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Abstract

We tested and calibrated the associated numerical algorithm of
deterioration using a mathematical model of concrete carbonation that
represents the fluctuation in porosity as a result of the relevant chemical
processes. A simulation technique was calibrated and then utilised as a
forecasting tool to determine the impacts on the porosity of concrete
subjected to rising CO2 levels. Some scenarios were generated numerically
by the mathematical algorithm that showed the effects of various pollution
levels and global warming on the porosity of Portland cement in a time
window of years, taking into account future projections of environmental
modifications resulting from climate changes. Finally, a theoretical analysis
of how pollution levels affect the carbonation constant, which determines
how far along the carbonation front we are, was done for the situations that
were examined.
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Introduction

The connections between the environment and architectural heritage, such
as monuments, archaeological sites, and historic and contemporary
structures, have always been essential for conservation concerns and will
continue to be so. Furthermore, because weathering is a very complicated
phenomena that results from the interplay of both chemical and mechanical
processes, the deterioration and destruction of materials brought on by
weathering processes are still not fully understood.Concrete is subject to
attack by numerous harmful factors, such as weathering, chemical
aggression, and abrasion, that may cause its deterioration in terms of a
modification of the original form, quality, and serviceability, just as natural
stones are exposed to the modification of the environment and surrounding
landscapes. These weathering processes are almost usually connected to
water movement inside the material, which is governed by wetting or
infiltration, dictated by infiltration brought on by groundwater capillary rise
or meteoric precipitation, respectively.

Another issue is the increased frequency of extreme weather conditions
brought on by climate change, which accelerates degradation rates and
fuels the emergence of novel degradation mechanisms. This occurs
because climate changes can aggravate the physical, chemical, and
biological mechanisms driving the deterioration of the building and its

components in addition to affecting the frequency and severity of hazardous
incidents.Due to the combinatorial effects of air agents and pollutants,
environmental changes may have an impact on CH structures and artefacts;
see the most current research in .These phenomena, which include freeze-
thaw cycles, changes in precipitation, corrosion, salt crystallisation cycles,
and an increase in the frequency of extreme events, to name a few, may
determine an irreversible weakening of the mechanical strength and an
increased vulnerability to chemical aggression of porous materials.

Predictive maintenance has just become a novel method for monitoring and
safeguarding CH installations. It entails foreseeing future deterioration
using proper diagnostic procedures. To make this diagnosis, data on the
components of the artwork and the influence of ambient conditions at the
CH site are gathered and statistical methods are used to analyse the results.
Our strategy is based on mathematical models for CH (equations describing
deterioration processes and the effects of conservation practices) see, for
example,combined with data derived from laboratory experiments and/or
gathered by sensors appropriately placed at the CH site. This strategy falls
under the model-driven framework for predictive maintenance.

To fully understand the characteristics of the complicated process of
concrete carbonation, chemists, engineers, and mathematicians must work
together. A series of chemical processes that convert Calcium
Hydroxide (Ca(OH);) to Calcium Carbonate are what produce it
(CaC03). Carbon Dioxide (CO,), which is carried by water via the
porous media, triggers the aforementioned processes.

Although concrete is a durable material, its deterioration and

ensuing weakness may be brought on by the sulfation
of the cementitious matrix, freeze-thaw cycles, and
the carbonation-induced corrosion of steel armour. As long as

the environment has a pH value of at least 13, a thin oxide film
that shields the steel bars strengthening the structures s
formed within a basic environment inside non-carbonated concrete.
Assuming a pH value below 9, the presence of carbon dioxide in
carbonated regions instead neutralises the alkalinity of concrete with
the solution within the pores.

Numerous experiments for quantitatively assessing the impact of
the carbonation process on cement materials are available in the
literature. Since in normal circumstances, since the carbonation
process is so slow, most studies are done under expedited
conditions. The samples are carbonated in a closed room under set
parameters of CO, concentration, temperature, humidity, and time
The  samples are divided, cleaned, and sprayed with a
phenolphthalein pH indicator, an organic chemical that becomes
pink in a basic environment (non-carbonated portion) and
colourless in an acid environment (carbonated part), respectively, at the
conclusion of the test; for example.

Review on climate change scenarios

A brief overview of some aspects of the global climate catastrophe is
important  given the paper's breadth. We concentrated on
the factors that are important for the current research because a broad
and in-depth examination of the topic is beyond the scope of
our objectives the atmosphere’'s level of carbon dioxide and
global warming.

Atmospheric pollution: CO, emission levels

The UN organisation known as the Intergovernmental Panel on Climate
Change (IPCC) promotes understanding of every element of climate change
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with a focus on human-induced climate change. The IPCC "prepares
thorough Assessment Reports describing the status of scientific,
technological and socioeconomic knowledge on climate change, its impacts
and future dangers, and alternatives for lowering the rate at which climate
change is occurring. The release of gases as a result of human activity is
one of the primary drivers of climate change (such as industry production,
transportation, etc.). Carbon dioxide plays a key role among these gases and
has come to be used as a standard indicator of climate change. Various
future emission scenarios based on assumptions about social, economic,
and technological growth are taken into account by IPCC in its reports.

These Shared Socioeconomic Paths (SSPs) were created in the year to
characterise important changes in the economy, human lifestyle,
technology, demographics, politics, etc. in a logically sound manner.
There are five SSPs, and each one offers distinctive pathways that
explain potential future social behaviours and their effects on
the environment.

The change in carbon dioxide content in the atmosphere from 2015 to
2150 under various scenarios;. We can see that, in the near future (up
to 2050), all scenarios result in a rise in carbon dioxide concentration,
while the rate of growth varies. However, other scenarios predict a
modest decline in concentration till at least 2050; in a few instances,
the level of carbon dioxide in 2150 will be equivalent to that in 2015.

Global warming: Changes in temperatures and relative
humidity

The amount of water vapour in the atmosphere is shifting due to climate
change, which might have a considerable impact on the
global temperature. Climate models have been created as a result
of the observation and study of global warming during the past few
decades. Climate experts predict that there is a strong likelihood that
the Earth will continue to warm throughout this century and beyond,
leading to a rise in temperatures. In fact, the increase in carbon
dioxide emissions linked to the existence of other dangerous
gases created by human activity is what is to blame for global warming.
These projections led to these possibilities, but it's also feasible
that greenhouse gas concentrations will rise at rates faster than
those shown in the graph. In actuality, carbon dioxide emissions are
rising at a pace of over 3% year; if this trend continued, the
carbon dioxide content in the atmosphere would surpass the scenario
shown in red before the end of this century, if not earlier.

A variety of climate model simulations suggest that between 1.1°C
and 54° C might be added to the current world average
temperature in 2100. These projections led to these possibilities, but it's
also feasible that greenhouse gas concentrations will rise at rates faster
than those shown in the graph. In actuality, carbon dioxide emissions
are rising at a pace of over 3% year; if this trend continued, the carbon
dioxide contentin the atmosphere would surpass the scenario shown
in red before the end of this century, if not earlier.

Model validation and calibration

We demonstrate the numerical verification of the mathematical model
mentioned above in the current Section. In order to accurately reflect real-
world circumstances, essential model parameters, such as the response
coefficients v, and, were fine-tuned over the course of a year.

Consideration of specimens subjected to up to 20% carbon dioxide

Daniel.

concentrations, or so-called accelerated circumstances, is a frequent
strategy used to examine the carbonation of concrete. Instead, we wanted to
evaluate and calibrate the mathematical approach over the course of a year
for a natural atmospheric carbon dioxide content of 0.03%.We used data
from a carbonation experiment on a kind of Portland cement specimen
reported in to test and calibrate the mathematical model.According to Pan
et al research concrete samples with a w/c ratio of 0.53 are first
polymerized at 20°C and 70% RH for 24 hours; after that, they are placed in
a seasoning environment at 20.3°C and 90% RH for 28 days; and finally,
samples are placed in a drying oven at 50°C for 48 hours. The
carbonation test is conducted with CO, concentrations of 0.03%, 3%, and
20% at T=20°C and 70% humidity. Since the kinetic coefficients pertain
to an aqueous solution under ideal circumstances, these coefficients and
the diffusivity coefficient Da were determined using the simulation
programme against data. Indeed, we anticipate that the diffusivity inside
the material will be higher in the presence of a substantially lower quantity
of COQ

Effects of CO, pollution growth on porosity

The numerical analysis of the impact of temperature variation
on carbonation development is the focus of the current paragraph. If
we assume that the RH remains about constant and take into
account a scenario that includes a temperature increase of 5°C as
predicted in , we do not anticipate to have a major influence on porosity
just based on this aspect. In fact, if the authors account for the
influence of the temperature rise in the formulation of the diffusion
coefficient, as can also be observed in, the findings reveal minor effects (on
the order of 1%).

Conclusions

The mathematical model of carbonation and the associated
simulation technique provided in Section 3 were the main topics of
the current research, which concentrated on the model's capacity to
predict. Our work's main goal was to develop a trustworthy simulation
algorithm that could be applied as a numerical forecasting tool to
determine how climate changes (such as rising CO2 emissions and global
warming) would affect Portland cement's conservation in terms of
porosity variation and carbonation front penetration depth.

The preliminary qualitative validation of the model followed by
a quantitative calibration of its essential parameters, i.e., the reaction rates
of the chemical processes involved in the carbonation process. In fact, a
first qualitative validation of the model is possible thanks to the
graphical depiction of the curve profiles of the principal parameters
involved in the carbonation process.

By comparing laboratory data from the literature and model outcomes for
both calcium hydroxide and calcium carbonate concentrations,
a quantitative calibration of the model was then carried out in the case
of exposure to a natural carbon dioxide concentration (0.03%) over a
year, leading to a fine tuning of model parameters. A study of
controlled laboratory conditions with real-world environments was also
suggested, and the results indicated no differences in porosity variation.
In order to assess the impacts of a potential future rise in the temperature
as well as in the carbon dioxide concentration, as projected in climate
change, the simulation method was calibrated and employed as a
forecasting tool for anticipating damage scenarios.
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