistic steps toward the
modernization of Romania’s cadastral infrastructure. These processes enhance the
analytical capacity of urban planners, support the protection of architectural heritage,
enable more transparent public communication and align national practices with
international standards for spatial data management.

3. Legislative and institutional framework

Romania’s cadastral system is regulated by the Law on Cadaster and Real
Estate Publicity (Law no. 7/1996[2]), which defines the responsibilities of the National
Agency for Cadaster and Land Registration (ANCPI). While the law establishes the
principles of cadastral organization and integration with land registry data, practical
implementation remains uneven. Technical regulations, such as ANCPI Order no.
600/2023[3], detail requirements for digital documentation formats and integration
procedures, but gaps persist—particularly regarding standards for scanned maps,
automated vectorization, and quality control[4].

By contrast, other European states such as Germany, the Netherlands, and
France have established robust standards ensuring high-quality digital cadastral data.
Germany enforces strict regulations on resolution and national integration, while the
Netherlands ensures broad public accessibility through its Kadaster. France integrates
cadastral data into a national geospatial infrastructure (BDTOPO®), frequently used
for planning. These examples highlight Romania’s need for clearer technical
guidelines and harmonization with EU standards, such as those mandated by the
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INSPIRE Directive (2007/2/EC). Despite Romania’s obligation to align with
INSPIRE, the lack of detailed national norms continues to hinder progress[5].

4. Software and technology used

The methodological framework developed in this research relies on an
integrated suite of software tools and technologies designed to address the full
spectrum of tasks required for transforming historical cadastral plans into accurate
three-dimensional digital models. Each application contributes distinct functionalities
that, when combined, form a coherent workflow capable of supporting both the
preprocessing of analogue documents and the generation of advanced spatial
representations. The complementary use of image editing software, geographic
information systems, programming libraries, and procedural modelling environments
reflects the multifaceted nature of cadastral digitization and the necessity of combining
multiple disciplines to achieve reliable results.

ArcGIS Pro serves as the central geospatial platform within this workflow,
providing robust capabilities for importing, visualizing and managing both raster and
vector datasets. Its advanced tools for georeferencing, topological correction, attribute
management and spatial analysis make it indispensable for integrating preprocessed
cadastral plans into a spatially coherent geodatabase. The software further enables the
extrusion of building footprints into simple three-dimensional forms, allowing an
initial layer of volumetric representation that supports urban analysis and the
subsequent transition to more detailed modelling. A significant advantage of ArcGIS
Pro is its native compatibility with Python through the ArcPy library, which allows
tasks such as geoprocessing, data cleaning or bulk attribute updates to be automated
efficiently, thus reducing human error and processing time.

While ArcGIS Pro provides the analytical foundation, ArcGIS CityEngine [6]
introduces the capacity for advanced procedural modelling, expanding the possibilities
of 3D representation far beyond simple extrusion. CityEngine employs rule-based
generation through the CGA (Computer Generated Architecture) language, enabling
the creation of detailed architectural features such as roof shapes, facade elements,
textures and building typologies. This procedural approach allows entire
neighborhoods or historical urban areas to be modelled quickly and consistently,
significantly enhancing the visual realism and interpretive quality of the resulting 3D
models. In the context of this research, CityEngine played a crucial role in
transforming simple building footprints into more realistic volumetric representations
that capture the morphological diversity and architectural character of the study area.

Prior to the geospatial analysis and 3D modelling stages, it was essential to
preprocess the scanned cadastral plans to ensure that the raster images were suitable
for automated or semi-automated vectorization. For this purpose, GIMP (GNU Image
Manipulation Program) was employed as an open-source image editing tool capable of
performing sophisticated adjustments such as contrast enhancement, noise removal
and background homogenization. These preprocessing steps proved critical for
improving the legibility of lines and reducing the presence of undesirable graphical
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artefacts, which would otherwise interfere with contour detection algorithms. The
research demonstrates that the quality of preprocessing directly affects the efficiency
and accuracy of subsequent vector extraction, making this stage indispensable for the
overall workflow.

Python, paired with the OpenCV library, provided the computational backbone
for the semi-automated extraction of building footprints from the preprocessed raster
images. OpenCV’s advanced image-processing capabilities—such as thresholding,
Canny edge detection, contour extraction and geometric filtering—enabled the
identification and isolation of relevant elements within the cadastral plan. Through the
development of custom scripts, the workflow achieved a significant reduction in
manual digitization time while maintaining a high degree of accuracy. The
reproducibility and flexibility of this scripting approach also make it particularly
suitable for scaling the methodology to larger datasets or different urban contexts.

Although the workflow relies primarily on Esri’s proprietary software, the
research acknowledges the importance of open-source alternatives, particularly for
institutions or projects with limited financial resources. Tools such as QGIS offer a
wide range of GIS functionalities comparable to those of ArcGIS Pro, including
georeferencing, spatial analysis and plugin-based automation. Blender, a powerful
open-source 3D modelling suite, may also serve as an alternative to CityEngine for
producing detailed architectural models, although it typically requires a higher level of
technical skill and does not natively support procedural urban modelling. The
existence of these alternatives demonstrates that the proposed methodology can be
adapted to different technological ecosystems, albeit with variations in workflow
complexity and user expertise.

Together, these software tools form a comprehensive technological ecosystem
that supports the full workflow of cadastral digitization—from image cleaning and
georeferencing to automated footprint extraction and 3D model generation. Their
integration reflects the interdisciplinary nature of the research, combining principles
from geoinformatics, computer vision, cartography and urban modelling. The success
of the methodology is therefore grounded not only in the capabilities of each
individual tool, but also in the coherent orchestration of their functions within a unified
digital environment.

5. Methodology

The proposed methodology follows a structured workflow: (1) preprocessing
cadastral maps in GIMP[7], including contrast correction and background cleaning

(Fig. 1.)
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Fig. 1. Preprocessed image

(2) importing and georeferencing in ArcGIS Pro, (3) extracting building
footprints through Python and OpenCV scripts (Fig. 2.)

Fig. 2. The Python script

(4) generating 3D building models by extrusion in ArcGIS Pro (Fig. 3.)
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Fig. 3. 3D buildings in ArcGIS Pro

(5) refining models procedurally in CityEngine (Fig. 4.) and (6) analyzing
results and addressing limitations.
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Fig. 4. 3D buildings in CityEngine

This semi-automated workflow balances efficiency with accuracy.
Preprocessing improves input quality, Python scripts automate contour detection, and
GIS tools enable spatial integration. Extrusion produces simple volumetric models,
while procedural modeling generates more realistic 3D representations. Challenges
encountered include low-resolution scans, noise in vectorization, and absence of height
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data, which were addressed through filters, assumptions, and supplementary data
sources.

6. Results and discussion

The results obtained through the proposed methodology demonstrate the
feasibility, efficiency, and practical relevance of transforming historical cadastral plans
into three-dimensional digital models. The experimentation carried out throughout this
research highlights several key findings related to scan resolution, semi-automated
building footprint extraction, 3D modelling accuracy, and the comparative
performance of the different software environments used. These findings collectively
validate the methodological approach and reveal both its strengths and its limitations.

One of the most influential factors identified in the workflow is the resolution
of the scanned cadastral plans. The comparison between plans scanned at 150 DPI and
those preprocessed or originally scanned at 300 DPI or higher demonstrates a clear
correlation between resolution and extraction performance. Lower-resolution scans
showed blurred or partially broken linework, heterogeneous backgrounds, and
significant visual noise, all of which hindered the capacity of automated and semi-
automated tools to correctly detect edges (Fig. 5.).

Fig. 5. The difference between the results of the two cadastral plans used as inputs

As the research indicates, these deficiencies required substantial manual
corrections and additional preprocessing steps, thereby increasing the overall
processing time. In contrast, higher-resolution scans produced well-defined contours
and provided much more reliable inputs for Python-based contour detection and
vectorization. This demonstrates that adopting a standard minimum resolution would
not only streamline digitization practices but also significantly enhance the accuracy of
the resulting digital cadastral datasets.

The semi-automated extraction of building footprints using Python and
OpenCV proved to be one of the most effective components of the workflow. The
contour detection algorithm successfully identified over 80% of the building outlines
present in the tested cadastral plans, requiring only minor manual adjustments for the
remaining geometries. This level of automation represents a substantial improvement
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over entirely manual digitization, which is labor-intensive and prone to human error.
Quantitatively, the method reduced digitization time by more than 60%, while
simultaneously increasing consistency across the generated vector datasets. These
results confirm that semi-automated vectorization is a viable approach for large-scale
digitization projects, provided that input scans undergo proper preprocessing to ensure
sufficient clarity for the detection algorithms.

The subsequent generation of 3D models in ArcGIS Pro reinforced the value of
integrating extracted footprints into a volumetric framework. The extruded models,
while simple in geometry, provided spatially accurate representations of building
massing and proved highly useful for analytical tasks such as sunlight analysis,
shadow projections, built density studies and visibility assessments. Their simplicity
ensures that computational requirements remain moderate, enabling efficient
manipulation even on mid-range hardware. However, the limitations of simple
extrusion become evident when more detailed architectural analysis or visualization is
required. The extruded volumes do not include architectural elements such as roof
forms, facade structures or stylistic characteristics, which are essential for heritage
conservation, public presentation, and immersive simulation.

These limitations were addressed through the use of ArcGIS CityEngine, which
introduced a level of detail unattainable through extrusion alone. By applying
procedural rules that define architectural features, CityEngine generated realistic and
visually rich 3D models capable of capturing the diversity and complexity of urban
environments. In the case study, the procedural models accurately reflected variations
in roof shapes, building heights and general architectural patterns, creating an
engaging and interpretable representation of the built environment. The contrast
between the simple extruded models and the detailed procedural ones highlights the
complementary nature of the two approaches: extrusion serves analytical efficiency,
while procedural modelling supports visual realism and communicative clarity.
Together, they provide a flexible modelling framework adaptable to a variety of urban
applications.

Nevertheless, several limitations and sources of error were identified throughout
the workflow. The absence of reliable height data required the use of estimated values
or heuristic rules, which inevitably reduced the accuracy of the resulting 3D models.
Although the procedural modelling environment allowed for the integration of average
height values or typological assumptions, these approaches cannot fully replace
precise field measurements or LiDAR data. Similarly, inconsistencies in the quality
and structure of cadastral documentation across municipalities introduce variability in
the digitization results, particularly when the input plans differ significantly in
resolution or graphic conventions. The research also notes the considerable hardware
requirements associated with handling high-detail 3D models in CityEngine, which
may pose challenges for smaller institutions or municipalities with limited access to
advanced computing resources.

Despite these limitations, the overall results demonstrate that the workflow is
robust, adaptable, and capable of producing high-quality spatial datasets from
historical cadastral resources. The semi-automated extraction method significantly
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enhances efficiency, and the combination of GIS and procedural modelling tools
allows users to transition smoothly from analytical representations to visually detailed
urban models. The methodology supports a wide array of practical applications, from
urban planning and infrastructure design to heritage conservation and public
engagement, confirming its relevance within contemporary urban management
practices. The research ultimately shows that the transformation of analogue cadastral
plans into 3D digital models is not merely a technical exercise but a strategic process
that improves spatial understanding, supports data-driven decision-making, and
contributes to the broader digital modernization of cadastral systems in Romania.

7. Case study and practical applications

The historical center of Bragov serves as an illustrative case study for applying
the methodology developed in this research, demonstrating both the practical utility
and the analytical depth afforded by the digital transformation of cadastral plans into
three-dimensional city models. Brasov’s central district is characterized by a dense
medieval urban fabric, irregular parcel configurations, narrow streets, and a
heterogeneous architectural landscape. These features render traditional two-
dimensional cadastral representations insufficient for capturing the spatial intricacies
of the area. By applying the complete workflow—from raster preprocessing and
automated contour extraction to GIS integration and procedural modelling—the study
reveals the considerable advantages of 3D cadastral modelling in complex heritage
environments.

The digitization of the cadastral plan for the historic center exposed several
challenges specific to old urban cores. Parcels are often irregular and tightly
interlocked, and many buildings share party walls or display non-standard geometric
configurations. Such conditions complicate boundary delineation and can hinder the
interpretability of traditional cadastral documents. The extraction of building footprints
using the semi-automated Python and OpenCV workflow proved highly effective in
this context, as it allowed for the consistent identification of structures even in areas
where linework was degraded or visually ambiguous. Once integrated into ArcGIS
Pro, the vectorized footprints enabled spatial analyses related to built density,
volumetric distribution, and the relationship between constructed and unconstructed
areas. These analyses would be significantly more laborious—if not impossible—
using the original analogue maps alone.

The transition to three-dimensional modelling further enhanced the interpretive
value of the cadastral dataset. ArcGIS Pro’s extrusion tools produced simplified
volumetric representations that accurately conveyed the massing of Brasov’s historic
built environment. These 3D volumes serve as a basis for various spatial analyses,
such as sunlight and shadow modelling, visibility studies, and evaluations of
morphological patterns within the urban core. Although these extruded models lack
architectural detail, they provide an essential structural framework on which more
refined analyses can be built.
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The application of procedural modelling in ArcGIS CityEngine elevated the
case study to a more advanced level of visual and analytical sophistication. By
applying CGA rules tailored to the architectural characteristics of historical European
urban centers, the resulting models displayed realistic roof geometries, fagade
structures, building heights, and overall morphological coherence. This enhanced level
of detail is particularly valuable in heritage zones such as Brasov’s historic center,
where precision in architectural representation is critical for conservation planning,
restoration simulations, and cultural documentation. The resulting 3D urban model not
only captures the geometry of the historic core but also conveys its aesthetic and
cultural identity, offering a powerful tool for both experts and the general public.

Beyond the specific case of Brasov, the study demonstrates the broad
applicability of the proposed methodology to various domains of urban planning and
territorial management. Three-dimensional cadastral models can contribute
significantly to infrastructure design by facilitating the integration of built structures
with underground utilities, mobility networks, or environmental constraints. In urban
planning, they support scenario-based evaluations, enabling planners to test the impact
of new developments on density, visual corridors, or public space configurations. For
heritage conservation, the models offer a means of digitally documenting vulnerable
architectural elements and simulating restoration strategies without physical
intervention.

The communicative power of 3D models also plays an essential role in public
participation processes. Unlike traditional 2D plans, which require technical literacy to
interpret, three-dimensional visualizations provide intuitive representations that
citizens can easily understand. Municipalities can thus employ such models during
public consultations to explain proposed interventions, assess visual impacts, or
facilitate collaborative decision-making. The research underscores that improved
visual accessibility can reduce conflicts, foster transparency and strengthen public trust
in planning institutions.

International examples further highlight the strategic importance of integrating
cadastral data into 3D urban models. Cities such as Vienna use 3D models to support
energy performance simulations and climate adaptation planning, while Singapore has
developed a comprehensive digital twin that integrates real-time data for land-use
regulation, mobility, and environmental monitoring. The Netherlands’ Kadaster
provides publicly accessible 3D datasets that enhance urban planning and civic
engagement. These examples illustrate that Romania’s progress toward a modern and
interoperable cadastral system would benefit greatly from adopting similar 3D
modelling strategies, particularly in heritage-rich urban centers like Brasov.

Overall, the Brasov case study confirms that the integration of historical
cadastral plans into GIS-based 3D modelling offers substantial advantages for urban
planning, heritage management, infrastructure design, public communication, and
smart city development. The methodology proposed in this research—supported by
image processing, automation, GIS workflows and procedural modelling—proves
viable, scalable, and adaptable to a variety of territorial contexts. Its application in
Bragsov not only validates the workflow technically but also illustrates the
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transformative potential of 3D cadastral models as strategic tools for contemporary
urban governance.

8. Future perspectives

Looking forward, Romania has significant opportunities to advance its cadastral
digitization agenda. Several strategic directions emerge from this study:

1. Standardization and Regulation — Establishing mandatory minimum
standards for scan quality (e.g., 300 DPI), uniform file formats, and database structures
will ensure consistency across regions and institutions. These standards should be
harmonized with EU guidelines to facilitate interoperability.

2. Integration with Emerging Technologies — Drone photogrammetry and
LiDAR scanning can provide highly accurate and up-to-date data for both cadastral
and urban planning purposes. Artificial intelligence and machine learning algorithms
can further automate building detection, parcel delineation, and attribute extraction.

3. Digital Twins and Smart Cities — Integrating cadastral 3D models into digital
twins of cities will enable holistic simulations combining geospatial data with real-
time IoT inputs, mobility flows, and environmental monitoring. This integration can
revolutionize governance by supporting predictive analytics and scenario planning.

4. Public Accessibility and Participatory Governance — Expanding open access
to cadastral data and developing interactive visualization platforms will empower
citizens to engage with urban development projects more effectively. Such initiatives
can also reduce disputes, build trust, and foster participatory democracy.

5. Capacity Building and Education — Universities and professional associations
should incorporate training modules on 3D cadaster and geospatial technologies,
ensuring a skilled workforce to sustain digitization efforts.

By embracing these directions, Romania can not only modernize its cadastral
infrastructure but also position itself as a regional leader in the field of 3D land
administration.

9. Conclusions

This research demonstrates that transforming traditional cadastral maps into 3D
digital models is both feasible and valuable for urban management. The study
emphasizes the critical role of input data quality, the efficiency of semi-automated
vectorization, and the added value of 3D models in planning, heritage conservation,
and citizen engagement. Romania must address technical and legislative gaps by
adopting minimum standards, ensuring interoperability, and aligning with EU
practices. Broader adoption of these methods will contribute to sustainable urban
development, smart city strategies, and participatory governance.
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ABSTRACT. We introduce a performance-based playbook for cutting the environmental
footprint of reinforced concrete while keeping structural reliability and service life intact.
The method explicitly couples life-cycle indicators (e.g., Global Warming Potential) to
durability-verified choices of materials and detailing. Exposure-calibrated mix designs
guided by Exposure Resistance Classes (ERC) are paired with optimized blended
cements and complemented by alternative binders, fibers, and corrosion-resistant
reinforcement. Illustrative applications indicate meaningful CO. abatements alongside
compliance with mechanical and durability targets, providing a practical, auditable route to
sustainable structural concrete.

Keywords: sustainability; reinforced concrete; durability; blended cements;
geopolymers; performance-based design.

1. INTRODUCTION

The built environment must deliver safety, affordability, and resilience without
overshooting planetary limits. Concrete is the sector’s workhorse for doing so, yet its
footprint - driven chiefly by clinker manufacture and recurring maintenance -
demands a shift to a performance-based sustainability paradigm. Durability is the
keystone: early deterioration precipitates repairs that wipe out any upfront carbon
savings. Sustainability therefore cannot be judged at the moment of casting; it must be
proven over a specified service life with explicit reliability targets, i.e., controlled
probabilities of failure for carbonation, chloride ingress, freeze—thaw, sulfate or acid
attack, and fatigue. We adopt an exposure-led framework in which Exposure
Resistance Classes (ERC) tune binder chemistry, water—binder ratio, curing, and cover
to the site’s demands. Coupled with life- cycle assessment, ERC delivers measurable
cuts in embodied emissions without compromising reliability, enabling auditable,
defensible selections of binders, admixtures, fibers, and reinforcement.

The article was received on 28.11.2025, accepted on 27.05.2026 and published on 12.06.2026
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2. METHODOLOGY

Scope, functional unit and data architecture

Scope. We delineate a decision space centered on concrete members subjected to
chloride exposure (de-icing or marine) and evaluated under a performance-based
durability lens. Alternatives span binder chemistries and detailing options; compliance
is verified through Exposure Resistance Classes (ERC) and quantifiable indicators -
Dapp(t), sorptivity, and carbonation rate—with the overarching aim of cutting
embodied carbon while preserving reliability to the target service life [5][6].

Functional unit. The FU 1s 1 m? of concrete placed in a bridge-deck/plate element
designed for XD3/XS3 exposure and a 50-year design life, meeting the specified
mechanical class. For each FU we report: (1) GWP (kg CO:e/m?), (ii) primary
energy, (iii) the probability that the corrosion- initiation threshold is exceeded by
years 25 and 50, (iv) the recommended cover depth, and (v) life- cycle cost [6][8].

System boundaries. LCA aggregates cradle-to-gate inventories for binders/admixtures
and supplements them with a use-phase module that reflects durability-driven
maintenance and repair. End-of-life is represented via standardized scenarios and
sensitivities to keep options comparable.

Data architecture. The workflow stacks four layers:

(1) Inputs - binder composition (CEM, LC?), AAM), w/b, SCM dosage, fiber
type/volume, curing regime, cover;

(2) Experimental databases - transport/kinetics (Dapp(t), sorptivity, carbonation) and
cross- property correlations;

(3) Rules/standards - ERC mapping and admissible cover ranges;

(4) Engine - chloride/carbonation models, initiation/propagation checks, and LCA
aggregation. The outputs are scenario-level recommendations and design maps [5][6].

Chloride modeling. Time to initiation is predicted with a Fick-type formulation
using a time- dependent apparent diffusivity.

Key parameters (Cs, Cth, m, cover c) are treated as random variables (e.g., Monte Carlo)
to generate distributions of initiation times and corrosion risk [3][6].

Role of alternative binders. LC? and alkali-activated systems are modeled as low-CO-

options that directly affect Dapp(t) and sorptivity; the database retains binder-specific
footprints and composition-performance linkages [1][2][8].
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Role of fibers. Steel, basalt, or PVA fibers act as crack-control measures that increase
transport path tortuosity. Their influence is reflected via (i) penalty factors on
diffusion under controlled- crack states and/or (ii) reduced maintenance frequency in
use-phase scenarios [9].

Acceptance criteria. A scenario is admissible when it meets, simultaneously: (i) the
required ERC for the exposure, (ii) a corrosion-initiation probability at 50 years below
the project threshold (e.g., Pinit < 10%), and (iii) LCA indicators within
project/portfolio targets. The recommendation reports the {binder recipe — cover} pair
and its decision metrics [5][6][8].

We target performance-based sustainability for RC by coupling environmental
metrics with durability—reliability verification. The functional unit (FU) is 1 m? of
concrete in a structural element designed for service life L, under exposure class E, and
meeting compressive strength class fck,req. System boundaries: at minimum A1-A3
(cradle-to-gate) for all mixes; where relevant, A4—AS (transport & placement) and B-
stage interventions (maintenance, repair) to capture durability-driven life-cycle
effects; C (end-of-life) is parameterized when demolition/recycling differ across
alternatives.

Data model. Inputs are grouped as: (i) materials (binder composition, SCM fractions,
admixtures, fibers), (i1) mix design variables x, (iii) detailing (cover c, rebar
type/coating), (iv) exposure e (chloride concentration Cs, CO: level, RH/T), and (v)
curing/execution parameters. Outputs feed three blocks: environmental, durability—
service life, and structural performance.

Environmental assessment (LCA core)

For each candidate solution x, cradle-to-gate Global Warming Potential is computed
as the sum over constituents; when maintenance occurs within the reference period L,
we extend to a life- cycle GWP that couples environmental impact with predicted
intervention times.

n

GWPa1_a3(X) = Z qi(x) - EF;
i=1

(1)

m -
GWPLc(X) = GWPA]__A3 + z GWP(rQaint(x, tj.) + GWPA4_A5 + GWPC
j=1

()
Durability—reliability framework and ERC mapping
Durability verification is performed through Exposure Resistance Classes (ERC) that
bind exposure E to target performance indices for transport and degradation

phenomena (chloride ingress, carbonation, permeability), together with mechanical
minima. For chloride environments, initiation is modeled by Fick’s law with time-
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dependent apparent diffusivity Dapp:

Cix, ty=C; erfc( ~

2/ Dappt

3)
Time to corrosion initiation ti (chlorides) is defined as the earliest time when the
chloride content at the depth of cover reaches the corrosion threshold:

ti=inf{t | C(c,t) = Cin} )

For carbonation-controlled initiation, the carbonation front is modeled by a power law;
the time to initiation follows from the cover ¢ and carbonation coefficient kcarb:

Xc( t) = kcarb t®

(5)
A A R
L (kcam E (6)

Propagation time tp depends on crack development and steel type/coating; the time to
first repair is Trep = ti + tp. Reliability is enforced on the limit state “no
corrosion-induced loss of serviceability” up to the design life L, with uncertainties

in Dapp, Cs, ¢, and kcarb treated probabilistically.
Performance indices and measurement protocol

We define a vector of normalized indices I = [If, ID, Ip, IS, Ik] for compressive
strength, diffusion/migration, resistivity, sorptivity and permeability, respectively. For
benefit attributes, Iq = qmeas/qreq; for cost/risk attributes, Iq = qreq/qmeas.
Aggregation avoids full compensability via a weighted geometric mean:

Iperf = an’
: (7)
Sw,=1

(®)

Experimental matrix: a fractional factorial DOE explores w/b, total binder content,
SCM type/fraction (GGBS, fly ash, calcined clay [1], silica fume), admixtures
(superplasticizer,  water-repellent,  air-entraining), @ and  optional  fibers
(steel/basalt/PE/PP). Tests include EN 12390-3 (compressive strength), NT BUILD
492 (chloride migration), EN 13057 (capillary), EN 12390-8 (water permeability),
RILEM carbonation (accelerated), Wenner resistivity, and freeze—thaw where
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applicable. Microstructure (MIP/SEM) informs transport parameters and the aging
exponent m for Dapp(t).

Multi-objective optimization and decision rules

Design variables x include mix proportions (SCM fractions, w/b), cover c, and rebar
technology (B500 with epoxy/galvanized/stainless) or coatings. We pose a bi-objective
optimization with constraints on strength, ERC compliance, probability of timely
repair, and constructability. The objective function and constraints are:

mxin{GWPLc (x), LCC(x)}

Subject to:

fe(x) = fc, req (l O)

(11

TrepXi 2L 2 1 — Primax
ATrep J £ (12)

Zoning and upscaling from mix to structure
Objective

Scale material-level performance up to components and the whole asset by zoning
exposure conditions and detailing effects. Material compliance in ERC terms is not
the finish line; it must be translated into spatially explicit checks - cover, crack
control, and related detailing - so that zone - and element-level reliability targets are
met [5][6].

Exposure zoning

Structural members are subdivided into functional zones - splash/tidal, spray, traffic
wheel paths, soffits - mapped to XS/XD subclasses and a local chloride load Cs. Each
zone carries its own ERC requirements and admissible cover bands. In de-icing
regimes with intermittent application, seasonal Cs profiles are used to reflect
variability.

From mix to cover

For each binder—curing option, laboratory distributions of Dapp(t) and sorptivity are
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propagated to zone-specific cover recommendations c(z), enforcing constructability
and Eurocode/owner minima. Crack control and fiber usage [9] are included via (i)
equivalent diffusion factors under controlled-crack states or (ii) cover add-ons when
crack limitation is not provided.

Element-level reliability

Initiation reliability is evaluated per zone using Monte Carlo or FORM, combining the
distributions of Cs, ¢, Dapp(t), and the threshold C¢h [3][6]. An element passes only if
all zones satisfy the probability target. Results are summarized as design envelopes -
{c, w/b, SCM content, fiber volume} - that jointly satisfy ERC and reliability
constraints.

Upscaling to the structure

Zone outcomes are aggregated into asset-level metrics: expected maintenance actions
and timing, traffic disruption hours, and life-cycle impacts. This enables side-by-side
comparison of mixes that minimize ¢ but raise Dref versus mixes that need higher ¢
yet cut GWP (typical for LC?/AAM) [1][2][8]. The link from laboratory performance
to asset consequences remains traceable.

At element level, ERC checks couple measured indices with detailing choices
(cover c, crack control, fiber dosage) to achieve the target life L. At structure level, a
zoning map assigns to each exposure zone the least-impact mix that meets ERC.
BIM/QTO quantities feed the GWP equations, producing structure-level GWP and
intervention schedules - a transparent chain from lab to asset.

Validation and uncertainty management

Strategy. Guard against optimistic bias in service-life prediction by validating models
and explicitly managing uncertainty. We distinguish: (i) aleatory (material/exposure
variability), (i1) epistemic (limited knowledge, model form), and (iii) operational
(execution tolerances, curing) [6].

Laboratory calibration. Transport parameters (Dref, m, sorptivity) are calibrated on
replicate specimens at 28-90 days (and optionally 6—12 months), using outlier-robust
fits for D(t) laws [3]. Mixture-specific priors are assigned to LC? and AAM based on
published datasets [1][2][8].

Field validation. Where available, core tests and half-cell/cover surveys from similar
assets provide cross-checks. Bayesian updating refines priors for Dref and m; posterior
predictive checks verify that modelled chloride profiles bracket field observations at 5—
10 years [6].
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Uncertainty propagation. Use Monte Carlo (>10* samples) or Latin hypercube sampling
to estimate Pinit(t) and decision risk. Global sensitivity (Sobol’/variance-based) ranks
drivers - typically ¢, Cs, Dref. Measurement error and execution tolerances are explicit
(e.g., ¢ ~ N(cnom, cc)).

Model-form risk and guardrails. Competing formulations (e.g., boundary conditions
for Cs, carbonation-induced cover loss) are explored via scenario analysis.
Acceptance includes safety margins on ¢ and a minimum inspection/monitoring plan
to control operational uncertainty [5][6].

Three-tier validation. (i) Internal cross-validation on withheld mixes; (ii) round-robin
repeatability/reproducibility for key tests (NT BUILD 492, carbonation); (ii1) external
calibration on field-exposed specimens/elements. Uncertainties in Dapp, kcarb, Cs, c,
curing, and workmanship propagate to Trep and life-cycle impacts via Monte Carlo.
Sobol’ indices focus material and process control.

Implementation package

Deliverables. (1) Curated material property & footprint database for CEM, LC?, AAM;
(i1)) ERC mapping rules and reliability targets by exposure; (iii) parametric charts (c
vs. w/b, SCM, fiber volume); (iv) LCA templates and emission factors; (v) worked
examples for bridges/coastal elements [1][2][5][6][8][9].

Tooling. A lightweight calculator (spreadsheet/web) implements the engine and
decision rules. Inputs: binder recipe, w/b, curing, fiber plan, exposure zone. Outputs:
{c, ERC compliance, GWP/m?, LCC}. Defaults and priors are shipped with
transparent provenance.

Deployment pathway. Begin with pilot projects (e.g., a de-iced bridge deck, a coastal
pier). Benchmark against business-as-usual mixes and track KPIs: embodied CO:
reduction, compliance rate, maintenance deferral. Feedback loops tighten priors and
update ERC mappings.

Workflow summary. (1) define FU and exposure zones; (2) lab screening & index
calibration; (3) ERC compliance; (4) multi-objective search; (5) robustness screening;
(6) element—structure upscaling; (7) decision report (mix, detailing, expected Trep,
GWP/LCC, risk bands). The process preserves transparency and enables auditable,
exposure-specific choices among blended cements, LC3/geopolymers [1], fibers, and
corrosion-resistant reinforcement.

LCA = Life Cycle Assessment - quantification of environmental impacts over a
product/system’s life cycle.

GWP = Global Warming Potential - climate impact metric, usually reported as kg
COze per m? of concrete.
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CO:ze = Carbon dioxide equivalent - unified unit for greenhouse-gas impacts used in
GWP.

ERC = Exposure Resistance Classes - performance-based durability classes linking
exposure severity to material/cover requirements.

LC* = Limestone Calcined Clay Cement - low-clinker blended cement using
calcined clay (metakaolin) and limestone.

AAM = Alkali-Activated Materials - cementitious binders made by alkali activation
of aluminosilicate precursors (e.g., slag, fly ash).

SCM = Supplementary Cementitious Materials - mineral additions (slag, fly ash,
calcined clay, silica fume) that partially replace clinker.

RC = Reinforced Concrete - concrete with steel reinforcement.
w/b = Water-to-binder ratio - mass of water divided by total binder (cement + SCM).
Cover (c) - concrete cover depth to reinforcement (mm), primary barrier against

ingress. Chloride ingress - penetration of chlorides that can initiate steel corrosion.

Dapp(t) = Apparent (time-dependent) chloride diffusion coefficient used in Fick-type
models.

Cs = Surface chloride concentration (boundary condition in chloride models).

Cth = Critical chloride threshold at rebar depth (often % by mass of binder) for
corrosion initiation. Sorptivity — rate of capillary uptake of liquids into concrete.

Carbonation - CO: ingress reducing pore solution pH, potentially depassivating steel.
Service life - period during which the structure meets specified performance criteria.

Performance-based design (PBD) - design approach driven by measured/targeted
performance indicators rather than prescriptive recipes.

LCC = Life-Cycle Cost - total cost over the life cycle, often discounted (CAPEX +
OPEX/maintenance).

3. RESULTS AND DISCUSSION
ERC provides exposure-calibrated qualification of cements and lets designers optimize

the water — binder ratio (w/b) and cover depth, achieving GWP reductions while
meeting the required durability indices. Mix designs are tuned to exposure classes to
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preserve service life with lower clinker content. Geopolymers [2] can further cut
CO: and offer strong resistance in acidic and marine environments. Fibers enhance
ductility, thermal-cycling robustness, and microcrack control, strengthening durability.
Galvanized, epoxy-coated, or stainless reinforcement mitigates chloride-induced
corrosion in marine and de-iced infrastructure.

The proposed framework is illustrated by three hypothetical representative mixes
designed for XD3/XS3 exposure and a 50-year reference period (functional unit: 1 m?
of concrete). Mix 1 is a conventional CEM I-based reference concrete, Mix 2 uses a
limestone calcined clay cement (LC?), and Mix 3 represents an alkali-activated system
(AAM). The life-cycle assessment is structured in line with EN 15978 and similar
schemes, with modules A1-A3 (product stage), A4—AS5 (transport and construction), B
(use phase, including durability-driven maintenance) and C (end-of-life).

Table 1 presents hypothetical LCA results for three mixes that are representative of
the design space to be investigated. The values are scenario-based and will be refined
and validated in the ongoing research. As we might expect, the product stage (A1-A3)
dominates the footprint for all cases, reflecting the clinker content and binder
chemistry. Moving from the CEM I reference mix (Mix 1) to the LC? blend (Mix 2)
cuts cradle-to-gate GWP by roughly 30%, and the AAM (Mix 3) provides a slightly
larger reduction. Because the more durable mixes require fewer and later
interventions, the B-stage contribution is also reduced, leading to life-cycle GWP
reductions in the 25-35% range relative to the reference scenario.

Table 1:
Hypothetical LCA results for three concrete mixes; GWP by life-cycle module (functional unit: 1 m?
concrete, XD3/XS3 exposure, 50-year reference period).

Mix ID Al1-A3 A4-A5 B C Life-cycle
[kgCO2e/m?] [kgCO2e/m?] [kgCO2e/m?] [kgCO2e/m?] GWP
[kgCO2e/m3]
Mix 1 370 25 90 15 500
Mix 2 260 25 55 15 355
Mix 3 240 25 50 15 330

From a durability standpoint, the mixes will be screened against the Exposure
Resistance Class (ERC) requirements for XD3/XS3 and the probabilistic corrosion
limit state “no corrosion-induced loss of serviceability” up to 50 years. Table 2 might
report normalized durability indices and the predicted probability of corrosion
initiation Pinit at 50 years for a nominal cover of 40 mm. The indices ID, IS and Ik
are defined as in Section 2, with values above 1.0 indicating performance better than
the project requirements.
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The CEM I reference mix (Mix 1) only just meets the ERC criteria and exhibits a
corrosion- initiation probability of about 20% at 50 years, close to typical project
limits. In contrast, the LC* and AAM mixes show significantly improved transport
and carbonation resistance (ID, IS, Ik >1.2) and reduce Pinit(50 years) well below a
10% target. This confirms that clinker-lean binders can simultaneously lower life-
cycle GWP and improve or maintain durability performance when combined with
appropriate detailing (cover, crack control, corrosion-resistant reinforcement).

Table 2 shows a hypothetical durability performance comparison, used here only to
illustrate how ERC-based indicators and corrosion probabilities can be reported within
the proposed framework.

Table 2:
Durability performance indicators and ERC compliance for the three mixes (XD3/XS3 exposure,
nominal cover ¢ = 40 mm).

ID Aggregated| Pinit
. (chloride 1S e 1 durability | (50 ERC
Mix ID (sorptivity) (carbonation)| . compliance
transport) -] -] index I[E | years) (XD3/XS3)
[-] [-] [%]
Meets
Mix 1 1.00 1.00 1.00 1.00 20 | minimum ERC
requirements
Satisfies
Mix 2 1.35 1.25 1.20 1.27 8  |[ERC with safety|
margin
Satisfies
Mix 3 1.45 1.30 1.25 1.33 5  |[ERC with safety|
margin

These example tables do not report experimental results, but rather anticipated trends
that will be verified in future work.

4. CONCLUSIONS

Marrying a durability-first design ethos with life-cycle assessment (LCA) allows
concrete systems to cut embodied emissions without trading away reliability. Through
Exposure Resistance Classes (ERC), we calibrate binder chemistry, w/b, curing,
cover, fibers, and reinforcement to the actual exposure severity, preventing hidden
impacts from early deterioration. The results show that clinker-lean binders - whether
blended or alternative - paired with crack-control strategies and corrosion-resistant
steel can satisfy strength and service-life requirements while lowering GWP. A
parametric, performance-based workflow yields traceable, auditable designs adapted
to local materials and practices. Next steps include field validation and the progressive
tightening of reliability targets.
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Abstract. To be able to induce a controlled transient flow in the Boundary Layer Wind
Tunnel by modifying the frequency of the current supplied to the axial fan, the response
time of the system to different step functions imposed on the frequency must be determined.
Several experiments were performed for different steps of the frequency and different
heights of the roughness above the tunnel floor. Measurements were performed for 4
increasing frequency steps for two different heights of the roughness on the wind tunnel
floor and consisted in velocity and pressure values at different cross sections along the
tunnel.

Key words: Axial fan; Variable Roughness; Transient flow

1. Introduction

Over time, with the increase of the vertical development and the safety needs the wind
engineering field is also developing. In the last years, there are more often wind
engineering tests requested, in order to obtain more accurate responses of the new
structures and implicitly a better design. [1]

Furthermore, over recent years, due to different types of severe weather events,
including potentially damaging wind phenomena like downbursts [2], wind engineering

began to dedicate more interest in modelling and simulation such phenomena in order
to be able to evaluate their actions on structures.

The article was received on 27.01.2026, accepted on 08.06.2026 and published on 12.06.2026
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In this context, the purpose of our research is to investigate the possibility to generate a
controlled transient flow in a boundary layer wind tunnel as a consequence of the
variations in fan rotational speed. To accomplish this, the response of the entire system,
that consist of fan, airflow and wind tunnel, to frequency variations must be evaluated

[3].

The methodology to characterize the system's response involved two sets of velocity
measurements. The experiment consisted of four frequency steps (1-4 Hz) with two
initial frequencies and three different surface roughness conditions along the wind
tunnel floor.

2. Methodology

The TASL-1 boundary layer wind tunnel, located at the Constantin lamandi
Aerodynamics and Wind Engineering Laboratory, Technical University of Civil
Engineering Bucharest, was used for the experiments.

Zone for boundary layer development
equipped with variable height roughness
Interchangeable grid
pack for lowering
the turbulentintensity

(if necessary) Fan
Contraction \ Diffuser
anind experimental vein
Honeycomb Turbulence generators Upwind experimental vein

(elliptical and tetrahedral)

Fig. 1. The Boundary layer wind tunnel 1 [1].

The TASL-1 open-circuit tunnel (Figure 1) is 27 m long with a square cross-section with
a side length of 1.75 m. The active test section involves two experimental zones (upwind
and downwind), as well as a dedicated boundary-layer development section with a total
length of 18.9 m [4].

In order to facilitate the experimental measurements, the wind tunnel was upgraded with

a Modbus/TCP option board and dedicated software integrated into the fan’s frequency
converter, enabling remote operation via Ethernet [3].
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2.1. Experimental data

The present measurements were made using the same configuration as the previous
experiments described in [3]. This setup involved four pressure transducers connected
to two Pitot-Prandtl tubes, which can be used to read the dynamic pressure value in the
wind tunnel and an additional four pressure transducers connected to pressure taps
distributed along the wind tunnel.

Thes two Pitot-Prandtl tubes provide the dynamic pressure in the test section, thereby
enabling the initial inflow velocity to be determined.

The dynamic pressure pd is determined from Bernoulli's equation as the difference
between the total pressure pt and the static pressure ps. For an incompressible fluid, at
the stagnation point, Bernoulli's equation can be written as:

pv’:
p (D

pt:ps+pd:ps+

From the measured pressure difference ps — p, = Ap, the local flow velocity was
computed as:

V= 24p (2)

Therefore, velocity profiles were created for each frequency step for the three
roughnesses (0 mm, 50 mm and 100 mm), based on measurements obtained from both
the downstream Pitot-Prandtl tube and the upstream tube. The aim of this procedure was
to assess the influence of surface roughness on the stabilization time.

T1 T2

v

&
1 1 1
n n " "

Figure 2: The position of the static pressure taps and Pitot tubes along the wind tunnel [3].

For better visualization, in Figure 2 are presented the position of the Pitot-Prandtl tubes
and de pressure taps used in this research. T1 represents the upwind Pitot-Prandtl tube
and T2 represents the downwind tube, while the four pressure taps are labeled P1 - P4.
The experiment consisted of eight measurement series, performed for four frequency
steps, each initiated at two distinct starting frequencies as summarized in Table 1.
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Initial frequencies

Tabelul 1

Frequency step (Hz) I Initial frequency (Hz) -
! 5Hz 10 Hz
2 5 Hz 10 Hz
3 7Hz 12 Hz
4 6 Hz 11 Hz

Due to manufacturer-imposed limitations, the fan’s frequency converter cannot
accommodate an instantaneous step signal. The steepest permissible input is a 50 Hz
increase over 10 s. For the experimental case, corresponding to 8% of the maximum
frequency step (4 Hz), the step duration was 0.4 s as shown in Figure 3.

To achieve an accurate representation of the frequency step slope, the frequencies were
normalized to a common origin using the following equation:

where:

fai=fi—fi (D

fai— frequency translated in the same origin
fi — frequency obtained from measurements
f1 — first value of the frequency obtained from measurements

Frequency [Hz]

® Frequency 4 Hz

@ Frequency 3 Hz Frequency 2 Hz e Frequency 1 Hz

w

Figure 3: The increasing frequency steps used in the experiments.

2.2. Equations overview

To accurately characterize the variation of velocity as a function of time for the cases
described in the preceding section, the results were aligned to a common origin using

the following equation:
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Ugs=u;—u; (2)

where:

uq,; — velocity translated in the same origin

u; — velocity obtained from measurements

u; — first value of the velocity obtained from measurements

3. Results and discusions

The data obtained for a frequency increment of 1 Hz, corresponding to the three different
tunnel floor roughness conditions, are presented in Figure 4. The first two plots (a and
b) illustrate the results for the frequency range between 5 Hz and 6 Hz, while the last
two plots (¢ and d) present the range between 10 Hz and 11 Hz.
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Figure 4. Velocity variation over time for the roughness’s of 0 mm, 50mm and 100mm for the
frequency step of 1 Hz starting from: a —5 Hz upstream Pitot tube, b — 5 Hz downstream Pitot tube, ¢ —
10 Hz upstream Pitot tube, d — 10 Hz downstream Pitot tube.

Figure 5 the data corresponding to a frequency increment of 2 Hz for the three tunnel
floor roughness conditions. The first two plots (a and b) illustrate the results for the
frequency range between 5 Hz and 7 Hz, while the last two plots (c and d) present the
range between 10 Hz and 12 Hz.
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Figure 5. Velocity variation over time for the roughness’s of 0 mm, 50mm and 100mm for the
frequency step of 2 Hz starting from: a —5 Hz upstream Pitot tube, b — 5 Hz downstream Pitot tube,
¢ — 10 Hz upstream Pitot tube, d — 10 Hz downstream Pitot tube.

Figure 6 presents the data corresponding to a frequency increment of 3 Hz for the three
tunnel floor roughness conditions. The first two plots (a and b) illustrate the results for
the frequency range between 7 Hz and 10 Hz while the last two plots (c and d) present

the range between 12 Hz and 15 Hz
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Figure 6. Velocity variation over time for the roughness’s of 0 mm, 50mm and 100mm for the

frequency step of 3 Hz starting from: a —7 Hz upstream Pitot tube, b — 7 Hz downstream Pitot tube,
¢ — 12 Hz upstream Pitot tube, d — 12 Hz downstream Pitot tube.

And, in the last figure, Figure 7 presents the data corresponding to a frequency increment
of 4 Hz for the three tunnel floor roughness conditions. The first two plots (a and b)
illustrate the results for the frequency range between 6 Hz and 10 Hz, while the last two

plots (c and d) present the range between 11 Hz and 15 Hz.
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Figure 7. Velocity variation over time for the roughness’s of 0 mm, 50mm and 100mm for the
frequency step of 4 Hz starting from: a — 6 Hz upstream Pitot tube, b — 6 Hz downstream Pitot tube,
¢ — 11 Hz upstream Pitot tube, d — 11 Hz downstream Pitot tube.
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4. Conclusions

The aim of this research is to evaluate the response of the whole system to different
frequency variation steps. Measurements were performed for 4 increasing frequency
steps for different heights of the roughness on the wind tunnel floor.

For the 1 Hz frequency step the differences in velocity are hardly noticeable especially
at high values of the roughness on the floor of the tunnel due to the increased velocity
fluctuations induced by the roughness in the downstream experimental zone.

For the other steps velocity differences are noticeable and a lag of velocity stabilization
with respect to the frequency, lag that seems to increase as the frequency step increases
was observed. In order to quantitatively estimate this lag, future work will be dedicated
to finding a suitable smoothing procedure for the signals obtained in this stage.
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Abstract. This paper investigates current challenges in the design and operation of
sprinkler fire extinguishing systems, especially regarding the extrapolation of droplet
distribution from standard diagrams, positioning and spacing between sprinkler heads in
complex geometries, air current influences, and heat release variations. Through
theoretical studies, simulation models and experimental measurements with laser-based
droplet size analysis, solutions for system optimization are proposed. Key
recommendations address the use of CFD tools, adapted sprinkler types, and refined
placement strategies to enhance sprinkler efficiency.

Key words: Fire suppression, sprinkler systems, droplet size, CFD simulations,
performance evaluation

1. Introduction: Premises for addressing the research topic

In the practice of implementing sprinkler fire suppression systems, several issues

arise:

1. Manufacturers provide diagrams of the spray cone up to a maximum height of 3
meters. From this, designers must extrapolate how the spray droplets fall and
combine on their way to the suppression surface, which could be materials
stored on the building floor.

2. The distance between sprinkler heads mounted on pipes that may be on
different planes (usually perpendicular), obstacles between the sprinkler heads
and the suppression surface.
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3. The creation of natural or artificial air currents within the building that can
disperse or recombine water droplets, altering their path perpendicular to the
suppression surface.

4. The variation in the density of calorific power released by combustion, both on
the exposed surface and over time due to random deposits.

Therefore, the design and implementation of sprinkler fire suppression systems

involve numerous challenges. Below are some solutions and recommendations for the
specified issues, divided into the stages of design, execution, and operation.
However, due to the complexity of the interaction between sprinkler water jets and
fire, there is no standardized engineering method for selecting the appropriate sprinkler
for a specific installation. Currently, engineers rely on a limited number of large-scale,
costly tests that do not always reflect the real conditions of a fire. Thus, it is often
impossible to accurately assess the effectiveness of installed suppression systems or
objectively measure the level of safety provided.

Recent advances in technology and computing offer new perspectives for
understanding the interaction between sprinkler water jets and fires. New methods for
measuring the size and speed of water droplets allow for a detailed analysis of the
actual characteristics of these jets. Given the large number of droplets and the
complexity of the interaction between fire, surrounding air, and water droplets, the
most efficient way to model these systems is computationally. High-performance
computers enable the integration of physical aspects and empirical data, providing a
better understanding of the behavior of sprinkler water jets in the event of a fire.
However, the empirical information needed for these models has been limited so far.

Scientific research and technical solutions:

» Studies on droplet distribution and application efficiency: Research has
highlighted the importance of uniform water distribution to ensure effective fire
suppression. Experimental studies and CFD (Computational Fluid Dynamics)
simulations are used to model and optimize water droplet distribution.

» Impact of air currents: Scientific research has investigated how air currents,
influenced by ventilation or building openings, affect the efficiency of sprinkler
systems. Technical solutions, such as using air deflectors and adjusting
sprinkler positioning, are validated through experimental studies and
simulations.

» Risk assessment and fire modeling: Mathematical models and fire simulations
are used to assess risk and determine optimal water application densities based
on the type and distribution of flammable materials.
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1.1 Spray cone diagrams and extrapolation

Problem: Manufacturers provide spray cone diagrams up to a height of 3 meters,
requiring designers to extrapolate the behavior of water droplets to the suppression
surface.

Solutions:

e Simulation software: Specialized software for simulating water flow and
droplet distribution, such as CFD, can help accurately model droplet behavior
over greater distances.

e Laboratory testing: Conduct experimental tests in the lab to observe water
droplet behavior at greater heights and adjust the design accordingly.

e Consultation with manufacturers: Collaborate closely with manufacturers to
obtain additional data or develop customized solutions based on specific project
requirements.

1.2 Distance between sprinkler heads and obstacles

Problem: Determining the optimal distance between sprinkler heads mounted on pipes
in different planes (usually perpendicular) and obstacles between the sprinkler heads
and the suppression surface.

Solutions:

e Compliance with standards and regulations: Follow fire protection standards
and codes, such as NFPA 13, which provide detailed guidelines on distances
between sprinkler heads and avoiding obstacles.

e 3d simulations and modeling: Use 3D design software and simulations to model
the placement of sprinkler heads and obstacles, optimizing water distribution.

e Specialized sprinklers: Use sprinkler heads with special features, such as those
designed for areas with obstacles or sidewall sprinklers, to ensure optimal
coverage.

e In-situ testing: Conduct spray tests at the specific location to verify if water
distribution is affected by obstacles and adjust the design as needed.

1.3 Air currents and water droplet dispersion

Problem: Air currents, whether natural or artificially created, can disperse or
recombine water droplets, altering their path perpendicular to the suppression surface.
Solutions:

e Ventilation control: Design ventilation and air conditioning systems to
minimize impact on the path of water droplets from sprinklers. Position
ventilation grilles away from spray zones.

e Use of deflectors: Install air deflectors to protect spray zones from air currents.

e Controlled distribution sprinklers: Choose sprinkler heads with spray patterns
less susceptible to air current influence.
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e Continuous monitoring: Use air flow sensors and adjust ventilation systems in
real-time to ensure the water droplet path remains effective.

1.4 Variation in calorific power density and random deposits

Problem: Variation in the density of calorific power released by combustion, both on
the exposed surface and over time, due to random deposits.
Solutions:

e Risk classification: Conduct a detailed risk assessment to determine calorific
power density and correctly classify risk zones.

e Storage plans: Implement strict storage plans to minimize variability in
combustible materials and prevent unexpected accumulations of flammable
materials.

e Automatic adjustment systems: Use sprinklers with automatic adjustment
capabilities that can regulate water flow based on detected fire intensity.

e Regular review and update: Perform regular inspections and update fire
protection plans to reflect changes in space usage and material storage.
Designing and implementing sprinkler fire suppression systems involves

addressing multiple challenges. By using advanced simulation methods, adhering to
standards and regulations, and implementing customized solutions, these challenges
can be overcome. Continuous monitoring and periodic adjustments are essential for
maintaining system efficiency over time.

2. Performance evaluation of sprinklers based on droplet size distribution and
velocity

The distribution of droplet sizes and their associated velocities plays a crucial
role in the effectiveness of sprinkler systems, particularly in terms of the kinetic
energy transferred to the target surface. In this study, a commercial laser-based
instrument known as the Laser Precipitation Monitor (LPM) was used to measure
droplet size and velocity in real-time for 10 moving spray-plate sprinklers.

2.1. Methodology

1. LPM measurements: droplet size and velocity measurements were conducted
using a Laser Precipitation Monitor (LPM) to determine the distribution of
droplet sizes and the kinetic energy transferred to the soil by sprinkler
discharge.

2. Comparison of measurement methods: the droplet size distributions measured
with the LPM were compared with those obtained using the traditional flour
pellet method.

3. Eight out of ten measured distributions showed no significant differences
between the two measurement methods.
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4. The discrepancies observed occurred under operational conditions that
exceeded the sprinkler manufacturer's specifications.

2.2. Results and conclusions

e Droplet size distribution: the findings indicate that droplet measurements can
vary considerably between the two methods, especially for sprinklers operating
under conditions that produce compact droplet streams. It is still unclear which
method yields more accurate results under such conditions.

¢ Kinetic energy: the kinetic energy values calculated based on droplet size and
velocity data from LPM measurements did not differ significantly from those
obtained using the flour pellet method and ballistic model estimates of
tangential droplet velocity.

e Use of laser instrumentation: the laser-based device proved to be a relatively
simple and reliable tool for obtaining accurate estimates of sprinkler kinetic
energy per unit of water volume applied, across various types of moving
deflector sprinklers and operational conditions.

2.3. Practical applications

The measured droplet size distribution and the calculated kinetic energy from
sprinkler discharges have proven sufficient for field applications, providing an
accurate and practical evaluation of irrigation system performance.

Impact of droplet size and velocity on sprinkler performance: the
distribution of sprinkler droplet sizes and their corresponding velocities significantly
affect system efficiency, particularly regarding the kinetic energy transferred to the
soil surface. When the application intensity exceeds the soil's infiltration rate, runoff
and erosion may occur. The kinetic energy of droplets impacting bare soil surfaces can
lead to surface sealing, thereby reducing water infiltration rates and exacerbating the
risks of runoff and soil erosion.

2.4. Methods for measuring droplet size distribution

Over the past five decades, research on droplet size distribution from
agricultural sprinklers has been relatively limited. Three main methods have been
commonly used to measure droplet sizes:

1. Paper stain method
e Water droplets are captured on specially treated paper and allowed to
dry.
e The resulting stains are measured and converted into droplet sizes using
a calibration equation that relates stain diameter to droplet diameter.

252



Contributions to the resolution of issues relating to the performance of fire extinguishing sprinkler systems (1)

2. Flour pellet method
e Droplets are collected in a tray filled with sifted flour. After drying, the
resulting flour pellets are sorted into different size categories.
e A calibration equation relates the pellet mass to the droplet diameter.

3. Laser particle measurement system
e A droplet passing through a horizontal laser beam casts a shadow on a
linear array of photodiodes.
e The width of the shadow on the photodiode array is used to determine
the droplet size.

2.5. Laser instruments for measuring droplet size and velocity

A second type of laser-based instrument for measuring droplet size and velocity
is used almost exclusively in studies involving natural precipitation. These instruments
are commonly referred to as disdrometers, optical spectropluviometers, or laser
precipitation monitors (LPM), depending on the scientific field and application. The
LPM operates on principles like the laser particle measurement system but features a
simpler design. The sensor’s electronics and optics are not complex, which makes the
device easy to calibrate, reliable, portable, and robust.

Operating principle of LPM:

e An infrared light source (wavelength of 900 nm) emitted from a light-emitting
diode (LED) is shaped into a rectangular beam of parallel light using a pair of
converging lenses and rectangular masks.

e The total light intensity of the beam is continuously monitored by a receiving
photodiode, which produces a voltage signal proportional to the amount of light
received.

e When a droplet passes through the light beam, the received light intensity
decreases, thereby lowering the output voltage.

e The amplitude and duration of this voltage drop are proportional to the droplet’s
cross-sectional area and the time it spends within the beam.

Advantages and disadvantages of LPM:

e Advantages:

o Easy to calibrate, reliable, and portable.

o Capable of measuring with an accuracy of 3% or less with a minimum

sample size of 10,000 droplets.

o Provides reliable estimates of droplet size distribution and kinetic energy.

e Disadvantages:

o Limited signal processing and sensitivity of the photodiode’s output

depending on where the droplet passes through the beam.

o Coincidence errors and edge effects cannot be entirely eliminated, though

they can be controlled or minimized.
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Conclusions: the methods and instruments used for measuring droplet size and
velocity are essential for evaluating the performance of irrigation systems. Each
method has specific strengths and limitations, and the choice of method depends on
operating conditions and the specific requirements of the experiment. Laser
instruments like the LPM offer a relatively simple and reliable way to obtain accurate
estimates of the kinetic energy applied by sprinklers.

Impact of droplet size and velocity on sprinkler performance: the
distribution of droplet sizes and their associated velocities has a significant impact on
sprinkler system performance, particularly in terms of the kinetic energy transferred to
the soil surface. When the application intensity exceeds the soil’s infiltration rate,
runoff and erosion may occur. The kinetic energy of sprinkler droplets striking bare
soil can cause surface sealing, thereby reducing water infiltration rates and increasing
the risk of runoff and erosion.

Droplet size distribution measurement

Over the past 50 years, studies on droplet size distribution from agricultural
sprinklers have been relatively limited. Three main methods have been commonly
used to measure droplet size:

1. Water-sensitive paper method: droplets are collected on treated paper and left
to dry. The resulting spots are measured and converted using a calibration
equation that relates spot size to droplet size.

2. Flour pellet method: droplets are collected in a tray filled with sifted flour.
The flour is then dried, and the resulting pellets are sorted into different size
categories. A calibration equation is used to relate the mass of the pellets to
droplet size.

3. Laser particle measuring system: a droplet passing through a horizontal laser
beam casts a shadow on a linear arrangement of photodiodes. The width of the
shadow on the photodiode array corresponds to the droplet’s diameter.

Laser instruments for measuring droplet size and velocity: a second type of
laser instrument used for measuring droplet size and velocity is employed almost
exclusively in the study of natural precipitation. These instruments are known as
disdrometers, optical spectropluviometers, or laser precipitation monitors (LPM),
depending on the scientific field and application. The LPM works similarly to the laser
particle measurement system but features a simpler design. The sensor’s electronics
and optics are not complex, making the instrument easy to calibrate, reliable, portable,
and robust.

Operating Principle of the LPM

e An infrared light source (wavelength of 900 nm) from a light-emitting diode
(LED) is shaped into a rectangular parallel light beam using a pair of
converging lenses and rectangular masks.

e The total intensity of the light beam is continuously monitored by a receiving
photodiode, which produces a voltage signal proportional to the amount of
received light.

e When a droplet passes through the light beam, the intensity of the received light
drops, which reduces the output voltage.
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e The amplitude and duration of the voltage change are proportional to the
droplet’s cross-sectional area and its residence time within the beam.

Advantages and disadvantages of LPM

Advantages:

e Easy to calibrate, reliable, and portable.

e (Can measure with an accuracy of 3% or less using a minimum sample size
of 10,000 droplets.

e Provides reliable estimates of droplet size distribution and kinetic energy.

Disadvantages:

e Limited signal processing capabilities and sensitivity of the photodiode’s
output depending on where the droplet intersects the beam.

e Coincidence errors (when multiple droplets pass simultaneously) and edge
effects (when only part of a droplet crosses the beam) cannot be fully
eliminated but can be mitigated or controlled.

Validation and correction methods

1. Validation of Droplet Size Measurements: Droplets with measured velocities
that deviate significantly from the terminal velocity corresponding to their
measured size may be the result of coincidence errors or edge effects. These
outliers can be excluded from the dataset to improve measurement accuracy.

2. Data Correction Techniques: Solomon et al. (1991) applied a criterion where
droplet velocity measurements exceeding +2 standard deviations from the
average measured velocity were used to discard droplet size data from the
dataset. This method helps reduce measurement errors, though it does not
eliminate them entirely.

Relevant Studies and Findings
1. Study by Kincaid et al. (1996): Measured droplet size distributions for a wide
variety of sprinkler types, nozzle sizes, and operating pressures using a laser
particle measurement system. Measurements were taken at radial intervals of 1
meter within the sprinkler’s wetted radius.
2. Study by DeBoer and Monnens (2001): Evaluated droplet size distributions for
multiple types of rotating-plate sprinklers across various nozzle sizes and
operating pressures. The droplet distributions were weighted according to the
volume fraction of water applied in each radial measurement zone.
Ballistic Models and Kinetic Energy

Determining the kinetic energy transferred to the soil by sprinkler droplets
requires knowledge of both droplet mass (or size) and velocity. Over the past 50 years,
droplet trajectory models based on classical rigid-body motion laws have been
developed to analyze and predict sprinkler operating characteristics. These are
commonly known as ballistic models and involve simplifying assumptions to
numerically simulate droplet trajectories.

Key simplifications used in ballistic models include:

1. Droplets form at the sprinkler nozzle.
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Droplet volume remains constant during flight.

Droplets are spherical and do not deform.

Forces acting on droplets include gravity and drag.

Drag force acts opposite to the direction of motion.

The initial velocity and trajectory angle are known inputs.
Use of Laser Instruments in Irrigation Research

Laser-based instruments used for measuring droplet size are susceptible to two
major types of measurement errors: coincidence and edge effects. Coincidence errors
occur when two or more droplets simultaneously pass through the laser beam and cast
overlapping shadows on the photodetector. Edge effects arise when only part of a
droplet passes through the laser beam along one of its edges.

To control these errors, each droplet measurement can be validated by
comparing its measured velocity with the terminal velocity expected for its measured
size. In natural rainfall, droplet velocity is assumed to approach terminal velocity.
Comparing measured velocity to theoretical terminal velocity helps validate the
dataset.

I

3. Conclusions

The accurate assessment of sprinkler system performance is fundamentally
dependent on the precise measurement of droplet size and velocity, which are key
parameters in evaluating the kinetic energy delivered to the ground surface. This
energy plays a crucial role in the effectiveness of fire suppression or irrigation, as it
influences water distribution, soil infiltration, and the system’s overall efficiency.

Among the measurement techniques explored, laser-based instruments—such
as the Laser Precipitation Monitor (LPM)—have demonstrated notable advantages,
including ease of calibration, portability, and reliable data acquisition across large
sample sizes. Their application in controlled environments provides a solid foundation
for evaluating sprinkler behavior under realistic operational scenarios.

This study was conducted using a dedicated experimental stand, specifically
designed to support high-precision measurements. The stand dimensions (Height: 2000
mm, Width: 2000 mm, Length: 3000 mm) allowed for systematic data collection
across different distances and sprinkler types. The configuration included alternating
sprinkler heads of varying nozzle sizes, which ensured uniform coverage and a
representative spray pattern for analysis.

The setup and measurement process are illustrated in the figure below, which
provides a visual reference for the experimental conditions. This configuration enabled
the controlled evaluation of droplet behavior and offers a replicable model for further
investigations. Overall, the results confirm that LPM-based techniques represent a
reliable and efficient approach for characterizing sprinkler performance and
optimizing system design.
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Contributions to the resolution of issues relating to the performance of fire extinguishing sprinkler systems (1)

Fig. 1. Image of mobile experimental stand
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Abstract: The impact of sleep quality on overall health is significant thus it is necessary
to maintain the standards for air quality in civilian buildings. Student accommodations
often lack these standards especially in thermal comfort, lighting and air quality. This study
shows improper CO2 concertation in newly built student dormitories that have an effect on
both mental and physical health The study shows that CO2 concentrations are above
average (=1278 COZ2 ppm) especially during nighttime correlated with thermal discomfort
caused by lack of proper ventilation in the sleeping and studding area.The collaboration
between the medical and engineering field is important in order to maintain proper
standards for air quality that will in turn also decrease several afflictions and risk of
diseases.

Key Words: air quality; CO, concertation; health effects.

1. Introduction

Sleep quality plays an important role in long time mental and phisical health and
academic performance as shown in the speciality literature [1,2,3]. Sleep quality is
defined as continuous sleep that from which one wakes up refreshed with few nighttime
awakenings and fast initiation[4]. Students, especially, need to benefit from optimal
sleep due their necesity to perform increased and continous intelectual activities.

Most students live in student housing for tree to six years and can suffers
aflictions such as: diminised logical thinking, higher rate of awakening during the night
[5], throat discomfort, dyspnea, dry and itchy skin, dificulty falling asleep and waking
up, congested nose, bad air smell [6]. According to the standard 15-2022 [7], good air
quality in civilian building has a CO2 concetration of less that 400 ppm. Bad air quality
according to the same standard in cosidered to have a concetration of CO2 of more that
1000 ppm. It is worth mentioning that these symtoms can be acentuated by intrinsic

The article was received on 02.06.2026, accepted on 10.06.2026 and published on 12.06.2026
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factors such as: stress, lack of proper nutrition, smoking, alcohool consumption,
inadequent sleep hygene. Several other external factors are also be at play such as:
suboptimal lighting as shown by other studies regarding the same student accomodation
[8], thermal discomfort, noise pollution.

2. Considerations regarding the level of CO2 concentration during sleep on health

The scope of the paper is to determine if CO» concentrations in student living
accommodations are up to standard while also correlating the findings with the health
effects that subpar CO> concentrations have on occupants.

The study took 10 days (from the 18" of March to the 28" of March) and it
focused on the CP1 student accommodations from the University of Oradea that opened
in October 2024. The room that was used in the research as shown in Fig.1. is 58.85 m?
and has no mecanical venitaltion sistems in the sleeping area. A small mecanical
ventilator is used for the bathroom. The sleeping area has a window for natural
ventilation that features a ventilation slot. The dormitory room studied is inhabited by
two people.

.Fig. 1. Floor plan
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For the measurements a TESTO 480, SN 2309679, aparatus was used, that
provides information about air pressure, humidity, temperature and CO> concetration.
The paper was focused only on the latter two ones. The probe was set between the two
beds at a distance from the window opening in order to prevent abrupt variontions from
air currents caused by the window’s opening (Fig. 2.).

Fig.2. Probe placement

3. Results and Discutions

The data was analized for three diffrent perspectives in coreletion with
temperature:

3.1. Overall assesment

Over the ten day period in which the study as conducted bowth CO; concetration
and temprature were measured as shown in Fig.3.

Both inferior (less than 400 ppm) and superior (more than 1000 ppm)
thresholds are showcased in the graph. As considered by the I5 normative a CO;
concertation of over 1000 ppm is correlated with bad air quality.

As it can be seen in fig.3 the CO, concertation rarely goes below 400 ppm
thus the registered air quality is between medium and low with an average of
1287 ppm which surpasses the superior threshold indicating lo air quality in the
sleeping area during day time and especially during night time.
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Fig.3. Measurements over a ten days period

Thermal comfort as also taken into consideration. It can be seen that CO,
concertation is almost directly proportional with temperature that also reaches
values correlated with thermal discomfort (=25.3°C median temp). Due to lack of
mechanical ventilation thermal discomfort ill only worsen in the warmer season
when temperatures can reach up to 28°C during the day.

3.2. 24 h assesment

During a 24 hour period it can be seen that drastic CO2 concetration increases
happen both during the night and during the time students are not in the dormitories.
This is caused by the lack of mechanical ventilation in the student accomodation. In
addtion higher COz concetrations may be registered in the cold season due to the fact
that using natural ventilation, in this case, causes thermal discomfort. As shown in Fig.
4 there are drastic drops in CO2 concentrations and temperature whenever the window
is fully open for even less than 5 minutes (Segments AB and EF). While the ventilation
sloth is used the CO: concetration curb decreases at a lower rate hile temperature still
rises(Segment CD).
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Fig.4. The 24 hours measurements

3.3. Nightime assesment (8 p.m.-8 a.m.)

Nighttime is the most affected perion during the day by the lack of mechanical

ventilation as shown in Fig. 5.

Both CO> concentration and temperature increase by morning, reaching above

average values.

The theoretical CO2 concentration is calculated using formula 1 [9]. Thus the
COz concertation accumulated from two people after a 12 hour sleep period in a room
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Fig.5. Night-time measurements

without mechanical or natural ventilation is 13.166 ppm.
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€W =G+ (2l M
Where:
V=58.85 m’ room volume
N=2 number of people
v»=12 breaths/min [10] breath frequency
=720 min time
Cy=45000 ppm [11] CO: concentration in exhaled breath
Vy=0.0005 m* [12] volume per breath
C(t)=Citeor theoretical room CO: concentration in accumulated in t
minutes ppm
Co=656 ppm initial CO2 concentration (at 11 p.m. as shown in Fig.5.)
Cexp= 2452 ppm CO: concentration, determined experimentallyat 11 a.m.

as shown in Fig.5.

Exchange rate ne in %, is calculated with rel. 2.
- C
= _?.100 (2)

Comparing the theoretical CO2 accumulation with the experimentaly measured
CO2 concertation registered at 11 am after a 12 hours period without mechanical or
natural ventilation the exchange rate is 0,81%.

4. Conclusions

In conclusion the authors propose stricter standards for student dormitories
designs that take into consideration air quality and proper ventilation. This paper also
shows the necessity of interdisciplinary collaboration between building services
engineers and the medical field in order to account for the health impacts that deficient
air quality has on buildings’ occupants.
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Abstract: Given the critical global context that has been reached in terms of air
pollution caused by carbon emissions and other pollutants resulting from the combustion
of conventional fuels, we urgently need to reduce the impact on the environment and find
solutions that slow down global warming. Energy in various forms is a need that we
cannot do without, but we must resort to primary sources that are as less polluting as
possible and that at the same time ensure energy demand. Renewable energy sources
must be exploited to the greatest extent possible and installations/equipment optimized
for the highest possible efficiency. This paper presents the main conventional and
unconventional energy sources, the evolution of their use over time and proposals for
optimizing thermal and electrical energy production systems.

Key words: fossil fuels, natural gas, district heating systems, renewable energy sources,
heat pumps

1. Introduction

At the global level, the International Energy Agency's (IEA) provides an energy
outlook through three main scenarios designed to help policymakers, industry leaders
and researchers understand the future of the entire energy system by analyzing trends
in demand, supply, technology and emissions. [1].

These scenarios address energy perspectives from current policies to measures
to achieve net-zero strategic plans involving the transition to renewable energy,
namely:

- Current Policies Scenario (CPS) — indicates policies and regulations that are
already in place;

The article was received on 08.04.2026, accepted on 08.06.2026 and published on 12.06.2026
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- Stated Policies Scenario (STEPS) — indicates policies that have been officially
proposed but have not yet been adopted, as well as other types of official strategic
documents that indicate the direction of travel;

- Net Zero Emissions by 2050 (NZE) — indicates a path to reduce global CO>
emissions by 2050. Romania’s strategy for this scenario aims for massive
decarbonization through the integration of renewable energy, increased energy
efficiency, electrification and carbon capture [2].

A comparative picture of the evolution of the global average temperature for the
three scenarios (CPS, STEPS and NZE) and the annual emission reductions in the
NZE scenario, over a 5-year period, are presented in Fig. 1.

Cresterea temperaturii (°C) Reduceri anuale ale emisiilor (Gt)
2000 2020 2040 2060 2080 2100 NZE NZE NZE NZE NZE

2021 2022 2023 2024 2025

Fig. 1. Global average temperature increase and annual emission reductions from peak to 2035 in
previous editions of the NZE scenario

An evolution of CO: emissions, by fuel type, is presented comparatively, in the
world, in the EU and in Romania, in Fig. 2 [3].
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Fig. 2. CO: emissions by fuel or industry type, World

Generation I transported steam at temperatures above 200°C using concrete
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pipes. As a result, it was not particularly efficient and was replaced due to the risk of
pipe bursting. Generation II used concrete pipes to transport pressurized water at
temperatures above 100°C and is known as high-temperature district heating.
Generation III uses pre-insulated pipes buried directly in the ground and operates with
water at supply temperatures between 65 and 95°C. Generation IV district heating
systems are now being developed and referred to as low-temperature district heating
systems (50-60°C). When end-user temperatures are increased with heat pumps, ultra-
low supply temperatures (35-45°C) are also used [4]. Generation V district heating is
an extension of generation IV, a new concept based on a decentralized network that
allows direct energy flows between and within buildings. Its key features are: low
exergy network using low-temperature heat sources; closed thermal energy loops that
ensure the exchange of heat and cold between groups of buildings; integration and
synergy between thermal and electrical networks; 100% renewable energy target [5].
The evolution of district heating generations over time is presented in Fig. 3 [6].
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Fig. 3. The Evolution of District Heating Systems
2. Current status. Technologies and systems used

2.1. Fossil fuels

Until recently, coal was the main source of thermal energy, being responsible
for high emissions of CO», but also other pollutants (SO,, NOX, PM2.5 and PM10
particles, heavy metals, CO, etc.). Even though efforts are being made to optimize the
efficient use of coal, the trend is towards total replacement.
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For the period 2020-2030, Fig. 4 [7] shows coal consumption in the world. It
can be seen that at the EU level there is a slight decrease starting from 2025, which is
expected to continue until 2030. In the USA and Asian countries, a slight increase is
recorded until 2030. However, the stabilization of energy consumption produced with
coal stabilizes, by 2030, in a narrow band, except for China, Asia and India.

£ 10000
9 000
8 000
7 000
6 000
5000 N
4 000
3 000
2 000
1000

2000 2005 2010 2015 2020 2025 2030

OChina BIndia BASEAN OUnited States
DO European Union ORest of world Forecast
Fig. 4. Global coal consumption

At the Romanian level, although the country is engaged in a rather slow energy
transition, coal has remained a safe source for high energy consumption. Romania's
coal reserve is sufficient for the next decades, compared to current consumption [8].
With all the advantages that coal offers, its major disadvantage is that it is the least
environmentally friendly conventional energy source. Through the emissions of COz,
SO, and NO; as a result of coal combustion, it is estimated that this fuel has
contributed massively to climate change and implicitly to global warming. In
Romania, currently, considerable greenhouse gas emissions, in a percentage of about
70%, are recorded in the production of thermal and electrical energy, which can be
seen in Fig. 5 [9].

m Industrial processes Waste Agriculture Energy

Fig. 5. Greenhouse gas emissions in different sectors
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2.2. Natural gas

The use of natural gas mixed with coal (co-firing or alternative use) in district
heating systems has emerged as an energy transition strategy imposed by the need to
reduce polluting emissions, but also to maintain the security of thermal energy supply.
Some district heating systems have resorted to partially replacing coal with natural gas
in order to reduce pollution, and others use gas, either to support coal ignition or to
take over peak load during winter. In either variant, coal is the basis, but the addition
of gas offers greater flexibility in operation and a decrease in polluting emissions.

An evolution of CO2 emissions responsible for natural gas consumption, in the
world, is presented in Fig. 6 [3].

1882 1900 1920 1940 1960 1980 2000 2024

Fig. 6. Evolution of CO2 emissions

In acest context al tranzitiei energetice prin startegia energetica pe termen lung,
Romaniei a stabilit trei scenarii prin care a fixat ipoteze privind utilizarea carbunelui si
GN 1n ceea ce priveste producerea de energie electrica si caldura [10].

Comparativ cu 1990, in 2030 se preconizeaza o reducere d 85% a emisiilor de
gaze cu efect de sera pentru toate cele trei scenario Fig.7 [10].
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Fig. 7. Emissions evolution in the 3 scenarios: REF, Medium and RO Neutral
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2.3. Renewable energy sources

The use of solar energy in district heating systems represents a sustainable
investment and a necessity for the transition to RES, both at the EU level and at the
Romanian level, considering the aspects presented above regarding the abandonment
of coal and NG. Solar energy is the key factor in the transition of district heating
systems from the 3rd generation to the 4th generation, a source that also plays a
significant role in the transition to the 5th generation.

Figure 2 shows that direct solar energy is approximately 2850 times greater than
the total energy we currently need on a global scale, therefore we only need 0.035% of
solar energy to meet all the world's energy demand [11].

1 time

Biomass
/. 20 times

Fig. 8. Intensitatea diferitelor tehnologii de energie alternativa [12]

Fig. 9 shows the evolution of the installed capacity for producing energy from
solar sources, in the world and more specifically in different regions.
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Fig. 9. Installed solar energy capacity [3]
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Fig. 10. presents share of cumulative power capacity by technology, between 2010 —
2017 [12].
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Fig. 10. Share of cumulative power capacity by technology, 2010-2027

Fig. 11 presents annual solar PV installed capacity 2000-2004 [13].
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Fig. 11. Annual solar PV installed capacity 2000-2004
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Although photovoltaic panels are usually used for direct electricity generation,
they can be integrated into district heating systems through heat pumps.
Photovoltaic panel technology has evolved greatly in terms of materials used (from
silicon — classic panels to perovskite — bifacial panels).

The main advantages and disadvantages of the main types of photovoltaic cells
are presented in Table 1 [14].

Table 1
Advantages and disadvantages of the main types of photovoltaic cells [14]

Panel Type  |Efficiency| Advantages Disadvantages Research Results

Sensitive to high
temperatures; short
lifespan; low

Solar cell efficiency decreases
significantly as temperature
increases.

Polycrystalline | 12-15% Low price

efficiency
High efficiency: Monocry;tallme solar cel.ls offer
suitable for a very high output efficiency,
Monocrystalline | 15-25% 4 . . Expensive while being among the most
commercial use; .
lone lifespan expensive solar cells compared
ong fiesp to others.
Thin-film photovoltaic panels
Amorphous Silicon Reduced costs; offer a short lifespan, but
OTPROUS STICOM 151505, flexible; easy to Short lifespan provide good constructability,
(Thin Film) . .
manufacture being very flexible and

lightweight.

The heat pump consists of four main components: a compressor, a condenser,
an evaporator and an expansion device.

The refrigerant enters the compressor as a saturated vapor and is compressed to
the condenser pressure, causing its temperature to rise above ambient. Then, the
superheated refrigerant vapor enters the condenser and releases heat to the
environment at constant pressure.

The liquid refrigerant is throttled by the expansion device, resulting in a temperature
drop below the indoor air temperature.

The refrigerant enters the evaporator, absorbs heat from the conditioned space
and evaporates completely. It then returns to the compressor as a saturated vapor,
completing the cycle [15].
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Table 2 summarises the progression of refrigerant generations. Refrigerant-
based strategies are no longer viewed as isolated efficiency enhancements but as
enabling constraints that define the feasible design space for optimized heat pump

systems.
Table 2
Evolution of refrigerant generations
Generation Type Refrigerant ODP  GWP Safety Amendment/Protocol
— Natural Ammonia (NHe) Oy, SO NHs, B2L: higher toxicity & mildly flammable. CO, At: low
' ) (NHs), COz, S0z 1 toxicity & non-flammable. SOo, B1: higher toxicity & non-  Pre-Montreal (before regulation)
(1830-1930) refrigerants Air
flammable
2nd Generation CFCs RAT RA2 10 4750~ T Montreal Protocol (1987)—phase-out of
(1930-1990) T ' 10900 ' y &non- CFCs
3rd Generation s R 0.01-  1500- oot & non Sammatle Montreal Protocol (1987)—phase-out
(1990-2010) i 0.1 4800 ‘ s (Copenhagen & Beijing Amendments)
4th Generation HECs RAMa RAIOA RADTC O 1300- A1 (most): low toxicity & non-flammable. A2L (some Kvoto Profocol (1997)—GWWP reducion
(2000-present) B SRR S 4000 blends): low toxicity & mildly flammable d ear—
5th Generation HFOs & natural ~ R-1234yf, R-1234ze, COy 10 A2L-A3: low-to-moderate toxicity & mildly to highly Kigali Amendment (2016)—HFC phase-
(2010-future) refrigerants (R-744), Propane (R290) B flammable down & HFO adoption

2.3.1 Optimizing the heat pump refrigeration cycle

Ejector-Assisted Vapour Compression Cycle — Fig. 13 [15].
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Fig. 13. Ejector-Assisted Vapour Compression Cycle [15]
(a) Schematic diagram of the basic ejector design, (b) VCC with ejector cycle, and (c) P-H diagram,
where (3-b-a-2) is the basic VCC cycle

Internal Heat Exchanger Subcooling — Fig. 14 [15].

Condenser

v

Fig. 14. Scheme of the modelled IHX & P-H diagram [15]

Thermoelectric Cooler (TEC) Integration — Fig. 15 [15].
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Fig. 15. Thermoelectric Cooler (TEC) Integration [15]

3. Conclusions

Considering the global energy needs, the solution is not necessarily to
completely exclude certain fuels considered more polluting, but to use them together
with renewable energy sources depending on need/weather conditions/efficiency.
Renewable energy sources still have many limitations for which solutions must be
found to optimize the installation systems so that energy can be provided constantly
and at optimal parameters.
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Abstract. An alternative heat-insulating building material based on wood foam was
tested. The adopted wood type was oak wood unused until now, according to data from
the literature. The work objective was replacing plastics, commonly used in
manufacturing insulating materials. The mixture included ground wood waste, an
adequate surfactant (sodium dodecyl sulfate), and distilled water. The obtained wet
suspension was expanded by stirring and dried at 80 °C. The physical-thermal properties
were remarkably performant, while compressive strength reached only low values, but
acceptable for the desired purpose. Results were similar to those reported in the
literature regarding other wood foam types.

Key words: wood foam, oak wood, surfactant, low density, heat conductivity.

Rezumat. A fost testat un material de constructie alternativ termoizolant pe baza de
spumd de lemn. Tipul de lemn adoptat a fost lemnul de stejar, neutilizat pana in prezent,
conform datelor din literatura de specialitate. Obiectivul lucrarii a fost inlocuirea
materialelor plastice, utilizate in mod obisnuit la fabricarea materialelor izolatoare.
Amestecul a inclus deseu de lemn mdcinat, un surfactant adecvat (dodecilsulfat de sodiu)
si apa distilata. Suspensia umeda obtinuta a fost expandata prin agitare §i uscata la 80
°C. Proprietdtile fizico-termice au fost remarcabil de performante, in timp ce rezistenta la
compresiune a atins doar valori scazute, dar acceptabile pentru scopul dorit. Rezultatele
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au fost similare cu cele raportate in literatura de specialitate pentru alte tipuri de spuma
de lemn.

Cuvinte cheie: spuma de lemn, lemn de stejar, surfactant, densitate mica, conductivitate
termica.

1. Introduction

In the last decades of the previous century, the global oil crisis exhibited
intensely [1], implying the need to develop and apply some plans for the conservation
of energy sources at the level of the entire planet. By default, the effectiveness of
thermal insulation materials of buildings has become an important objective of
researchers and builders and this concern is still relevant at the beginning of the 21%
century.

Currently, the main materials applied in the thermal insulation process of
buildings are still plastic materials: polyurethane foam, expanded polystyrene, or glass
wool. Although very effective practically, these material types can affect human health
(through the possible inhalation of fine fibers) and, on the other hand, they are difficult
to recycle at the end of the normal life cycle [2].

Substituting plastics with eco-friendly materials, without affecting the quality of
polymer-based heat insulators by adding biomaterials or natural raw materials are
interesting versions [2]. As an example, sintered polyurethane with biomaterials-based
polyols [3] and polyurethane foams with polyols derived lignin [4] were produced with
similar characteristics by comparing with traditional polyurethane.

The introduction of a gaseous phase in polymeric liquids or molten plastics
during the synthesis process (similar to the production of polyurethane foam and,
respectively, polystyrene or polyolefin) is known as the method of obtaining polymeric
foams. The manufacture of cellulose fiber foams can be achieved by drying method of
aqueous foam [5]. Blowing air into aqueous dispersion fibers in the presence of
surfactant facilitates the formation of wet foams, that are then dried in the oven [6, 7].

In terms of quality, the production of a thermal insulator requires the adequate
distribution of its structure to avoid heat circulation. Practically, insulating materials
can be made from different types of cellulosic masses containing microfibrillated
cellulose [8], cellulose nanocrystals [9], cellulose nanofibres [10], bacterial cellulose
[11], and regenerated cellulose [12]. Cellulose-based materials made by lyophilization,
supercritical drying or spray drying facilitate obtaining very low thermal conductivity
values (0.013-0.075 W-m-K-") similar to those of polyurethane foams and silica
aerogels [13].

An interesting method of manufacturing wood foam using a residual pine wood
(originally from North America) was applied by [2]. Polyvinyl alcohol was used as a
binder. Also, sodium dodecyl sulfate, sodium bicarbonate as surfactants, and deionized
water were introduced into the mixture. After drying in the oven at 70 °C, excellent
values of density (0.12-0.14 g-cm™) and heat conductivity (0.042 W-m™-K™") were
obtained.
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Some thermal insulation materials are made of wood fiber and are already
applied in construction, but their main disadvantage is the low dimensional stability.
Also, the insulation degree achieved with wood fiber is lower (heat conductivity
within the limits of 0.038-0.043 W-m™!'-K™!) by comparison with the level obtained by
petrochemical products [14].

Specialists from the German Fraunhofer Institute are currently performing
research to create wood foam with excellent heat-insulating properties. According to
[15], finely ground beech wood was expanded with suitable surfactants, then the
suspension was dried and hardened into an isolated room free from moisture. The
foamed wooden product had density values between 0.04-0.28 g-cm™ and can be
processed in the form of boards or elastic foam.

Wood-furanic foam was made using a fine wood powder [16]. The preparing
method of wood foam was chemical foaming, the expanding agent being diethyl ether.
Low values of density and thermal conductivity due to the porous structure with closed
cells and variable sizes were the main characteristics of this wood foam.

The authors’ team of this work previously gained experience on wood foam
production domain by removing the lignin from the wood (oak) composition [17]. The
adopted method was taken over from the pulp and paper making technique by
removing the lignin for other technological purposes. The wood chemical treatment
with an aqueous solution including NaOH, Ca(OH)2, and distilled water was adopted.
Low values of density (0.024 g-cm™) and heat conductivity (0,031 W-m!-K")
ensuring excellent thermal insulating properties, despite the relatively low value (900
kPa) of compressive strength, were features of wood foam.

The current paper presented below constitutes a contribution of the Romanian
authors to the preparation of wood foam with excellent heat-insulating properties. The
technique currently developed by the Fraunhofer Institute, superior in quality terms to
the technique based on removing the lignin (previously experienced by the authors’
team), was adopted by testing a type of wood unused until now through the new
technique researched by the German institute (oak wood).

2. Methods and materials

The wood chosen for this experiment (oak wood) was recycled in the form of
sawdust from a Romanian wood-working workshop. The wooden waste was ground
under pre-wetting conditions in a little laboratory knife-grinding equipment. Over the
ground wood (grain size in the range of 100-500 um selected after sieving) a suitable
surfactant was introduced in very low ratios in order to decrease the surface tension of
the wet suspension and to facilitate forming the foam. Among the known surfactants,
sodium dodecyl sulfate (known as SDS) with high purity of over 99 % was chosen.

The expansion of suspension was performed in an electric homogenization
device by stirring at 750 rpm for no more than 10 min, until increasing the foam
volume was no longer observed. After finishing the foaming process, the wet foam
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was loaded into parallelepipedal stainless metal moulds and subjected to drying and
hardening in an electric oven at 80 °C for 10 hours.

The materials used in this experiment were oak wood waste as the wooden
material, sodium dodecyl sulfate as a surfactant, and distilled water for the wet
suspension generation.

The most recent worldwide tests for the manufacture of high-performance wood
foam did not include oak wood. As mentioned above, this wood type was tried by the
paper's authors using the technique of removing lignin (usually applied in the pulp and
paper industry) to obtain a wood foam with weaker thermal insulation properties.
Now, oak wood waste was tested for the first time through the more effective method
of chemical foaming currently being researched. The wood, recycled in the form of
sawdust, was ground to sizes below 500 um.

It has been found that an essential method for the generation of wood foam is
reducing the solvent surface tension, that can be achieved by using surfactants. They
facilitate the foam generation and enter into the composition of its membranes, giving
them viscosity and surface elasticity properties [18]. The surfactant type adopted in
this experiment was sodium dodecyl sulfate (SDS) with the purity over 99 % and
having the following chemical formula Ci2H2sNaO4S. Available on the market in
crystalline or powder state [19], the powder state was chosen by the authors.

The composition of the material mix for producing the wet suspension was
adopted in four experimental versions, detailed in Table 1. According to the data in
this table, the surfactant amount had variable values in the range of 16-28 mg, while
the wet suspension was maintained at the constant value of 200 g.

Table 1
Wet suspension composition
Composition Sample 1 Sample 2 Sample 3 Sample 4
Oak wood waste (g) 38 38 38 38
Surfactant SDS (mg) 16 20 24 28
Distilled water (g) 162 162 162 162
Wet suspension (g) 200 200 200 200

Methods for investigating the sample features are indicated below. Archimedes’
principle was used to measure the apparent density of wood foam samples. Using
ASTM (C642-97 standard, the apparent porosity was determined by dividing the
difference between wet and dry weight by the difference between wet weight and
suspended weight of the sample. Heat conductivity was measured at room temperature
using the HFM448 Lambda heat-flow-meter (SR EN 1946-3:2004). Measuring the
compressive strength was performed using a universal testing machine. The samples
were comprissed at 1.4 mm-min™! (ASTM D695) and the compressive resistance was
determined at 10 % compression (ASTM D1621-16). The microstructural appearance
of foams could be investigated with the Biological Microscope MT5000 model, 1000
x magnification. Water uptake was determined by maintaining wood foam samples in
humidity chamber at 85 % humidity for 30 days according to ASTM C272/C272M-18.
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3. Results and discussion

After drying and hardening the wet suspensions at 80 °C for 10 hours,
characteristics of wood foam samples, shown in Fig. 1, were investigated using the
methods noted above. Results of these investigations regarding to physical, thermal,
mechanical, water-absorbing features, and microstructural peculiarities are exposed
further in Table 2.

Fig. 1. Appearance of wood foam samples
A —sample 1; B —sample 2; C — sample 3; D — sample 4.

Table 2
Feature and peculiarities of wood foam samples
Feature Sample 1 Sample 2 Sample 3 Sample 4
Apparent density (g-cm™) 0.11 0.08 0.06 0.05
Apparent porosity (%) 88.9 89.6 90.7 913
Heat conductivity 0.051 0.042 0.038 0.033
(W.m»l .K—l)
Compressive strength (kPa) 865 800 743 735
Water uptake (wt. %) 5.8 5.0 4.9 4.5
Pore size (mm) 0.6-1.1 0.6-1.5 1.0-1.7 1.3-2.0
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The experimental results contained in Table 2 indicate remarkable thermal
insulating properties of the expanded products, especially of those made using the
highest amount of surfactant (version 4). Thus, apparent density decreased up to 0.05
g-cm™ and heat conductivity decreased also up to 0.033 W-m™-K-!. The compressive
strength was normally influenced by the very porous structure of material, decreasing
to 735 kPa, but this value is satisfactory for applications in the thermal insulation of
the building. The level of water absorption measured by maintaining these products
into a chamber with constant high humidity (85 %) for 30 days was within the normal
limits for this type of material (4.5-5.8 wt. %).

The microstructural appearance of wood foam samples is shown in Fig. 2.

Fig. 2. Microstructural aspect of wood foam samples
A —sample 1; B —sample 2; C — sample 3; D — sample 4.

Examining the pictures in Fig. 2, the pore dimension could be determined. The
largest pore sizes (1.3-2.0 mm) were identified in the case of the sample corresponding
to experimental sample 4. In addition, the porous structure of the foam is partially
characterized by the existence of open cells. Approximately similar structural
characteristics were also noted in the case of the sample corresponding to experimental
variant 3. The pore size range valid for this sample was 1.0-1.7 mm.

The remarkable results obtained by research teams from the Fraunhofer Institute
for Wood Research (Germany) [15] on the apparent density (up to 0.04 g-cm™) and
heat conductivity (under 0.04 W-m™'-K™!) of beech wood foams, at a comparable value
level to those of polystyrene and wood fibre thermal insulating panels, have were
almost replicated in the experiment presented in this work using oak wood waste and a
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surfactant (sodium dodecyl sulfate) recommended in the case of cellular concrete
preparation [ 18], to form the required wet suspension in the presence of distilled water.

It should also be mentioned the performances reported by [2] on the preparation
of a pine wood foam under the conditions of using a residual wood available in North
America, sodium dodecyl sulfate, sodium bicarbonate, polyvinyl alcohol, and
deionized water, the apparent density being lowed up to 0.12-0.14 g-cm™ and heat
conductivity to 0.042 W-m™-K!.

Different species of poplar wood were also used as feedstock in other
experiments mentioned in the literature.

In principle, in the world, the research for manufacturing wood foam as a
substitute for heat-insulating materials based on polymers is in full ongoing.
Researchers from the Fraunhofer Institute investigate the possibility of also applying
other lignocellulosic materials and consider that in a few years the wood foam
manufacture could reach an industrial level.

6. Conclusions

The paper objective was making an alternative heat insulation material suitable
for building construction based on the advanced technique of expanding wood waste.
The new material type should have the capacity of replacing the current thermal
insulating products based on plastics applied in construction. In present, researchers in
construction field are testing different making techniques and more types of wood
waste, the results being promising, but the optimal technical decision for
manufacturing on an industrial-scale has not yet been reached. This paper aimed at
experimentation an oak wood waste, un-used in previous tests reported in the literature
in order to obtain wood foam with physical, mechanical, thermal, and morphological
performance features adequate for use as an excellent insulating material in the
building sector. The results showed remarkable values of apparent density (0.05-0.11
g-cm™), heat conductivity (0.033-0.051 W-m™'-K™!), water-absorbing (4.5-5.8 wt. %)
as well as a low but acceptable level of the compression resistance (735-865 kPa). The
material obtained through the optimal testing version having a density of 0.05 g-cm™,
thermal conductivity of 0.033 W-m™'-K"!, water-absorbing of 4.5 wt. %, and the
compressive strength of 735 kPa proved the reaching of value level of the material
type produced so far in experiments presented in the literature. Taking into account the
current trend of replacement the plastic-based materials, as in the case of thermal
insulation materials usually applied in construction, as well as the continuation of the
global research for this goal, the authors’ team of the current paper have as future
concern developing the own research on this investigation topic.
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Abstract The paper provides an overview of current studies on 3D concrete printing,
highlighting its transformative impact on traditional construction methods. It begins by
reviewing advancements in materials specifically tailored for this technology, including
fibers, binders, aggregates, additives, and admixtures essential for printed concrete. The
article notes that 3D concrete printing requires special mortars that facilitate extrusion, set
rapidly, and ensure strong mechanical performance while minimizing environmental
impact. The focus is on the unique properties of these materials, differing from
conventional concrete, such as rheology, durability, rapid setting, and a reduced carbon
footprint, which are critical for additive manufacturing processes. Despite technological
progress, challenges remain regarding the long-term mechanical behavior, material
durability, and process consistency of 3D printed elements. The conclusion underscores the
need for further research to overcome these obstacles and asserts that 3D concrete printing
represents a promising pathway toward more automated, adaptable, and sustainable
construction practices.

Keyword: 3D concrete printing, fiber reinforcing, the materials, technological
advancements, material durability.

1. Introduction

The U.S. government, mainly NASA and the military, supports 3D printing for the
development of rapidly deployable and sustainable space infrastructure. COBOD
promotes 3D printing as a low-carbon alternative within the framework of the European
Green Deal. China is leading in Asia in large-scale housing thanks to Winsun, while
India is experimenting with it for affordable housing. 3D printing is expanding across
Africa, as shown by Kenyan schools built by NGOs [1].

A thorough examination of Google Scholar, Web of Science, and Scopus was also
required for the review. We used specific terms like 3D concrete printing, additive
manufacturing in the construction sector, digitally created concrete, and rheology of
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printable concrete. This careful research method covered a wide range of scholarly
articles, conference presentations and journal papers published between 2010 and 2024,
demonstrating the quick evolution and expanding academic interest in this topic [2].

In preliminary research for this review, 1,033 3D concrete printing papers were found.
Subdivisions were established for sustainable materials (400 articles), structural
topology optimization (472 articles), and tool path design (161 articles) [3].

This rise in publications, especially after 2020, shows the acceleration of 3D concrete
printing (3DCP) research, showing its expanding importance and the concerted
international effort to enhance its potential [4]. The rise in research between 2016 and
2019, and again after 2020, shows that 3D printing has the ability to transform the
building industry by solving major issues like material waste and energy usage [5].
ALAMI et al. [6] discuss how 3D concrete printing (3DCP) could transform the building
industry, especially for UN Sustainable Development Goals (SDGs). They claim that
3DCP may lower costs by 78% and water use by 60% compared to conventional
methods. It might cut global energy use by 5% by 2025, making it a sustainable
powerhouse. Even though 3DCP has less climate impact, its sustainability needs
improvement. The authors emphasize the importance of ongoing research and
development to overcome current limits and maximize 3DCP's industry benefits .

2. TECHNOLOGIE

TECHNOLOGIES
OF PRINTING
Extrusion-Based 3D Concrete Printing binder jetting formwork printing

Fig.1. The most commonly used printing technologies
2.1 Extrusion-Based 3D Concrete Printing

Compared to traditional construction, extrusion-based 3D concrete printing (3DCP)
increases efficiency, design flexibility, and environmental sustainability. It speeds
construction, decreases labor costs, and allows complicated geometries that
conventional approaches cannot.

3D printing with extrusion is a quickly developing technology in the building sector [7].
Complex buildings and customized design solutions can be efficiently produced using
extrusion-based 3D concrete printing due to its design flexibility, reduced manual labor,
little material waste, and high automation via building information modeling (BIM) [8].
Construction applications for Extrusion-Based 3D Concrete Printing (3DCP) innovation
are vast and significant. This technology boosts efficiency, sustainability, and design
flexibility.
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3.2 binder jetting

Binder jetting technology (BJT) in 3D printing concrete improves mechanical
performance, adaptability, and sustainability. Sustainable construction
approaches benefit from effective material use, including recycled aggregates.
BJT can precisely produce complex geometries, making it perfect for
architectural and construction applications.

ODAGLIA et al. note that Binder Jetting uses waste materials to create a circular
economy and improve material characteristics, reducing CO2 emissions by 30%.
BJT technology will improve manufacturing efficiency and increase output
volume by 50%. Achieving a 0% safety incidence rate makes this project crucial
to the building industry's sustainability. [9].

3D concrete printing with BJT benefits the construction industry. It boosts efficiency,
sustainability, and design flexibility. BJT is appealing for modern building due to these
qualities.

2.3 formwork printing

Traditional formwork construction technologies struggle to achieve complex geometries
and optimal designs. 3D printing can do so. Material characteristics and reinforcement
integration issues limit its industry adoption.

Formwork building with 3D printing improves load-bearing capacity, rigidity, material
efficiency, and speed. However, stress concentrations over tensile limits require
reinforcement in critical areas to prevent failure. [10]

3D printing can transform formwork building, but the industry must address its
constraints. For wider adoption, innovation and established methods may need to be

balanced.
Aggregates

Materials

Additions @

fibers

3. Materials

Fig. 2. The different types of materials used in 3D concrete printing
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3.1. Binders
3.1.1 Traditional hydraulic binders

Research by BRAHIM A et al. explores the properties of 3D-printed Portland Pozzolana
Cement (PPC) concrete, highlighting its sustainability and cost-effectiveness as an
alternative to traditional Portland cement (OPC). PPC, incorporating 35% fly ash, is
evaluated for its structural integrity and essential qualities such as extrudability,
printability, and thixotropic open time, aiming to enhance eco-friendly construction
methods [11].

MAROSZEK et al. note the increasing demand for cement-based concrete driven by
urbanization, yet emphasize the environmental challenges posed by resource depletion
and greenhouse gas emissions. They suggest that using industrial waste and recycled
aggregates can substitute concrete while achieving controlled mechanical performance.
Their analysis indicates that recycled 3D printing concretes can reduce CO2 emissions
by 20-50% while maintaining structural performance [12].

LUO et al. examined how carbonation duration affects the mechanical characteristics
and interfacial bonding of 3D printed cement-based material using 100% carbonated
recycled sand. Carbonation time reduced mechanical anisotropy in printed specimens
but did not remove it. As carbonation time extended, the interlayer shear strength and
interstrip shear strength increased by 21.5% and 18.7%, respectively, improving
interfacial bonding performance [13].

3.1.2 Binders based on complementary materials (partial cement substitutes)
3.1.2.1 fly ash (FA)

The study by COLYN et al. reveals that 3D printed concrete with fly ash (FA) as a
supplementary material exhibits 28-day compressive strengths of 31 to 55 MPa and
elastic moduli of 29 to 37 GPa. Their mixtures, containing 60% alternative binders
including FA, not only showed suitable rheological properties for 3D printing but also
produced smooth surfaces with no visible cracking, indicating improved performance
and sustainability [14].

OVER et al. investigated eco-friendly 3D printed mixes using fly ash, granulated blast
furnace slag, and marble dust. They also studied how VMA and silica fume affected
their characteristics. In the study, SF increased fresh qualities and VMA mixes had
greater static yield strength. The FA-SF blend was best for printability and sustainability,
considering environmental impacts and engineering properties [15].

TSENG et al. studied 3D-printed concrete printing and hardening. They replaced cement
in 3DPC with fly ash and crushed granulated blast furnace slag in various ratios. FA and
GGBFS were tested for extrudability and buildability on 3DPC's printing and toughened
characteristics. All mix designs satisfied 3DPC's printing standards, with larger GGBFS-
content specimens being stronger and heavier. FA and GGBFS can replace 50% of
3DPC cement [16].
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VICO LUJANO et al. optimized mortar rheology, hydration kinetics, and structural
performance for extrusion-based 3D printing with a novel formulation. After extrusion,
potassium-rich biomass fly ash (BFAK) and air-entraining plasticizer (APA) increase
yield stress, thixotropy, and structural stability. BFAK alters hydration kinetics,
extending setting time, which APA controls. BFAK improves cohesion without
dispersion by reducing spread diameter in flowability testing [17]. The maximum
printed height is achieved by 1.5% APA and 2% BFAK, according to calibration
cylinder tests, demonstrating its buildability and load-bearing capacity. This synergistic
effect promotes sustainable cementitious materials by customizing fresh-state properties
and structural dependability [17].

LI et al. tested FAM-nanosilica 3DP mortars. Optimization of water reducer dosage
enhanced extrudability, buildability, and dimension stability. The w/cm ratio, FAM, and
NS concentration defined 3DP mortar's mechanical qualities. FAM and NS boosted
flexural, compressive, and bond strengths, suggesting they should improve 3DP mortar
design together. [18].

Fly ash as a cementitious ingredient in 3D printed concrete increases mechanical
characteristics and reduces CO2 emissions and energy use. Mixture composition and fly
ash proportion affect these qualities.

3.1.2.2 Ground Granulated Blast Furnace (GGBS)

3D concrete printing (3DCP) and fresh and hardened performance were studied by ALI
et al. Adding GGBS and SC to 3DCP mixes as partial substitutes for Portland cement
and natural sand increased flowability, extrudability, and buildability. The best blend
was 30% GGBS and 20% SC, with 28-day compressive and flexural strengths of 50.61
and 6.73 MPa, respectively. In 3DCP, GGBS and SC can improve environmental effect
and structural performance without affecting printability, according to the study [19].
SI et al. examine how nano-silica (NS) and high GGBS replacement levels affect 3D
printed concrete's mechanical characteristics and rheology. NS improved rheological
behavior, compressive strength, plastic viscosity, and thixotropic characteristics. At 28
days, C3G7NI1, the best mix, had 105 MPa compressive strength, exhibiting greater
mechanical performance and decreasing carbon footprint for sustainable 3D concrete
printing [20].

MISHRA et al. investigated using GGBS and fly ash in 3D printing mortar to minimize
OPC consumption. Four mortar mixtures were tested for printability. The best blend,
070G30 (70% OPC, 30% GGBS), retained shape 18.3% and 54.3% better than the
control and O70F30 mixes. Due to its finer particle size and larger specific surface area,
GGBS had 22.2% less open time than the control. The printed specimens have
anisotropic compressive strength 9.4-35.6% lower than mould-cast samples. GGBS
improved hydration, microstructure, and 3D printed mortar performance [21].

The incorporation of fly ash in GGBS 3D printed concrete enhances its mechanical
properties and promotes sustainability. Optimal material combinations lead to concrete
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with superior compressive, flexural, and tensile strengths compared to conventional
concrete, while also reducing carbon emissions from cement production.

3.1.2.3 Silica Fume

NASSRULLAH et al. adapted 3D printing systems with carbon nanotubes (CNTs) and
silica fume to explore cementitious composites. According to tests, adding 0.2% CNTs
and 20% silica fume improved the rheology, buildability, open time, and printing
quality. While buildability and open-time increased by 201% and 263%, respectively,
layer width and height error decreased from 140% and 6% to less than 1.5%. With CNTs
and silica fume, cast and 3D-printed samples had better compressive and flexural
strengths [22].

According to PANTIRU et al. Incorporating silica fume as a cement replacement in 3D
printed concrete enhances strength, durability, and workability, optimizing fresh
properties and promoting a more sustainable construction method while reducing
concrete production's carbon footprint [23].

THAJEEL et al. examined how metakaolin (MK) and silica fume (SF) affect 3D printed
concrete. Increased MK content enhanced early strength increase, shape retention, and
buildability, the study revealed. However, large MK doses created cracking and
extrudability issues. The optimal blend was MK 10SF5, with 10% MK and 5% SF for
shape retention, buildability, and compressive strengths. MK and SF synergistically
increased particle packing, cohesion, and pozzolanic reactivity, suggesting they might
optimize 3DPC for printability and mechanical performance [24].

In order to enhance the printability and mechanical performance of 3D printed
magnesium phosphate cement (MPC), WANG et al. investigated the use of silica fume
(SF). Through the formation of compact flocculation structures, SF was found to
increase viscosity and yield stress. It also improved interlayer bonding, which decreased
mechanical anisotropy. Additionally, the work demonstrated the failure mechanism of
3D printed MPC loaded in various loading directions and confirmed the impact of
interlayer bonding on anisotropic behavior [25]

Silica fume usage improves 3D printed concrete's rheology and strength. Silica fume, a
pozzolanic substance, has a denser microstructure, which is needed for 3D printing with
high compressive and flexural strengths.

3.1.3 Geopolymer

Comparing additive building to traditional methods, AHMED et al. report accurate
material deposition, reduced waste, more design freedom, and faster manufacturing.
Concrete buildings pollute due to Portland cement manufacturing's energy and
greenhouse gas emissions. To solve these issues, AHMED et al. study geopolymer
concrete, a cement-free, eco-friendly option made from industrial wastes. Custom
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geopolymer concrete mixtures, printability for 3D building designs, and hardened
properties will be tested. Raising slag concentration boosts compressive strength,
activator temperature improves printability, and idle time before printing improves
uniformity [26].

YOUSSEF et al. found that because of its low Si/Al ratio, BFS amorphe, which contains
31% CaO and 42% SiO2, requires a significant amount of sodium silicate. MK and BFS
have been used in combination to lessen the environmental impact. The addition of a
superplastifier has decreased the mixture's weight loss and calcium carbonate content
[27].

SILVESTRO et al. examined how low-carbon binders like CSA, LC3, and geopolymers
affect concrete characteristics, mechanical performance, and durability. They found that
CSA cement's composition and particle size greatly affect cementitious mixture
viscosity and structural build-up. Metakaolin and limestone LC3 cements have good
mechanical performance and sustainability, whereas geopolymeric binder has
compressive strengths comparable to or greater than OPC [28].

GPC has compressive strength up to 50 MPa, compared to 40 MPa for OPC concrete.
Tensile strength increases from 4.0 to 5.5 MPa and flexural strength from 6.0 to 8.0
MPa. GPC outperforms concrete in sulfate attack, chloride intrusion, thermal stress, and
acidic conditions by 20% [29].

The use of waste concrete fine aggregates (WCA) in geopolymer mortar for 3D concrete
printing is investigated by KRAVCHENKO et al. as a sustainable substitute for
traditional building techniques. Their findings demonstrate that, in comparison to
natural fine aggregates (NFA), WCA-based mixes have improved compressive strength
and dimensional stability. The life cycle assessment (LCA) indicates a 3.4% decrease in
both terrestrial acidification and global warming potential as compared to NFA. The
study also highlights how crucial orientation is for 3D printing, as it demonstrates
notable increases in compressive strength in every tested direction [30].

Sustainable 3D-printed geopolymer concrete (3DPG) has been evaluated by ELHAG et
al. as a low-carbon, environmentally friendly substitute for conventional building
materials. Fresh properties, mechanical performance, and microstructural development
are examined in relation to printing circumstances and basic components. The function
of activators, supplemental materials, and reinforcing techniques in performance
optimization is also covered [31]. Geopolymeric binder in 3D-printed geopolymer
concrete has 20—-70 MPa compressive strengths, depending on printing and curing [32].
MORTADA et al. examine how steel fiber affects 3D-printed Ca(OH) 2-activated
geopolymer concrete. 1.2% steel fiber increased flexural, tensile, interlayer bond, and
elastic modulus. Slower shrinkage but no change in self-induced stress were found in
durability tests. Microstructural investigation demonstrated steel fiber crack-bridging
[33].

Advances in geopolymer utilization improve the mechanical properties of 3D printed
concrete, enhancing printability, strength, and durability through optimized mixtures
and additives, thereby improving the performance of geopolymer concrete (GPC) in 3D
printing applications.
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3.1.4 Gypsum 3d printing

3D-printing materials need viscosity modifiers. Huang et al. tested HPMC to ATP, NB,
and NS in gypsum-based products. ATP, NB, and HPMC decreased slurry fluidity,
whereas NS enhanced it at lower doses. Increasing yield stress increased plastic
viscosity minimally in all VMAs. Compared to HPMC, inorganic VMASs reduced 2-hour
wet and compressive strength loss. NS and HPMC reduced hydration exotherm peaks,
while NB and ATP cut maximum peaks at 1% but caused early, higher peaks at higher
dosages. Microstructural analysis showed that 0.5% HPMC produced flaky structures
while 5% NS produced short, thick gypsum crystals. In conclusion, inorganic VMAs
improve mechanical properties, workability, and performance in high-performance 3D
printing gypsum materials[34].

Using 3D printing and gypsum based materials, XIANG et al. created advanced tunnel
models and layered rock masses. Their research compared three innovative tunnel
models to a traditional model and found that basic structures like inverted arch filling
better simulate tunnel deformation and damage. Gypsum materials imitate tunnel failure
under high in-situ stress, while 3D printing improves model precision. Under such load,
tunnel vault and base collapse causes rock bending and shear-slip failures, according to
study. To reduce damage, tunnel structures and rock at the bottom and vault must be
reinforced[35].

TARAHAN et al. investigate using industrial gypsum byproducts PG and BG as partial
cement substitutes in 3D-printed concrete to improve sustainability and printability.
Adding 7.5% PG to ground granulated blast-furnace slag cement mortars resulted in the
maximum strength (~51 MPa), surpassing the control. The fly ash system maintained
control strength at 2.5% PG, but BG decreased strength at 7.5% or higher, suggesting
5%. Although BG-Fly Ash mixtures improved open time, PG mixes remained steady.
The study found that PG dosages of 5-7.5% improve mechanical performance without
affecting workability, while BG is indicated only for extended open time.[36].

3.1.5 Clay 3d printing

For building, urban furniture, maritime, and artistic purposes, large-format additive
manufacturing (LFAM) uses cement and clay. Clay offers architectural freedom, while
cement is structurally sound. Complex structural features require parametric design and
high-performance clay materials. Architecture may be transformed by digital
technologies to create complex forms that improve aesthetics and performance. Design
flexibility, energy efficiency, and environmental impact can be improved by LFAM and
parametric and generative design. Interdisciplinary collaboration, structural analysis,
printing control, maintenance planning, and stakeholder approval are challenges. A
parametric design study with Grasshopper shows fagade panel geometry, verifying its
application for facade component manufacturing [37].

Rapid population increase has caused a global housing crisis. GONSALVES et al. note
that additive manufacturing (AM) or 3D printing can address this issue because to its
shorter building periods and design flexibility, although slow-setting concrete and
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cement's environmental impact are drawbacks. They present a clay-based construction
material that hardens quickly after printing and has concrete-like characteristics. This
material's thermally triggered frontal polymerization sets immediately, allowing
multilayer walls and complicated shapes. It reaches 3 MPa buildable strengths
immediately after printing and exceeds the 17 MPa required for residential concrete in
3 days, compared to 28 days for standard concrete. The methods show promise for
sustainable infrastructure construction [38].

3.1.6 Hybrid and innovative binders

Due to reduced manual labor and resource efficiency, concrete 3D printing has grown
worldwide over the past decade. Ternary gypsum—cement—pozzolanic (GCP)
composites, developed by SAHMENKO et al., are water-resistant like Portland cement
(PC) and harden quickly like gypsum. These composites exhibited compressive strength
up to 37 MPa, comparable to typical PC mixes, and stability for printing up to 35 layers
using recycled plasterboard gypsum and phosphogypsum. Life Cycle Analysis showed
a 40% carbon footprint decrease over PC mortar, encouraging sustainable 3D
printing[39].

Incorporating 5% silica fume and 50% GGBS in 3D printed mortars resulted in a
compressive strength of 109.10 MPa and improved flexural strength, showcasing better
mechanical properties through optimized silica fume use [40].

Concrete 3D printing is a potential automation technology, but little is known about how
strong and durable it is. In contrast to mold-cast (MC) specimens, KAUR et al.'s study
examined the durability of 3D printed concrete (3DPC) made with fly ash (FA) and
limestone calcined clay (LC). The results demonstrated that the FA-based mix had
improved pore structure and decreased porosity, which led to a higher compressive
strength and less water absorption. Porosity and drying shrinkage were strongly
impacted by the casting/printing procedure [41].

Silica fume, fly ash, blast-furnace slag, meta-kaolin, paper sludge fly ash, limestone
powder,reactive ultra-fine fly ash, oyster shell powder, and calcium sulfate whisker were
examined by XUE et al. Hydraulic activity and microscopic particle size improved
printability without strength loss, but FA and BF had minimal effect. Even with 30%
cement replacement, these materials remained strong, indicating optimal print quality
and environmental benefits at <30% [42].

High-performance concrete additives made of graphene are appealing, but cost and
industrial scaling concerns limit their application. According to SUREHALLI et al. ultra-
low doses of fractal graphene (FG) and reactive graphene (RG) affect the rheology of
3D-printable concrete. Functional groups in RG-modified mixes increase dynamic and
static yield stresses and viscoelastic characteristics more than in FG-modified mixtures.
After mixing for 30, 60, and 90 minutes, we discovered that ultra-low graphene dosages
doubled construct heights. Important rheological parameters required for material
supply, expansion, and layer build-up in concrete3D printing are shown in this study
using storage modulus and its development [43].
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Advances in hybrid and innovative binders enhance the mechanical properties of 3D
printed concrete by improving printability, reducing anisotropy, and optimizing
interlayer bonding, addressing the limitations of traditional concrete in 3D printing
applications.

3.2 Aggregates

PEPE et al. study 3D concrete printing (3DCP) focusing on sustainable raw material
usage with recycled fine aggregates, achieving 100% recycled aggregate combinations
without mechanical quality loss and promising compressive strength above 50 MPa
[44].

Ma et al. explore the incorporation of recycled fine aggregate (RFA) and clay brick
powder in 3DPC, noting reduced ambient compressive strength but improved high-
temperature residual strength [45].

Jia et al. investigate recycled brick fine aggregates' impact on 3D printed concrete's
plastic phase, finding that RBFA affects water evaporation and plastic shrinkage,
suggesting specific additives for optimization [46].

Demirbas et al. analyze 3D printable mixtures using Portland and white cement with
(RCA), highlighting resulting high-strength mortars (70 MPa) and modest negative
effects on water absorption compared to natural aggregates [47]. MIM et al. explored
the use of copper heap leach residue (CHLR) as a fine aggregate in 3D printed concrete
(3DPC), finding that while greater CHLR content enhances buildability, it also
diminishes flowability [48].

LIANG et al. studied the shear modulus in various sands, revealing that irregular particle
morphologies notably enhance the maximum shear modulus, with local roundness
impacting its sensitivity to stress [49]. SHI et al. investigated marine coral sand-clay
mixes with 3D-printed triaxial geogrid reinforcement, showing that higher confining
pressure and more reinforcement layers significantly improve strength, providing
insights for maritime engineering [50].

Using 3D-printed concrete waste, MENGISTU et al. evaluated (RAC). Researchers
crushed 3DPC waste into fine and coarse aggregates with a jaw crusher. River sand and
aggregates created C30/37 and C40/50 strength classes. The study tested compressive
strength with destructive testing and rebound hammer. We observed that density
gradually increases RAC compressive strength. Surface temperatures over 30°C reduced
strength 11.5%. Except for C30-RAS50, 50% and 67% recycled aggregate RAC
combinations increased compressive strength [51].

LIU et al. examine pore structure and cold-weather 3D printed concrete durability. The
researchers examined the impact of recycled coarse aggregate replacement ratios on 3D
printed recycled aggregate concrete (3DPRAC) shape, mass loss, and dynamic elastic
modulus under freeze-thaw cycling. 3DPRAC had lower F-T resistance to cast concrete,
and its distinctive ellipsoidal pores and porous old mortar reduced its elasticity. The
study also examined F-T resistance degradation methods based on pore structure, which
could help cold regions use digital concrete manufacture [52].
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MIM et al. examined the use of industrial by-products in 3D printed concrete (3DPC)
for sustainable building, exploring materials such as mining wastes, seashells, and
construction debris. The study assesses how these by-products influence the fresh,
mechanical, and microstructural properties of 3DPC, suggesting a 20-40% substitution
of fine aggregates to enhance strength and flowability while reducing waste and
conserving resources [53].

Kumar et al. created earth-based 3D printed concrete (3DPC) instead of fine particles.
They replaced 30-50% of natural sand with locally excavated 4% clay soil. Soil
inclusion reduced printing flow and increased open time by 13-60% compared to the
control mix. Increased extrudability and buildability allowed crack-free printing of over
30 layers. Crack onset was 30-50% slowed by soil addition [54].

WANG et al. investigated how paste-aggregate ratio and coarse aggregate content affect
3DPC properties to optimize mix composition and printing. Reduced paste-aggregate
ratio increases static yield stress, dynamic yield stress, and plastic viscosity. Rheological
characteristics and printing effect are best for concrete with a paste-aggregate ratio of
1.3. High coarse aggregate content degrades print quality. The best 3DPC performance
is attained with 1.3 paste-aggregate ratio and 60% coarse aggregate. Cast concrete
mechanical characteristics are less susceptible to specimen size than 3DPC [55].

China et al. developed a 3D concrete printing (3DCP) with high strength, low cost, and
shrinkage. Their extrusion-based 3D printer printed 20mm-grain concrete. In the
investigation, cement to aggregate volume ratio (C/A) affected printability and
mechanical performance. The microstructure was analyzed using X-CT and SEM.
Printable concrete's initial flowability should be 178-200mm, and its C/A should be
0.35-0.60. Non-uniform void distribution caused 3D printed specimens to have
direction-dependent compressive and flexural strengths [56].

WANG et al. produced 3D printed concrete (3DPC) with coarse aggregates to improve
performance. found that aggregate size diminishes extrudability, stabilizes, and reduces
slump. Rheology and mechanical tests explain this. As aggregate particle size grows,
3DPC mechanical characteristics improve, and all groups show substantial anisotropy.
Microscopic experiments showed 3DPC pores have directionality, explaining fracture
mechanics anisotropy. Large coarse aggregates boost 3DPCAC compressive strength
and elastic modulus but impair extrudability and increase anisotropy [57].

New construction approach using plastic trash by NAZIR et al. They improved self-
compacting mortar (SCM) rheology utilizing 3D-printed plastic fine aggregates
(3DPFA) and rheological testing equipment. Testing SCM mixes with different 3DPFA
content showed considerable workability and flow benefits. With more 3DPFA, the
mini-slump spread grew, T20 flow time decreased, and J-ring tests revealed better
passing. Thermal conductivity dropped 22% and V-funnel flow time decreased. This
shows a possible building plastic waste valorization path [58].

WANG et al.'s work investigates the application of (GGBFS) and ferronickel slag in 3D
printing. The study discovered that while little aggregate size leads to insufficient yield
stress, big aggregate size adversely impacts the smooth extrusion of concrete strips [59].
WANG et al. also discovered that the stability and quality of the printed concrete strips
are impacted by the extrusion performance, which is strongly correlated with aggregate
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size and nozzle diameter. 30% to 50% of the nozzle diameter is the maximum aggregate
size suggested by the study for stable extrusion, 50% for smooth extrusion, and 30% for
acceptable shape [59].

According to PARITALA et al. aggregate type, content, and paste rheology affect
concrete mixture printability. They observed that higher yield stress paste mixes need
additional paste to maintain fluidity, limiting aggregate content. Paste binder content
depends on packing density and aggregate surface area. High-fine, low-sphericity
mortar combinations need more paste despite increased packing density. Particles with
irregular shapes and vast surface surfaces need more paste for flowability and coating.
The investigation validated across aggregate types a unique linear relationship between
paste yield stress and excess paste content. These proportioning instructions are for
printed concrete compositions [60].

based on GIRSKAS et al. The most popular fine aggregate for the 3D printed concrete
mixture is 0/2 mm fraction sand, which is the only fine aggregate utilized in its
preparation. For 3D printed concrete, however, some studies show that 0/4 mm fraction
sand and even coarse aggregates (crushed stone) of 4/8 mm fraction are feasible [61].
The mechanical properties of 3D printed concrete are significantly affected by the type
and characteristics of aggregates, especially advanced aggregates. Important factors
include aggregate size, type, and their interaction with printing parameters, which
influence both printability and strength.

3.3. Additions

JIN et al. investigate how inorganic micro/nanomaterials can change the rheology and
mechanics of cementitious composites in 3D concrete printing. Carbon-based, silicon-
based, metallic oxide, and nano-calcium carbonate particles have been utilized in 3D
printing concrete or may be employed in the future. The study also reveals the many
uses that can result from combining 3D printing manufacturing methods with varied
nanomaterial qualities [62].

According to BOS et al., additive manufacturing, particularly concrete (AMoC), has
drawn more attention from the building sector. AMoC is still in its infancy even if a lot
of scholars and private businesses are exploring this sector. 3D Concrete Printing
(3DCP) at Eindhoven University of Technology is one of numerous AMoC versions
being developed worldwide. 3DCP is compared to AMoC and 3D printing. They also
study 3DCP product shape, structure, parameter relations, experimental research, and
large-scale 3DCP application obstacles [63].

DAI et al. proved that 3D-printing may assist construction companies develop
customized parts, remove formwork, and save materials. Pumpability, extrudability, and
buildability of 3D-printed concrete are tricky. Fly ash (FA) accelerates portlandite-
induced thermal stiffening and alkali-activation. CH-FA blends stiffen quickly at 75°C
but build up less at low temperatures. The FA-CH mix ratio, ideally 20%, can develop
cement-free 3D-printing compositions [64].

CAVALCANTE et al. investigated using recycled concrete powders (RCP) to minimize
3D printing cement. The study indicated that RCPs improve 3D printing rheology
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depending on origin. RCP pastes of any origin showed elevated static and dynamic yield
stresses and early hydration. RCP paste viscosity changed with packing density, and
increased yield stress can impair extrudability and buildability. The LCI assessment
suggested RCPs may reduce CO2 emissions by 62%. RCPs could be used to make
environmentally friendly 3D printed combinations with rheological changes [65].
NASSRULLAH et al. modified 3D printing systems with carbon nanotubes (CNTs) and
silica fume to research cementitious composites. Testing indicated that 0.2 % CNTs and
20% silica fume increased printing quality, buildability, open-time, and rheology. Layer
width and height error dropped from 140 % and 6% to less than 1.5 %, while buildability
and open-time rose by 210 % and 263%. Both cast and 3D-printed samples had stronger
compressive and flexural strengths with CNTs and silica fume. It also found that silica
fume filled cement matrix gaps and CNTs formed nanoscale connections [66].

3.4. Admixtures

based on GIRSKAS et al. The workability, adhesion, stiffness, short setting time, and
high early strength of 3D printed concrete are all controlled by chemical admixtures
such superplasticizers, viscosity-modifying agents, setting retarders, and accelerators
[67].

CO2 mixing affects cement mortar with different concentrations of Polycarboxylate
superplasticizer (PCE) and hydroxypropyl methylcellulose. Results reveal that CO2
mixing considerably alters HPMC and PCE effects on cement mortar characteristics.
PCE practically disappears, however 0.2 %PCE improves workability and setting time.
To explore coupling effects, heat evolution and microstructural features are analyzed.
We propose employing CO2 mixing and PCE to improve 3DPC buildability (Fig 3)
[68].
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Fig.3. Schematic of the CO, mixing system [68].
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GURUNANDAN et al. examined how water-to-binder ratio, admixtures, and increasing
a/b ratio affect 3D-printable concrete mixture extrudability, buildability, and mechanical
qualities. The study indicated that w/b ratio increased extrudability but decreased
buildability. Adding fly ash improved extrudability, but increasing a/b ratio increased
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surface imperfections and decreased it. Extrudable and buildable combinations had
lower compressive strength than mold cast specimens and 2.1-2.6 kPa static yield stress.
The printed specimens were not anisotropic in compression, and sequential layers had
no weak joints. The findings could help create 3D-printable combination design
recommendations [69].

Polysaccharides were added to alkali activated materials (AAMs) to improve their 3D
printing properties in a comprehensive rheological investigation by SHILTON et al.
AAMs are popular in construction, however printability and buildability issues prevent
their use. Shirley et al. examined how Xanthan Gum (XG) concentration affected
rheology, printability, and mechanical characteristics. The results are useful for
developing a rheology-modifying admixture for AAMs, which will improve 3D printing
without affecting setting times or compressive strength [70].

3D-printed concrete (3DPC) reduces labor costs, material waste, and building time,
although its durability is still questioned. The layer-by-layer manufacturing technique
affects material characteristics and durability. Interfacial porosity and anisotropic
microstructures can weaken structures and make them more susceptible to
environmental degradation. Increased layer interface porosity and shrinkage-induced
cracking impair durability. Proper mix formulations and air-entraining agents can make
3DPC as durable as cast concrete. Additional cementitious components have improved
chemical resistance [71].

ANOP et al. study investigates the use of conventional 70 mm cubes as a trustworthy
indicator of in situ compressive strength in additive manufacturing. Compressive
strengths were assessed after seven, fourteen, and twenty-eight days after five Portland
cement mixtures were extruded into wall blocks using a 3D printer. Although the ratios
between the core and cube strengths stayed constant, the core strengths were constantly
inferior. For the non-destructive strength evaluation of 3D-printed concrete, the findings
offer a straightforward, empirically supported procedure that opens the door for future
standardization of quality-control procedures in additive construction [72].

3.4.1 Superplasticizer

The study by FELIPE et al. studied the impact of water/cement ratio and superplasticizer
% on the use of LC3-25 mortars in 3D printing. Results indicated that 75% metakaolin
and limestone filer mixes were lighter than 100% Portland cement. Over time,
superplasticizer (SP) increased air incorporation and distributed loss. In ternary mixes,
SP level between 1% and 1.50% did not alter mechanical strength. The study
recommends researching eco-friendly 3D printing materials [73].

By altering the dosage of superplasticizer and the water/binder, JANANI et al. created
a 3D-printable concrete mix. They also replaced cement with 10% leftover marble
powder. The process include modifying methods, material fineness, and mix
proportions. The mix was improved through experimental studies with a 3D printer; the
best combination with a dose of 0.35% SP, a ratio of 0.35 w/b, and a substitution of 10%
marble powder produced excellent printing quality [74].
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MAHMOQOD et al. identified four research themes regarding recycled waste materials
in 3DPC. They highlighted the importance of assessing physical and chemical
properties, buildability, and the impact of additives like HPMC and superplasticizers on
performance. Their findings indicate that higher cement content in 3D printed concrete
can be economically and environmentally harmful, emphasizing the need for
standardized testing and improved integration of designed architectural shapes [75].
DONG et al. used aeolian sand and ferrochrome slag to improve 3D printed concrete
(3DPFAC). They used one-way testing to examine how critical materials affect 3D
printed concrete (3DPC) operating and mechanical qualities. Silica fume,
superplasticizer, polyvinyl alcohol powder, and polypropylene fiber were tested
orthogonally. Silica fume 7%, superplasticizer 0.6 %, polyvinyl alcohol powder 1.2 %,
and polypropylene fibers 0.2 % were the best combinations [76]. Experimental
validation indicated the improved material had good printability, uniform extrusion,
smooth surface, and low height variation. 3DPFAC was more easily destroyed by
external force due to its higher interfacial microcracks between layers, lower hydration
degree, and evident fiber-matrix fissures [76].

Superplasticizers enhance the workability and rheology of 3D printed concrete (3DPC)
by modifying flow characteristics and reducing viscosity, thereby facilitating essential
extrusion and layering processes for successful 3D printing.

3.4.2 Viscosity agents

The construction industry is adopting automatic construction technology, especially 3D
printing. This process is fast, eco-friendly, and architecturally flexible, however 3D-
Printed Concrete (3DPC) has extrusion difficulties. PRATHIPATI et al. investigated how
Viscosity Modifying Agents (VMAs) can improve 3DPC printability and structural
integrity by altering its rheological properties. Results show that controlling VMA
concentrations improves 3DPC mixture workability and buildability, which has major
implications for concrete additive manufacturing technology [77].

SHOAEI et al. compare suspension and paste microfibrillated cellulose (MFC) with
hydroxypropyl methylcellulose powders as viscosity-modifying agents (VMAS) for 3D-
printable Portland cement mortars. MFC mortars had higher workability, mechanical
strength, denser microstructure, viscosity, and yield stress than HPMC. While HPMC
mortars were marginally more extrudable, MFC was more shape stable. Both types of
3D-printed samples demonstrated 40% lower compressive strength than mold-cast
samples but equivalent flexural strength. MFC paste was the best VMA for shape
stability and printability [78].

To assess their suitability for use in 3D printing gypsum building materials, Huang et al.
contrasted three inorganic viscosity modifier admixtures (VMAs) with hydroxypropyl
methylcellulose ether (HPMC): attapulgite (ATP), sodium bentonite (NB), and nano-
silica (NS). According to the results, NS increased slurry fluidity at low dosages, but
ATP, NB, and HPMC decreased it. While all VMAs raised yield stress, inorganic VMAs
barely affected plastic viscosity. Superior workability, mechanical characteristics, and
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printing performance were displayed by ATP, while NS was excellent at improving
mechanical properties and NB enhanced workability and performance [79].

The buildability of cement-based mortars made with nanoclays (NC) and viscosity-
modifying admixtures (VMA) was investigated by MARQUEZ et al. They discovered
that RMA has a major impact on CBM's buildability and hydration processes. NC
improved buildability and dimensional stability by exhibiting a stiffening effect.
Although more superplasticizer was required, NC dominated the shear stiffening effect
when coupled. Setting and initial hardening after 90 minutes were linked to the change
from fresh plastic behavior to a stiff state [80].

Viscosity agents affect 3D-printed concrete's workability, strength, and printability.
VMAs increase concrete rheology, which is necessary for 3D printing.

3.4.3 Accelerator

Accelerators affected the rheology of 3D printed concrete (3DPC) with cellulose
microfibers, according to CHO et al. CMFs reduce shrinkage and damage but delay
setting, limiting 3DPC structuration and buildability. The study investigated 16 cement
composites with different CMF and accelerator concentrations. CMF presence increased
dynamic yield stress by 18% and plastic viscosity by 12%, while static yield stress was
unaffected. The accelerator enhanced static yield stress by 290% and structuration rate
by 400%. To improve 3DPC buildability and combat CMF deterioration, accelerators
are recommended [81].

Active management of limestone calcined clay cement (LC3) paste fluidity and
adjustable structural build-up improve subterranean shotcrete and 3D-printed concrete
applications. JI et al. study LC3 paste fluidity and structural build-up using a non-
alkaline accelerator and polycarboxylate ether (PCE) superplasticizers and retarders.
The study found that high PCE dosages or lower PCE with a retarder can sustain fluidity
for 6 hours. In high-PCE mixes, early accelerator addition accelerates ettringite
production and structural acceleration, affecting penetration force and modulus. In situ
XRD, heat release analysis, differential thermal gravimetry (DTG), and scanning
electron microscopy were used to evaluate rheological behavior and microstructural
development [82].

The use of advancement accelerators in 3D printing concrete enhances efficiency,
sustainability, and design flexibility in construction projects, improving overall
processes and outcomes.

3.4.4 Retarder

SENF et al. creates concrete mixes utilizing calcium sulfoaluminate (CSA) cement and
blast furnace cement (CEM III/B) for 3D printing in response to environmental issues
caused by regular Portland cement. In comparison to combinations without retardation,
retarders specifically, a 0.60 weight percent mixture of tartaric acid and phosphate
optimize the setting time for a 90-minute 3D printing window, resulting in early
compressive strengths of about 96% and 28-day strengths of around 55%. According to
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analyses, the slower hydration of Portland clinker and CSA is the cause of the 28-day
strength decrease. When stresses were applied perpendicularly to printed layers, the
application of 30 weight percent CSA and 70 weight percent CEM III/B demonstrated
enhanced compressive strengths. Because of regulated setting, early strength, and steady
long-term strength development, these findings encourage the efficient manufacture of
precast concrete parts [83].

The use of retarders in 3D printing concrete improves material performance by
extending the setting time, enhancing workability, and reducing temperature stress,
which is vital for large-scale printing. This overview will examine the types of retarders,
their advantages, and their effects on the mechanical properties of 3D printed concrete.

3.5. fibers

3.5.1 steel fibers

In order to increase the flexural strength, toughness, and stiffness of mortar beams, LI
et al. have created a two-scale technique utilizing 3D concrete printing (3DCP). Three
patterns—rectangle, triangle, and Hilbert curve are used to generate steel fiber
reinforced 3DCP infills. According to four-point bending tests, a rectangular
arrangement of steel fibers enhanced flexural strength and toughness by more than
100%, while a triangular configuration resembling a truss boosted flexural stiffness by
59%. Additionally, the technique showed that it was possible to create structures with
planned interior designs that were material-efficient [84].

A method for in-situ magnetization of steel fibers in 3D printed concrete is proposed by
HUANG et al. with the goal of enhancing crack-bridging capacity. They look at the
connection between fiber magnetic orientation and crucial process parameters (Fig 4).
According to the results, 25mm bow steel fibers (BF25) significantly improve
mechanical characteristics by more than 50% and have the greatest impact on bridging
cracks. This demonstrates how fiber magnetic orientation can be used in 3D printed
engineering concrete (Fig 5) [85].

Fig 5. Schematic illustration of fiber alignment evaluation in concrete [85].
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3D printing ultra-high performance concrete (UHPC) reduces structural steel
reinforcement, according to CHEN et al. Their study examined how water-to-binder
ratios, recycled steel fibre (RSF) volume, and thickener concentration affected RSF-
reinforced UHPC rheology and extrudability. Lower water-to-binder ratios, higher RSF
content, and thickening application enhanced static and dynamic yield stress,
extrudability, and buildability. At 0.16 water-to-binder ratio, 3% RSF volume, and 0.1%
thickener concentration, the best combination was found.[86].

In order to improve mechanical qualities, interlayer bonding, and durability without
sacrificing printability, MORTADA et al. have effectively reinforced 3D-printed
Ca(OH)2-activated geopolymer concrete (GPC) with recycled steel fibersFlexural
strength increased 69% and tensile strength tripled to 3.75 MPa after 28 days with 1.2%
SF. A crucial issue with 3D-printed concrete, the study also discovered that SF enhanced
early-age toughness and minimized fracture propagation between printed layers. The
study shows how recycled steel fibers may enhance the qualities of 3D-printed concrete
and provides a sustainable reinforcing method for 3D printing in construction [87].
Using steel fibers as responsive elements, GUO et al. studied cement paste magneto-
rheology. A camera-equipped mini-slump device recorded cement paste flow under
magnetic fields at varying water-to-cement ratios and steel fiber concentrations. After a
short-term vertical magnetic field, cement pastes with steel fibers reduced by 0.7%-
8.2%, and after a horizontal magnetic field, the flow velocity and parallel flow diameter
decreased. Steel fibers migrate under a magnetic field and retain their places, causing an
uneven distribution, the study found. These findings suggest active regulation of steel
fiber-reinforced cement-based composites' rheology [88].

Advanced steel fibers enhance the mechanical properties of 3D printed concrete,
improving tensile strength, compressive strength, and durability. Their specific shapes
and volumes allow for better alignment during printing, optimizing concrete
performance.

3.5.2 polypropyléne fibers

Polypropylene fibers improve the mechanical properties of 3D printed concrete,
increasing compressive strength, flexural strength, and dimensional stability,
particularly with an optimal fiber length of 6 mm and a utilization ratio of 0.4%. [89]
HOPKINS et al. analyze the impact of polypropylene (PP) fibers in three-dimensional
printed concrete (3DPC). While PP fibers enhance form retention, rheological
properties, and interlayer bonding, they can increase yield stress and viscosity, affecting
extrudability. An optimal dosage of fibers improves compressive and flexural strength,
but excessive amounts may lead to clustering and decreased performance. Aligned fibers
can reduce shrinkage-induced cracking and affect mechanical anisotropy. The study
highlights gaps in the understanding of hybrid systems and fiber orientation, advocating
for standardized testing. Optimal print quality is associated with 6 mm fibers, nozzle
sizes of 4 to 6 mm, and speeds of 40 to 60 mm/s [90].

Polypropylene fibres enhance the compressive strength of materials by 5-30%, flexural
strength by 10-50%, and ductility and toughness by 30% to 160%. They significantly
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improve crack resistance and fire resistance, retaining up to 80% of residual strength at
600°C. Additionally, polypropylene fibres increase freeze-thaw resistance by 15-40%
and sulfate and chloride resistance by 20-55% [91].

XIA et al. studied how polypropylene (PP), basalt, and steel fibers (Fig 5) affect 3D
printed concrete's workability, printability, rheology, and mechanical qualities. owing to
greater cement paste consumption, PP fibers reduced flow spread, basalt fibers reduced
it owing to water absorption, and steel fibers reduced it the most due to density and
interlocking. Steel fibers had the most influence, with ideal mechanical characteristics
at 0.5% PP, 0.3% basalt, and 0.7% steel. Steel fibers' stiffness and matrix interlocking
increased strength best. The study also discovered that print strips had primarily vertical
PP fibers [92].

Cal PP fibers x50 Le? Steel fibers x50

Fig 6 Micro morphology of PP fibers, basalt fibers, and steel fibers [92].

Polypropylene fibers enhance the mechanical properties of 3D printed concrete, im
proving strength, ductility, and durability, which makes the mix more suitable for
various structural applications.

3.5.3 polyethylene fibers PE

All three types of embedded filament fibers—Basalt, Glass, and Polyethylene—
enhanced the mechanical properties of 3D printed mortar, with Polyethylene fiber
providing the most significant improvements: a 36.4% increase in flexural strength, a
29.9% increase in compressive strength, and a 36.1% improvement in interlayer bond
strength. LI et al. concluded that these fibers bonded effectively with the cement mortar
[93].

As formwork, LIU et al. suggested hollow 3D printed mortar (3DPM) columns
reinforced with continuous PE or carbon fibers. The hollow formwork was filled with
concrete to build columns to study continuous fiber reinforcement's impact on
compressive strength and confinement. Compressive strength and nonlinear behavior
were studied using theoretical and finite element approaches. 23.36% increased strength
for 12 K carbon fibers, while 996% increased ductility for 3 K. Due to the 8.72% and
811% strength increases of three-strand and single-strand PE fibers, ductile failure
occurred. These results show that continuous fiber-reinforced 3D printed concrete can
increase ductility by following the production process (Fig 7) [94].
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LIU et al. demonstrated that enhancements in polyethylene (PE) fiber parameters—
length, aspect ratio, and elastic modulus—significantly enhance the tensile properties of
high-strength high-ductility concrete (HSHDC). Improvements in tensile strength,
strain, and energy dissipation range from approximately 10.1% to 34.8%, 10.6% to
120%, and 14.1% to 186%, respectively. The optimal fiber parameters for HSHDC were
determined to be a fiber length of 12 mm and a diameter of 24 um for compressive
performance, while a length of 15 mm and diameter of 27 pm were found optimal for
tensile performance. Additionally, a mechanical constitutive model was developed that
correlates well with experimental outcomes [95].

According to PHAM et al., molded specimens demonstrated superior strength compared
to 3D-printed ones, with Z orientation strengths surpassing those in Y orientation. The
optimal fiber content for polyethylene (PE) and high-modulus polyethylene (HPE)
reinforcement in printed concrete was found to be 0.5%. The study evaluated the flexural
and compressive strengths of thirty-six printed and twenty-one molded specimens,
analyzing cracking patterns that highlighted differences in mechanical behavior between
the two types [96].

Using 3D printing cementitious composites 3DP-ECC eliminates steel reinforcement to
increase crack resistance. As a cheaper, greener quartz sand substitute, 3DP-ECC uses
hybrid polyethylene and polyvinyl alcohol fibers with Yellow River Sand. RAZA et al.
explore its mechanical and microstructural properties. Above 3% tensile stress, Cast and
3DP-ECC strain-harden. With 4.60% and 3.90% stresses, cast ECC has 6.58 MPa tensile
strength and 3DP-ECC 4.60 MPa. Exemplars bent less in X and Y than Z. R50 castings
collapse at 49.7 MPa, 3DP specimens 45.9. YRS concentration lowered 3DP-ECC
porosity and interlayer gaps, although fiber-matrix bonding and hydration gels were
found. The study suggests optimizing fiber alignment and interlayer bonding to
strengthen 3DP-ECC [97].

Polyethylene fibers improve the mechanical properties of 3D printed concrete by
enhancing compressive and flexural strengths, along with interlayer bond strength. Their
incorporation compensates for the limitations of traditional 3D printing, which often
excludes steel bars, resulting in a more robust and durable material for structural
applications.
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4. Conclusion

Innovation in materials for 3D concrete printing is revolutionizing the construction
sector by improving productivity, offering greater architectural freedom, and enhancing
durability. However, for this technology to become a reliable and widely adopted
standard, it is essential to continue research on several critical aspects such as interlayer
strength, durability, material reinforcement, mixture stabilization, and process
standardization. Addressing these technical and scientific challenges is crucial to enable
3D concrete printing to evolve from an emerging technology to a fully mastered and
sustainable solution for the future of buildings. This transition could transform not only
construction methods but also the standards that underpin the modern construction
industry.
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Abstract: Ensuring the safety of large dams is a legal and ethical obligation that requires
continuous assessment of structural behaviour and associated risks. This study proposes a
decision-based framework for risk reduction through dedicated behaviour monitoring
systems (BBM), emphasizing their role in detecting atypical responses and preventing
potential failures. A quantitative method is developed to evaluate the effectiveness (r) of
supplementary monitoring interventions by correlating reductions in failure probabilities
across distinct failure mechanisms. The framework is applied to the Vidraru Dam
(Romania), a concrete arch dam undergoing refurbishment, including a full filling—
emptying operational cycle. Historical behaviour data and previous emptying events are
reviewed to identify specific vulnerabilities related to thermal, hydraulic, and structural
stress variations. Multiple supplementary monitoring options—mathematical modelling,
telemeter reactivation, 3D laser scanning, InSAR tracking, hydrogeological boreholes,
and inclinometer casing are evaluated based on risk reduction efficiency, implementation
cost, and net benefit. Results show that a combined strategy integrating finite element
modelling, telemetric upgrades, 3D scanning, and hydrogeological instrumentation yields
the optimal balance between safety and cost- effectiveness, achieving the greatest
reduction in annual risk rate. The proposed methodology provides a systematic approach
for decision-making in dam safety management under atypical operating conditions.
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1. Decision criterion

Reducing the risk associated with dams to a rational minimum is a legal and moral
obligation of dam owners as well as authorities. An effective means of reducing risk is
to ensure an adequate system for monitoring dam behaviour, capable of detecting
atypical behaviour and adverse events that may dangerously evolve towards dam
failure. If such a tendency is identified, structural and/or non-structural measures can
prevent failure. The behaviour monitoring system, together with the other structural
safety measures, ensures risk reduction by decreasing the probability of failure [2].
Most specialists consider that an adequate monitoring system reduces the probability
of failure by an order of magnitude [3], going as far as to state that a well monitored
dam will not fail (Lafitte, 1996).

The behaviour monitoring system must be well targeted to the relevant safety
parameters and must be sufficiently detailed to monitor the whole dam-foundation-
lake ensemble. In the case of atypical behaviour or particular operating conditions, the
dam behaviour monitoring system shall be supplemented.

The effectiveness of risk reduction through additional behavioural surveillance (or
maintenance and restrictions in operational plans) is quantified by the rate of reduction
of the annual rate of risk. If P. is the probability of failure of the existing dam and P’

is the new probability of failure, reduced as a result of the planned measures, the
relationship is used:

P =P (I-r)(1.1)
where 7 1s a measure of the effectiveness of the interventions.

The dam may fail by different failure mechanisms depending on the primary events
that trigger them. The measures envisaged or the way of supplementing the behaviour
monitoring system have different effects on the different failure mechanisms, also
reducing the associated failure probabilities differently. For example, pendulum
supplementation does not provide relevant information for the prevention of spill
rupture and thus has minimal effects on the corresponding rupture probability of this
mechanism. Likewise, an additional system of automatic condition checking and
control of the hydromechanical equipment reduces the probability of overtopping
failure over crest (while maintaining the maximum flow discharge capacity), but has
no effect on the probability of internal erosion failure.

If we denote by j (j = 1,...., n) the potential failure mechanisms and by P, ; their

associated failure probabilities, then the total probability of failure is given by the
relation:

P :i.pw, (1.2)

A particular measure expected to increase safety (e.g. increasing the number of
piezometers) has different effects in reducing the probabilities of breakage associated
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with different mechanisms:
P =P (1-r)(13)

where r; is the effectiveness of the intervention for mechanism j.

From relations (6.1) and (6.3)
F=B(1-r)=Y P, (1-r) (14)
[
whence the overall effectiveness of the envisaged measures:
r=3(R, /R (15)

The expression (6.5) is a weighted sum of the efficiencies by failure mechanism, the
weights being the relative probabilities associated with them.
The annual hazard rate associated with the existing dam has the known expression:

R=P-C (1.6

here Pr is the probability of failure, and C is the quantitative measure of the
consequences, this time including damage to the owner.

In the case of dams under the control of the authorities, as in the case of SPEEH
Hidroelectrica S.A., the loss of human lives caused by dam failure is minimised to the
minimum possible by warning-alarm- evacuation plans. Assuming that, in terms of
consequences in terms of loss of human life, all measures are taken to minimise the
risk to the limit of tolerable risk, the quantitative measure of consequences C has only
a monetary expression. C is the operating cost (actual or potential), as we have seen.
The benefit created by reducing the risk rate by supplementing the behaviour tracking
system, BBM, is [1]:

b=P-C—P-C=P-C-r, (1.7)

where r has the expression (6.5), and the subscript s denotes a particular BBM
supplementation system or supplementation strategy.

Each strategy has a corresponding annual realisation cost ACs and consequently the net
benefit will be:
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b=b-AC =P -C-r,—AC, (1.8)
The selection of the additional BBM strategy is naturally made on the criterion of
maximum net benefit ( b, = max.). A suggestive representation is contained in Figure

6.1.8.

Pr.C A

g il ; " ~ ~
A s sy 53 s =1
Existing Dam

Optimal value

Figure 1. Optimal variant selection based on net benefit maximisation.

2. VIDRARU dam case study for the filling - emptying cycle

SPEEH Hidroelectrica S.A. awarded in 2024, the "Vidraru dam refurbishment"
project. During the period of the Vidraru CHE refurbishment, the Vidraru reservoir
operation mode will include a filling - emptying cycle. As a result, an efficient
approach [4] to the monitoring of the Vidraru dam during the period of the
revitalisation works is required.

2.1. Presentation of the dam and the existing BBM system

The Vidraru dam is of the "concrete arch" type, with a height of 166.60 m, an arch
length at the crest of 314 m and a volume of 470,000 m? of concrete. The thickness at
the base is 25.0 m and at the crest is 6.0 m; the road on the crest is 10 m wide (with
pavements); the crest elevation 834.00 mdM.

The dam consists of 22 plots separated by helical jointed joints so that, for any given
elevation of the dam, the lateral faces of each joint are radially oriented and converge
in the mean centre of the respective arc. The width of the plots is variable, ranging
from 10 to 14 metres each.
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LEL. e NRL £ 8 coinmron The dam has the following construction
e characteristics:

- canopy height 834.00 mdM

- maximum height 166.60 m

- length at crest 317.00 m

- rope length at canopy 245.00 m

- key thickness at canopy 6.00 m

- thickness at base 25.00 m

- chord to height ratio (L/H) 1.48

- base thickness to height ratio (B/H) 0.15
- volume of concrete 470 thousand cubic
metres

Figure 2. Main dam section

The spillways equipping the Vidraru dam have the following capacities (according to
the operating regulation):

—  Three-field free-flowing surface spillway (832.85 mdMN) = 260 m?/s.

—  Bottom drains: (2 x 80m?®/s = 160 m?/s)

—  Hydroelectric power plant: 90 m?/s.

Figure 3. Situation plan
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LEGEND
1. Dam
2. High water outlet

3. Bridge

4. Access to galleries

3. Bottom outlet Nr. 1

4. Bottom outlet Nr. 2

7. Valves chamber

3. Gallery to access valves chamber
9. Surrounding reservoir road

10. Access to dam and staircase

11. Johnson valve

Figure 4. Components

The location of Vidraru dam is situated on the gnais ocular of Cozia downstream the
tectonic contact.

The main faults in the area of the dam's crest have oblique or normal directions in
relation to the bedding, forming angles of 20°- 80°. At their intersection and on the
main faults there are crushing zones, i.e. breccias 0.5 - 3.0 m thick. These breccias are
well cemented, silicified or calcareous. The fissuring, represented by cracks and
fissures proper, is characteristic of the surface zone (8 - 10 m deep) and in the depth is
more developed on the slopes. They form a complex system both by their orientation
in the spaces and by the discontinuity effect they cause in the rock massifs. In areas
with faults and cracks, there is a reduction in the physical-mechanical characteristics
of the rock, the presence of seepage water circulation and the possibility of detachment
of rock blocks on the crack planes with the inclination parallel to the slope of the
slopes, which are facilitated by freeze-thaw processes.

The measuring and control equipment at the date of commissioning comprised the
following apparatus:

* Reverse pendulum and direct pendulum; * Triangular displacement gauges;

* clinometric bolts; * levelling protractors;

* deforming bolts; * micro-triangulation protractors;

* discedometers; « fundamental levelling levelling marks;
« interstitial pressure cells; * micro-triangulation pilasters;

* telerocmeters; * drainage boreholes;

* telemeters; * piezometric boreholes.

The present situation of the measuring and control apparatus is:
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Table no. 2.1
Nr. Device type Parameter monitored AMC Location
crt No
1 Direct pendulum Horizontal displacements 5 in plots 2, 7, 12 (2 pcs.), 17
2 Reverse pendulum Horizontal displacements 4 inplots 2,7, 12, 17
3 Deformation bolt Displacements in rost 96 in joints betwe'en plots, in
galleries
4 Discedimeter In-row displacements 24 in the Jo'mts bet\yeen studs,
in galleries
5 Clinometric bolt Inclinations 5 in plot 12, in galleries
6 Telerocometer Foundation rock deformations 4 at contact between dam and
slopes
7 Telepiezometer Water level in slopes 10 at contact between dam and
slopes
Micro-triangulation Horizontal and vertical on the downstream face of
8 ) 14
marker displacements the dam

The monitoring system at the dam is undergoing an extensive modernisation process
consisting of the installation of new monitoring devices and equipment (direct and
reverse telependulum, telepiezometric boreholes, telemeters, etc.), automatic reading
systems on the measuring and data transmission devices. Within the project "Vidraru
Dam. Additional AMC installation including BBM data acquisition and processing
system " the following devices were installed:

— telependulums, 14 pcs;

— telemeters, 4 pcs;

— telepiezometers, 14 pcs;

— telemeters, 20 pcs;

— discedometers, 20 pcs;

— teledebitmeters, 1 pc, mounted in the gallery at Vana Johnson;

— telemetre and telepluviometer 1 pc. , mounted at the dam house;

— complex seismic monitoring system.

2.2. Lake discharge data
UHE Vidraru is about to enter an extensive programme of refurbishment. This

programme also includes rehabilitation works on the hydromechanical equipment
related to the bottom drains (flat valves and Johnson valve), which suffered some
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failures caused by the accident that occurred on the slope in 1974. During the period of
operation, the seals of the sluice gates have suffered damage which has increased over
time, as signalled by the increase in the flow of water lost downstream of these sluice
gates due to the deterioration of the sealing elements of this equipment. The
cumulative value of these lost flows downstream of the dam was estimated at around
150 /s, with small fluctuations, depending on the water level in the reservoir. As part
of the upgrading works, an important point for the safety of the bottom drains is the
replacement of the by-pass installations for balancing the pressures at the safety
valves. These by-pass installations no longer fulfil the functional role for which they
were designed, as they are blocked/corroded and no longer safe in operation.

In order to be able to repair/rehabilitate the hydromechanical equipment at the bottom
outlet No 1, which has a minimum level of 689.25 mdMN, it is necessary to empty the
Vidraru reservoir up to this level. The emptying of the Vidraru reservoir is to be
carried out in accordance with the emptying instructions drawn up by the specialised
designer. The conditions and stages of emptying (times, discharged volumes, emptying
mode - by machining and/or bottom emptying, etc.) between different characteristic
heights of the reservoir, as well as the corresponding time periods have been
established. Figure 6.5. plots the lake curve over the emptying period.
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Figure 5. Proposed emptying programme

In order to ensure the safety status of the hydro-technical objectives related to the
Vidraru PHE during the emptying of the reservoir, the special monitoring programme
for the Vidraru dam and reservoir, as well as special instructions for monitoring these
objectives by means of measurements and visual observations, prepared by ISPH PD
SA, will be followed, even when the dam and reservoir no longer exist.
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2.3. Behaviour of the dam at previous embankments

The Vidraru reservoir was completely emptied in the period 1974-1975, after the
accident on 05 July 1974. The lake was emptied from the following day from the level
of 823.00 mdMN up to the minimum level of 690.25 mdMN, reached in March 1975.
This emptying is similar to the expected one, being carried out at the same time of the
year (August-March).

Figure 6.6. shows the time evolution of the measured displacements of the direct
pendulum in centre plot 12. The values plotted are the displacements of the point at
elevation 748 mdM relative to the gallery 712 mdM for centre plot 2.
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Figure 6. Dam displacements at 1974 emptying

Prior to the emptying of the lake, there is a normal upstream displacement due to the
air temperature acting on the dam concrete, which is increasing, expanding the
horizontal arcs. The emptying of the lake occurs during the autumn and winter when
the air temperature is decreasing, which in normal operation mode should have a
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downstream displacement by shrinking the concrete, but the emptying of the lake
decreases the hydrostatic pressure on the upstream face, which induces an upstream
displacement. As the two factors acting on the dam (water level in the lake through
hydrostatic pressure and air temperature) are in opposite directions, in the end the two
causes cancel each other out to some extent, the displacement having a much smaller
variation and the downstream displacement no longer occurs.

From the above considerations, it follows that the emptying of the lake during August-
February is favourable for the dam safety, the two factors directly influencing the dam
behaviour cancel each other out, the dam displacement is predicted to be within the
previous limits.

2.4. Specificity of the problem

In the case of the Vidraru dam the approach is similar to the one exposed in subchapter
6.1 but the risk is not associated with the breach defined as uncontrolled loss of water
from the reservoir and the formation of a breach wave. We will keep the name
breakage improperly to use the mathematical relations related to the adopted decision
criterion, but by breakage we mean the loss of the functionality of the reservoir
through the long-term forced emptying of the lake for the rehabilitation works imposed
by the dam damage subjected to an atypical operating regime.

The breakage cost (C) in the given case is defined as the cost of the dam rehabilitation
works, plus the cost of the energy not produced during the repairs.

2.5. Damage mechanisms and specific additional tracking systems

In order to select dam failure mechanisms due to atypical stress, potential structural
effects upon emptying and refilling of the lake are reviewed.
— Ambient temperature exposure of the upstream face as the level is lowered and
as a result the thermal field in the concrete changes, with transient regime and
altered boundary conditions.
— Direct exposure of the upstream face to air temperature fluctuations causing in
the cold season the joints to open, with the effect of reduced spatial co-operation
and increased seepage.
— Alteration of the infiltration regime and interstitial pressures from rock
discontinuities in the rock mass of the slopes of the reservoir and implicitly in the
slopes of the dam.
— The change in the thermal regime in the slopes resulting in the expansion of
the rock, which is felt by the tendency of the valley to close. The details that are
necessary are:
— During the long period of exploitation of the lake, with levels of more than
800 mdM since 1996, a saturation of the rock mass occurred, with interstitial
pressures corresponding to the water level in the lake. When the lake is emptied,
the water stored in the rock flows towards the face of the slopes and at the same
time the interstitial pressures are released. The flow spectrum induces gradient-
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type infiltration forces, opposite to the direction of flow, which lead to
displacements of the lake contour inwards towards the slope. At the same time,
the decrease in interstitial pressures leads to an increase in the effective stresses,
which are mainly self-weight. These changes in the state of effort also have
consequences on the displacements of the slopes, tending to open the valley.
— At the same time, the emptying of the lake also produces a change in the
thermal regime of the slopes. In high dams, such as the Vidraru dam, the
temperature of bedrock below the mean operating level has a low quasi constant
temperature, and below 60 m from the NNR even a constant equal to 4.5 €, If
the duration of emptying is long and exposes the slopes to warm-season air
temperature there is an increase in the temperature of the rock mass over a
limited depth. The increase in temperature has the effect of dilation of the rock,
which is felt by the tendency of the valley to close.
— Deformation of the slopes upstream of the dam during the filling and emptying
phases can affect the structural behaviour and long-term safety. In the first filling
phase, the valley tends to converge, and in the emptying phase it tends to open
up, especially at the upper reaches of the dammed valley. The dam is subjected to
additional loading by the displacement of springs towards or away from the
centre section.
— For the filling phase, the effect of "dam ageing" also occurs. If over time there
has been a flexibilisation of the structure through joint openings and possibly
structural degradation it is possible that the displacements recorded with
increasing hydrostatic loading are larger than for previous lake fills (loading and
refilling after the 1974 event). Such a situation must be examined from the point
of view of the induced stresses in the structure.

Based on the behavioural data presented, the "failure" mechanisms, i.e. the

mechanisms leading to the dam being taken out of service, have been established:
— Excessive cracking as a result of a drop in the temperature of the structure due
to exposure of the upstream face to the ambient;
— Displacement of the dam's shoulder settlement due to convergence
displacement of the slopes;
— Structural wear due to displacements imposed on the foundation contour by
slope displacements;
— Landslide of the slopes with blockage of the dam's related outlets;
— Structural degradation and flexibilisation of the structure, accompanied by
seepage through the interplot joints as a result of the joints opening in the cold
season with the dam empty.

In order to follow the stresses to which the dam is exposed under the conditions of the

emptying - filling cycle and respectively the response of the structure to these stresses,

the following additions are proposed to the existing BBM system:
— Creation of a finite element mathematical model of the dam structure that takes
as input imposed displacements, temperature fields and structural discontinuities
— Reactivation of telemeters, if possible;
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— 3D laser scanning of the downstream face of the dam - bedrock system

— InSar tracking of lake basin displacements

— Tracking of interstitial pressures in the slope rock mass by hydrogeological
boreholes

— Monitoring the stability of the slopes upstream and downstream of the dam by
a network of inclinometer casing.

Clarifications.

In order to monitor the displacements, deformations and stability of the slopes
immediately upstream of the dam embedment, it is proposed to carry out geodetic
topographic measurements on the slopes using 3D laser scanning technology.

The general view of 3D scanning technology is that it represents a more advanced
method of surveying - a more accurate, more detailed and faster method of data
acquisition. Whilst all of these properties of 3D laser scanning are true, this technology
also brings countless opportunities. 3D scanning provides decision-makers with a tool
to assess the progress of construction works, to carry out structural assessments.

A recommended alternative is the use of InSAR technology. Interferometric synthetic
aperture radar, abbreviated InSAR is a method of interest here. It uses two or more
synthetic aperture radar (SAR) images to generate surface deformation maps. With
InSAR technology, millimetre spatial measurement accuracy can be obtained, because
the radar signal acquisition mode can simulate a sufficiently large antenna, and most
importantly, the measurements are coherent (the phase of the electromagnetic wave is
maintained).

2.6. Risk analysis

The decision on the provision of an adequate CCU supplement, based on the
maximum benefit criterion, requires knowledge of the risk posed by the dam. It is
therefore necessary to assess the likelihood of a failure leading to the storage being
taken out of service and also to assess the consequences of the situation created.

In the reports and papers presented at ICOLD congresses and symposia there are no
useful reports on the damage caused by emptying-filling cycles in concrete dams. Still
less a database that allows statistical processing as exists for breakout cases.

In such situations, the probabilities of an adverse event occurring are assigned on the
basis of engineering judgement, which in fact quantifies subjective opinions. Usually
the chance of occurrence of a particular event is described verbally and numerical
equivalences of these judgements are used. Considering the robustness of the Vidraru
dam and the behaviour in operation so far, the damage in the case of the emptying-
filling cycle can be categorised as "very unlikely". For this categorisation the
probability of occurrence of a damage with the effect of emptying the storage is given
P, =10".

For the five failure mechanisms inventoried the relative probabilities of occurrence
were recognised as:
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— (1) Excessive cracking as a result of a decrease in the temperature of the structure
by exposure of the upstream bulkhead to the ambient (P, ;/P, = 0,12);
— (2) Displacement of the dam shoulder rebound as a result of slope convergence
displacement (); P,.,/P, = 0,10;
— (3) Structural cracking as a result of displacements imposed on the foundation
contour by slope displacements (); P,.;/P, = (,28;

— (%) Slope failure with blockage of the dam's related manoeuvres O; P, 4/P, = 0,32;
— (5 Structural degradation and flexing of the structure, accompanied by seepage
through the interplot joints as a result of the joints opening in the cold season with the

dam empty (); P,.5/P, = 0,18;

The financial losses as a result of the decommissioning of the storage are the cost of
the dam rehabilitation works and the cost of electricity not produced during the
rehabilitation works. The rehabilitation works have different costs depending on the
failure mechanism.

For mechanisms 1,3 and 5 the works are localised to the structure and consist of
injections to restore structural continuity and re-injection of joints. The estimated cost
is Ci35= 12 mil EURO.

Mechanism 2 requires partial restoration of the slope plots and possibly a culee. The
construction solutions are demanding and very expensive. The estimated cost of the
concreting works is approx. 14 million euros, plus the rehabilitation of the remaining
structure, approx. EUR 10 million, which comes to C2 = EUR 24 million

In the case of mechanism 4, the works are intended to stabilise the slope, which has
had rock detachments and displacements towards the base. The estimated cost is EUR
14 million.

It should be noted that the cost estimates are rough approximations in the absence of
specific rehabilitation solutions. These approximations do not affect the purpose of the
case study, the procedure remains valid, of course with the variant selection adjusted
in accordance with the correctly evaluated prices.

In order to assess the monetary loss during the period when the hydropower plant is
not in operation, it is necessary to estimate the duration of the rehabilitation and
restoration works. Assuming a duration of procurement and project preparation of 15
months, a duration of actual works of 20 months and a duration of controlled refilling
of the lake of 12 months, a total duration of 47 months, i.e. round 4 years, is given.
The annual energy production of AHE Vidraru is 400 GWh/year. SPEEH
Hidroelectrica S.A. has put up for sale 5 MW per hour electricity packages, with
delivery throughout the year 2025, at a price of 625 lei/MWh. As a result, the cost of
the energy not delivered during the period of repair of the damage at the Vidraru
reservoir is 50 mil EURO.

The total cost of a damage due to the phenomena associated with the emptying and
filling of the reservoir is C = 74 million EURO.

324



George Boian, Dan Stematiu, Catalin Popescu, Alexandru Ilie

2.7. Effectiveness of dedicated behaviour monitoring variants on the emptying -
filling cycle

The analysis of the efficiency of the systems envisaged to reduce the risks for the
damage mechanisms inventoried is centralised in Table 6.2. The justification of the
values is detailed with reference to Table 6.2.

Damage due to excessive cracking, as a result of the temperature drop of the structure
due to exposure of the upstream face to the ambient, can be detected by the existing
AMC system to a small extent (0.4), the response quantities being displacements
(relative and absolute). By linking to the mathematical model, the measured quantities
are translated into efforts which are a measure of the risk of cracking (effectiveness
rate increases to 0.80). Reactivation of the telemeters increases the system
effectiveness to some extent (0.85). The other measures to improve the BBM system
(laser scanner, hydrogeological boreholes and inclinometer casing) do not bring
increased efficiency in detecting excessive cracking. Damage due to displacement of
the dam shoulder due to convergence displacement of the slopes is poorly detected by
the existing BBM system (0.05). The associated mathematical modelling provides an
efficiency gain (0.2). The reactivation of the telemeters does not provide relevant
information for this damage mechanism. The efficiency in detecting this mechanism is
provided by laser scanner measurements and information from hydrogeological
boreholes and inclinometer casings (0.44, 0.55, 0.75)

Damage by structural cracking due to displacements imposed on the foundation
contour by slope displacements can be highlighted to some extent by the existing
BBM system (0.15) and with increased efficiency if the mathematical modelling is
added (0.34). The other expected measures have efficiency in detecting the
phenomenon by emphasising slope displacements (0.64).

Table 2.2.
Effectiveness of the BBM system
Damage mechanism j=1 j=2 j=3 j=4 j=5
() Excessive| Dislocation |Structural | Landslide| Structural
cracking | of the dam | cracking degradation
shoulder
Relative probability 0,12 0,10 0,28 0,32 0,18
P,/ P,
Effectiveness i 72 73 74 rs Effectiveness
risk reduction Overall
OR 2(Prj/P)r;
Existing BBM system 0,40 0,05 0,15 0,10 0,3 0.226
1 Existing BBM 0,80 0.2 0.34 0.10 0,53 0,3386
+Mathematical
modelling
2 | = Telemetre 0,85 0,2 0,40 0.10 0,65 0.383
= reactivation
3 = Laser scanner Or 0,85 0,44 0,64 0,65 0,65 0.6502
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Damage mechanism j=1 j=2 j=3 j=4 j=5
() Excessive| Dislocation |Structural | Landslide| Structural
cracking | of the dam | cracking degradation
shoulder

InSar

4 Hydrogeological | 0,85 0,55 0,64 0,35 0,65 0.7252
boreholes

5 Inclinometer 0,85 0,75 0,64 0,95 0,65 0,7772

tubing

Damage by landslide with blockage of the dam's related nozzles cannot be warned by
measurements from the existing BBM system, even if the mathematical modelling is
associated. The efficiencies have slope scanning (0.65) plus data on interstitial
pressures (hydrogeological boreholes 0.85) and inclinometry monitoring (casing 0.95).
Damage by structural degradation and flexibilisation of the structure, accompanied by
seepage through the interplot joints as a result of opening the joints in the cold season
with the dam empty, can be evidenced to some extent by the existing BBM system
(0.3) with a plus in efficiency, if the mathematical modelling is added and with a plus
in the activation of telemeters (0.65).

The overall effectiveness is however rather modest (0.7772) despite a consistent
supplementation of the existing system due to the complex phenomena involved.

2.8. Choice of the optimal variant

The optimal variant was selected using the maximum net benefit criterion. The
calculations are presented in Table 6.3.

For each variant (strategy) of supplementing the existing BBM system the annual costs
were first evaluated C.A

Table 2.3.
Calculation of benefits per variant
Strateay of Cost per Effectiveness Benefit Net benefit
BEM ng o cycle of additionality | b=P,-C-r, b-C4

y AC (EURO) Fs=F~Texistent (EURO) (EURO)

(1) Mathematical model 40000 0.1126 157600 117600

S | (2) Telemetre reactivation 30000 0,157 219800 189800

é (3) Laser scanner Or InSar 315000 0.4242 593800 278800
(5]

= | (4) Hydrogeological drilling 124000 0,4992 698800 574800
=

(5) Inclinometer pipes 235600 0,5512 771600 536000

A cost of Acay = 40000 EURO has been estimated for the realisation of a dedicated
mathematical model, in line with UTCB's prices. The reactivation of telemeters has
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been estimated at Aci) = 30000 EURO, based on the experience of reactivating some
telemeters at Paltinu dam. Laser scanner monitoring during the emptying - refilling
cycle requires 7 campaigns, 4 during the emptying period and 3 during the refilling
period. A campaign with a suitable number of points is valued at 45000 Euro, totalling
over the period of interest Ac3)=315000 Euro. Hydrogeological drilling is carried out
on a network of 4 profiles on each slope with 3 boreholes per profile. The average
depth is 65 metres. With a valuation of 80 EURO / ml of borehole, this gives a cost of
Ac@ = 124000 EURO. The inclinometer casing is arranged on a similar network.
Given the additional equipment compared to a hydrogeological borehole, taking also
into account the higher cost of measurements and processing, a 90% increase in costs
compared to the network of hydrogeological boreholes has been estimated, giving a
total cost of Ac(s)= 148800 EURO.

The maximum financial loss is Max Remediation cost + cost of unproduced energy +
24 + 50 mil Euro = 14 mil Euro. In sub-chapter 6.26 it was estimated that the
probability of a failure with the effect of emptying the storage is P,=10"1.

The effectiveness of the additional variant was calculated by simply subtracting from
the overall effectiveness of the additional variant (last column in Table 6.1) the overall
effectiveness of the existing BBM system. The benefit and then the net benefit resulted
from relations (6.7) and (6.8).

It is noted that the optimal variant (b; = max) corresponds to a substantial additional

BBM endowment, including the creation of a mathematical model, the reactivation of
telemeters, the 3D laser scanning of the downstream dam face - foundation ground
system and the tracking of interstitial pressures in the rock mass of the slopes by
hydrogeolog ical boreholes. The inclinometer casing network is expensive and does
not provide an acceptable benefit- cost ratio.
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