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Abstract

The resilience and integrity of concrete structures are adversely affected by bad weather, cavitation, abrasion,
chemical attacks, reinforcement corrosion, carbonation, chloride diffusion, cracks, design and construction defects,
and structure aging. Retrofitting existing structures reduces the need for new materials as a result reduces cost.
Keeping large repair projects to a minimum will also reduce construction and other waste. The lifespan of
infrastructure can be prolonged by selecting an appropriate repair method at the right time. This study involves
scheduling multiple repairs for concrete structures that have deteriorated according to a Markovian process,
utilizing an algorithm implemented in Python. A quadratic function is used for the deterioration curve for 60 years
of age, and a failure limit (20%) is defined to represent structural degradation. Three repair strategies (RM1, RM2,
and RM3) are simulated, and with each method, the condition of the repaired structure was improved by decreasing
the deterioration by different values depending on the cost of that repair method. When the deterioration curves
meet the failure limit the structure may be repaired using one of three repair methods (RM1, RM2, or RM3).
Therefore, a huge number of possible paths arise throughout the entire lifetime of the structures. To find out the
most effective repair method for different ages, the total enclosed area for a path under the deterioration curve was
calculated. It indicates how much the condition of the structure has declined as it ages. A larger area suggests more
significant deterioration. The minimum cumulative areas were found by an algorithm using the programming
language Python. The results give the optimal repair schedule that minimizes deterioration and resource allocation,
providing valuable insights for engineers in prioritizing repairs. This approach can be extended to various types of
infrastructure to improve long-term performance and sustainability.

Keywords: frastructure deterioration; repair strategies; cost-effective maintenance; simulation; deterioration
modeling.

1 Introduction

Deterioration of the concrete structures occurs due to various chemical and physical factors like chemical attacks from acids,
chlorides, and sulfates, as well as physical factors like abrasion, erosion, and thermal cracking due to volume changes. The
importance of identifying and addressing various types and causes of concrete damage are discussed in a book chapter
(Asmara, 2024). Deterioration of concrete structure considering the urban environmental factors are discussed by same author
(Asmara, 2024). The multi-scale modelling techniques for concrete deterioration carried out using numerical methods (Salim,
Andrey, Jivkov, & Das, 2023). The deterioration procedure of reinforced concrete for the chloride attack and crack widths
evaluated (Li & Wang, 2024). The role of Markovian deterioration models in controlling civil infrastructure by optimizing
maintenance decisions based on safety, condition, and life-cycle cost considerations was studied in (Frangopol & Liu, 2007).
Similarly, in another study found methods to evaluate transition probabilities of infrastructure using condition rating data,
providing a foundation for more accurate predictions of structural deterioration (Madanat, Mishalani, & Ibrahim, 1995).
The lifetime of infrastructure can be increased by choosing a suitable repair at the proper time. In the last decade, diverse studies
have been governed for the cost-effectiveness of repair. To predict the future state of deteriorated concrete structures through
the Markov process, multiple repair scheduling were studied using a Monte Carlo Simulation. Excel solver platform is used for
recursive equations, to remake the failure state of the building to foresee the demand of the repair actions (Shafiqul, 2021).
To select the most cost-effective repair strategies importance of actual condition assessment carried out as poorly executed
repairs can lead to higher expenses in the long run (Nagataki, 2004).

The effects of cost for repair were analyzed with the help of probabilistic techniques, and effect of design parameters were also
investigated (Jung, Yang, Yang, & Kwon, 2018). Impact on the structure’s lifespan of different repair methods evaluated
(Aruz, 2023). Cost estimation for asphalt and concrete for 100 years has been monitored probabilistically using simulation
(Chan, Keoleian, & Gabler, 2008). The perceptiveness of maintenance capability through model parameters was examined
by (Theil, 2006). An analysis was taken, considering corrective maintenance and early-action maintenance (Chan &
Asgarpoor, 2006). A framework was modeled for implementing optimal asset performance considering treatment
interventions (Khurshid, 2010). Time and condition based design and preservation strategies were documented through life-
cycle cost analysis (Lamptey, Ahmad, Labi, & Sinha, 2005). An analysis was conducted using the Semi-Markov Decision
Process (SMDP) framework to find out a general repair in modeling and solving multi-unit series systems (Najaf & Makis,
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2020). Optimization techniques are highlighted in dynamic programming (Bellman & Dreyfus, 1962). The application of
repair at the proper time can significantly enhance the structural lifespan, reduce maintenance costs, and improve safety.

Available studies mainly concentrated on individual repair strategies rathen then the multiple repair scheduling over the
infrastructure's lifetime. Despite many studies have been done on concrete deterioration and its repair techniques, there is still
little study on simulation-based model that can optimized the repair schedules of infrastructure.

However, determining the most cost-effective repair strategy is often challenging due to the complexity of deterioration patterns
and the variety of available repair techniques. This study establish a simulation-based approach to evaluate repair strategies.
The aim is to identify the most cost-effective repair path by minimizing the total area under the deterioration curve. We utilize
a recursive simulation approach, where repair strategies are applied when the deterioration curve reaches a defined failure
threshold. This approach allows engineers to assess the impact of different repair methods over time and make informed
decisions regarding repair priorities. However, the model proposed in this research will be used as an efficient tool for asset
management of concrete infrastructure.

2. Methodology

Estimating the timetable of a repair plan is complicated, mainly where more methods are available. The workflow of this study
is shown in Figure 1. The first part of the flowchart explains the process to the formation of deterioration curves. The lower
part of the Figure 1 explains the algorithm to find out the possible paths for the optimal shortest route, this loop will run to the
target life, restraining the failure below its limit with the contribution of multiple repair methods. The algorithm is used to find
the shortest possible path considering the cost of repair and time. If the failure hits the limit state, which follows a deterioration
curve, it may use repair option 1 (RM1), repair option 2 (RM2), or repair option 3 (RM3).
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Fig. 1: Flowchart of programming approach
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2.1 Deterioration Model

The accuracy of the prediction of deterioration is significant. Monto-Carlo simulation using the Markov process was
implemented the Monto-Carlo simulation using the Markov process to form the deterioration curve equation (Shafiqul, 2021).
In this study, the deterioration behavior of RC infrastructure used a quadratic equation that was modeled by (Shafiqul, 2021)
implementing the Monto-Carlo simulation using the Markov process. The general form of that equation shown in Eq.1 was
utilized to represent the performance degradation of concrete over time (t) in years, the quadratic nature of the curve, and the
subsequent decline caused by aging and different environmental factors. The equation parameters were chosen to reflect
realistic deterioration patterns observed in concrete structures. This curve was used to evaluate the time-dependent changes in
concrete performance, providing a framework to identify critical time points for repair and to propose optimal repair scheduling.

y = —0.0001t* + 0.0226t ey

Here, y = deterioration level, and t = age of structure in years.

The lower part of the flowchart explains the algorithm searching each possible path to find the optimal shortest route, which
continues until it reaches the target life, restraining the failure below its limit with the contribution of multiple repair methods.
The algorithm is used to find the shortest possible path considering the cost of repair and time. If the failure hit the limit state
which followed a deterioration curve it might use repair option 1 (RM1), repair option 2 (RM2), or repair option 3 (RM3).

2.2 Implementation of Algorithm
The simulation begins by applying the initial deterioration curve; once the curve meets the failure criteria the curve is lowered
by three different values which indicates the improvement of the structure by using three individual repair methods. Table 1.

Showed in the improvement of the structure by implementing different repair methods.

Table 1: Repair methods with percentage of failure reduction

SL. No Repair Method Failure Reduction
01 RM1 10%
02 RM2 13%
03 RM3 15%

The related Python code is shown in Fig 2. At each iteration, the area under the curve up to the failure point is computed using
numerical integration. For this purpose, the quad function was used from SciPy in Python. The total area under deterioration
curves represents the cumulative deterioration, and the minimum area among many possible paths represents the most cost-
effective repair schedule throughout the lifetime of the structure.

# Intersection point finding
intersection_indices = np.where({curve »= failure_criteria)

if len(intersection_indices[@]) » @:
# First intersection with the foilure line
intersection_index = intersection_indices[6][6]
x_intersect = x[intersecticn_index]

# Colculate the ogreg up to the intersection point
def deterioration_function(x_wval):
return -0.0001 * x_val %% 2 + 0.0226 % x_val + c_value

enclosed_area, _ = quad(deterioration_function, x_start, x_intersect)
total_area += enclosed_area

Fig. 2: Code to find out the intersection point and area under deterioration curves

The recursive function simulates the different paths created by applying RM1. RM2, or RM3 at each intersection, tracking the
total area under the curve for each path. In the case of repair method 1 (RM1), the deterioration curve lowered by 10% because
of the improvement of the structure. On the other hand, repair method 2 (RM2), and repair method 3 (RM3) lowered by 13%,
and 15% respectively as already shown in Table 1. The related code is shown in Fig 3.

649



M. Ali & M. S. Islam
ICCEI 2025

# Bronch 1: Apply RM1 (18% improvement of repoired structure)

new_curve_rml = curve.copy()
new_curve_rml[intersection_index:] -= 8.10
simulate_path(new_curve_rml, x_intersect, c_value - 0.10, total_area, path_description + " »> RM1", color='hblue')

#Bronch 2: Apply RMZ (13% improvement of repoired structure)
new_curve_rm2 = curve.copy()

new_curve_rm?2[intersection_index:] -= 6.13
simulate_path(new_curve_rm2, x_intersect, c_value - 0.13, total_area, path_description + " »> RM2",color='green')

# Bronch 3: Apply RM3 (15% improvement of repoired structure)

new_curve_rm3 = curve.copyl()
new_curve_rm3[intersection_index:] -= 6.15
simulate_path(new_curve_rm3, x_intersect, c_value - ©0.15, total_area, path_description + " »» RM3", color='purple')

Fig. 3: programming to apply three repairs

2.3. Optimization Process

The primary objective of this simulation is to identify the most cost-effective repair path, defined as the path with the smallest
total area under the deterioration curve. This total area reflects the cumulative deterioration of structure over time, and
minimizing it is analogous to minimizing repair costs or resource usage while maximizing the service life of the infrastructure.

3. Results

The simulation was done over 60 years for the deterioration curves, with the failure criteria set to 20%. Fig 4., Fig 5., and Fig
6. Showed the graphical representation of deterioration curves when only RM1, RM2, and RM3 are applied, respectively. Fig.
7 shows the graphical representation of possible paths when both of repair methods 1 and 2 are applied simultaneously. Fig. 8
shows the graphical representation of possible paths when both of repair methods 1 and 3 applied simultaneously. Fig.9 shows
the graphical representation of possible paths when both of repair methods 2 and 3 are applied simultaneously. Fig. 10 shows
the graphical representation of possible paths when three repair methods 1, 2, and 3 applied simultaneously.

Deterioration rate vs age of structure with RM2

Deterioration rate vs age of structure with RM1
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Fig. 5: Graphical representation of possible paths with repair method 2 (RM2

Fig. 4: Graphical representation of possible paths with repair method 1 (RM1)
Deterioration rate vs age of structure with RM1 and RM2

Deterioration rate vs age of structure with RM3
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Fig. 6: Graphical representation of possible paths with repair method 3 (RM3) Fig. 7: Graphical representation of possible paths with RM1 and RM2 simultaneously.
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Deterioration rate vs age of structure with RM1 and RM3
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Deterioration rate vs age of structure with RM2 and RM3
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Fig. 8: Graphical representation of possible paths with RM1 and RM3 simultaneously.  Fig. 9: Graphical representation of possible paths with RM1 and RM3

simultaneously.

Deterioration rate vs age of structure with combination of RM1, RM2, &
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Fig. 10: Graphical representation of possible paths with RM1 and RM3 simultaneously.

The repair scheduling and the cumulative area under curves in those different cases are shown in Table 02. The best repair
scheduling (combination of RM2 & RM3 or combination of RM1, RM2, and RM3) for those conditions is Start >> RM2 >>
RM2 >> RM2 >> RM2 >> RM3 >> RM3 which shows minimum area (6.1923380576 unit2) among all other cases. This
represents that the application of repair method 2 (RM2) four times and RM3 two times is the most cost-effective.

Table 02: Cumulative area under different paths and Repair scheduling

Repair Techniques

The area under the
deterioration  curves
(unit)

Repair scheduling

Start -> RM1 -> RM1 ->RM1 -> RM1 -> RM1 -> RM1

RM1 8.519607498899997 ~RMI > RMI > RM]
RM2 7 537497762133331 _S>talr{t]\;l>2 RM2 -> RM2 -> RM2 -> RM2 -> RM2 -> RM2
RM3 6.738250929866665 Start -> RM3 -> RM3 -> RM3 -> RM3 -> RM3 -> RM3

Combination of RM1 and RM2

6.735365276433331

Start -> RM2 -> RM2 -> RM2 -> RM2 -> RM3 -> RM3

Combination of RM1 and RM3

6.334529097766666

Start -> RM1 ->RM3 -> RM3 -> RM3 -> RM3>->RM3

Combination of RM2 and RM3

6.1923380576

Start -> RM2 -> RM2 -> RM2 -> RM2 -> RM3 -> RM3

Combination of RM1, RM2, and
RM3

6.1923380576

Start -> RM2 -> RM2 -> RM2 -> RM2 -> RM3 -> RM3

4. Discussion

The outcomes of this study indicate the potential of simulation-based approaches to optimize maintenance strategies for
deteriorating infrastructure. By modeling suitable deterioration curves and applying various repair methods, engineers can gain
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a deeper understanding of how different strategies affect the long-term performance of the structure following this approach.
The recursive simulation approach provides a comprehensive framework for decision-making, allowing for the evaluation of
multiple repair paths and their associated costs. This model can be adapted to different types of infrastructure, such as bridges,
roads, and buildings, by adjusting the deterioration model and repair strategies. Future work could include incorporating
additional factors such as environmental influences, and other elements to enhance the model’s quality and applicability.

5. Conclusion

This study gives a simulation-based method for optimizing repair strategies for aging infrastructure. This model can be used
for different types of infrastructure with different deterioration curves. The method models the deterioration curve and
implements various types of repair to compute the most economical repair schedule reducing total deterioration. Future research
may enrich the model through dynamic programming and include more complex elements and factors, developing its
applicability to many more infrastructure categories.
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