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Estimation of the Remaining Service Life of Reinforced Concrete Structures Exposed
to Corrosion Using a System-Based Performance Approach: A Cooling Tower Case
Study
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ABSTRACT: Estimating the remaining service life of reinforced concrete structures exposed to
corrosion requires an approach that captures global structural behavior while avoiding the computational
burden of conventional reliability methods. This study proposes a system performance—based analytical—
practical framework for service life prediction. First, the current condition of the structure is assessed
through field tests, including determination of concrete and reinforcing steel strength, reinforcement
corrosion rate, chloride ion penetration depth, and concrete cover thickness. A validated empirical model
is then employed to predict corrosion progression and the time-dependent degradation of mechanical and
geometric properties of structural members. An updated numerical model of the structure is developed,
and a system performance index is defined based on the overstrength factor under gravity loading.
Service life is estimated by tracking the degradation of this index and identifying the time at which
it drops below the performance threshold. Application to an industrial cooling tower showed that the
overstrength factor decreased from 1.08 at 40 years to 0.89 at 60 years, with functional end of life
occurring at 47 years; thus, the remaining life at assessment was 7 years. A strengthening scenario
demonstrated that targeted retrofit of critical members can significantly extend service life. The method
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is computationally efficient and supports rehabilitation decision-making.

1- Introduction

Following the construction of critical infrastructure,
optimal maintenance management is essential to mitigate
localized damage and gradual structural degradation
throughout the life cycle, as improper oversight can lead to
premature failure and excessive repair costs. Consequently,
accurately estimating a structure’s remaining service life is
vital for determining effective maintenance strategies and
end-of-life decisions, while simultaneously serving as a
fundamental requirement for economic feasibility analysis,
asset valuation, and the implementation of Physical Asset
Management (PAM) systems in industry [1]. Two general
approaches for estimating the service life of structures,
data-driven and model-driven, are identified in technical
literature. Data-driven methods are limited to structures with
comprehensive historical data, such as bridges. Model-driven
approaches, including element-based (potentially unrealistic
for overall structure failure) and system-based (focused on
overall performance), exist [2]. However, the use of complex
analytical models for corrosion and reliability analyses in
model-driven estimations is computationally intensive, time-
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consuming, and costly, thereby challenging their practical
application. This study presents a practical analytical
framework for estimating the remaining service life of
reinforced concrete structures exposed to corrosion using a
system performance-based approach. Unlike conventional
element-based methods, the proposed methodology evaluates
the overall structural performance and considers the interaction
between structural members under progressive deterioration.
The framework integrates condition assessment, corrosion
modeling, nonlinear structural analysis, and performance
evaluation to estimate the functional end of life of existing
reinforced concrete structures. The efficiency of this method
is evaluated through a case study on an industrial cooling
tower, and its effectiveness in life estimation and optimal
maintenance planning is confirmed.

2- Methodology

This paper defines the functional lifespan of a structure
as the period until its performance reaches a threshold,
regardless of physical failure. It employs a system-based
performance approach for reinforced concrete structures,
analytically  assessing overall system performance
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condition Assessment of the structure

¢ Visual inspection and documentation review
o Non-destructive identification tests

~~

Determining the deterioration process of
structural members

¢ Selection of corrosion model for members
¢ Verification of the corrosion model with the current
state of the structure

¢ Predicting the status of the structure in the future

~

Modeling, structural analysis and performance
index calculation

o Analysis of intact structure in initial conditions
o Analysis of corroded structures in the future
e Calculation of the structural performance index

g

Determining the remaining life of the structure

¢ Preparation of structural performance curve
o Determining the remaining life ofa structure

Fig. 1. Flowchart of the process of estimating the re-
maining life of structures with a system performance-
based approach.

degradation to determine lifespan. The method involves
four main stages, as shown in “Figure 17, and introduces a
practical, computationally efficient index to represent system
performance, making it suitable for engineering applications.
In the final stage, in order to estimate the lifetime of the
structure, a structural performance curve is prepared, which is
obtained by plotting the calculated values of the performance
index over time, and the end of the structure’s life is determined
from the intersection of the performance loss curve with the
acceptable threshold value of the performance index.

3- Results and Discussion

A reinforced concrete industrial cooling tower with
approximately 40 years of service life was selected as a case
study (“Figure 2”). The structure operates under aggressive
environmental conditions, including cyclic wetting and drying,
chloride exposure, and elevated humidity, which accelerate
reinforcement corrosion and structural deterioration. The
assessment process included visual inspections, review of
technical documents, destructive and non-destructive testing,
chloride penetration measurements, reinforcement sampling,
concrete compressive strength testing, and temperature
measurements at different elevations of the structure. The
results of field investigations indicated that the most severe
deterioration occurred at the upper levels of the cooling tower
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Fig. 2. General view of the studied cooling tower.

beneath the steel diffusers. Significant chloride penetration,
concrete cover deterioration, reinforcement corrosion, and
cracking were observed in these regions.

Concrete  compressive  strengths  ranged  from
approximately 25 to 42 MPa, depending on structural
location, while measured reinforcement corrosion confirmed
a substantial reduction in steel cross-sectional area in heavily
exposed members. Chloride concentration tests revealed
that in nearly 68% of the investigated sections, chloride
content exceeded allowable limits, particularly in upper
structural levels. To predict future deterioration, a corrosion
model based on Fick’s second law of chloride diffusion and
empirical corrosion propagation equations was employed
[3]. The model was calibrated with field data, and corrosion
predictions showed acceptable agreement with observations,
validating its use for deterioration modeling. Corrosion
progression was then estimated for future structural ages of
45, 50, and 60 years. Structural performance was evaluated
using nonlinear static analyses performed in SAP2000 [4].
A system-level performance index based on the structural
overstrength factor was introduced as a practical indicator
of structural safety. The index represents the ratio between
the structural load capacity at the acceptable performance
threshold and the code-prescribed design load level [5].
The intact structure at the time of construction exhibited
an overstrength factor of 1.45, indicating adequate reserve
capacity. However, progressive corrosion caused a gradual
reduction in the strength and stiffness of structural members,
particularly in roof beams where severe chloride exposure
existed. Analyses of corroded structural models showed
that the overstrength factor decreased gradually to 0.89 at
age 60 years. Plastic hinge formation patterns demonstrated
increasing concentration of flexural and shear failures in upper-
level beams as corrosion intensified. Based on the developed
structural performance curve (“Figure 3”), the functional end
of life of the cooling tower was estimated at approximately 47
years after construction. Therefore, considering the current
structural age of 40 years, the remaining service life of the
structure was estimated to be nearly 7 years under normal
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Fig. 3. Performance curve of the studied structure.

operational loading conditions. The study also demonstrated
that targeted strengthening and rehabilitation strategies could
effectively extend the remaining service life of the structure
(from 7 years to over 20 years) by improving the structural
performance curve.

4- Conclusions

This research presented a practical analytical framework
for estimating the remaining service life of corrosion-
affected reinforced concrete structures based on system-
level structural performance evaluation. The proposed

methodology was validated through a case study of an
industrial cooling tower. The proposed framework provides
a computationally efficient and practically applicable tool for
remaining life assessment of deteriorating reinforced concrete
structures. By combining field assessment with system-level
structural analysis, the methodology offers a realistic basis
for maintenance planning, rehabilitation prioritization, and
lifecycle management of industrial infrastructure subjected to
corrosion-induced deterioration.
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1. Condition index

2. Reliability index

3. Risk index

4. Resilience index

5. Robustness index
6. Sustainability index
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Fig. 2. Schematic diagram of determining remaining life using the performance curve of structure.
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1. Demand to Capacity Ratio
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Fig. 3. General view of the studied cooling tower.
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Fig. 4. Different levels of the studied cooling tower.
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Fig. 5. View from level £0.00 to +4.50 (free fall of water)
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Fig. 6. A view of one of the structural beams at level +11.80 with relatively deep visible cracks.
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Fig. 7. Core taking from the cooling tower beam and testing to determine the concrete compressive
strength in the laboratory.

oy (o)ltd Canglio (ialo)] gl sl )55 g (A JS5) ol
Caoglin cojlis L duly 4y () ol § Coradl (i Cons g VAL 15
@ Y ol kel Cawd 4 ) Jods b 4 ol calisewe bla (g)lié
Casbapas s cuedl (i gejl I odelcuna gl a5 ol (S
b Slasuie wlol p.cul ola! Jelge g ooy glas 5 sb S
(O O e Sy s ) Selgs YA ety SlWle
0392 o ol 2 olwd (igmuslpdlS g 4pd Jloel Cupr ailiSiw 95

sokaieds ¢ imaty oyl j3 el Wodly (SuSTy wli8l el Wle o g

VY-

Of $)UES Cunglie (s @ bgye pglad 55 g9 (pS0jke I gl
sl 0045 03)5]

pbl g 05l +V) A Sy oy 5l o plosl (680500 A yolwl

)’l Jobs (glis Cm9l.3.n uai’[m chﬁb"Lo)‘] O O% s lis C~o9l.blo O}o)’i

Cawd 4 Kb K AY Haxe GBlysol b KL Ko \\Fg b ol dg05 duw

cuulm‘ ‘)J‘)J J.M)LL;o VARTAY L )_3])_1 Lf")“” Cu o L J.)Lm &S ol 010

Lol )3 oyl o Cowd & JSblKe YO b ply ey 41,8 Conglie

cilise glajlp slaygin g o ps (g9 p Casdl HiSe cwd YY bl



O9 Canall S o g
+2.00 m oo & 315 50

o3l ol 519 g Cooud] (Wi Cund A JSS

Fig. 8. Schmidt hammer test of the lower-level column of the structure.
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Table 1. Concrete compressive strength values, standard deviation, and coefficient of variation at different
points of the cooling tower structure.
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Fig. 9. Test to determine the tensile strength of rebar.
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Table 2. Results of the tensile strength test of rebar and the reduction in diameter of corroded rebar.
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Fig. 10. Test to determine chloride ions in concrete for profiling.
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Fig. 11. Diagram of the status of different parts of the cooling tower in terms of exceeding the permis-
sible chloride ion limit.
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Fig. 12. An example of test results to determine the amount of chloride and sulfate ion penetration in
one of the structural beams (level +10.05).
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Fig. 13. An example of measuring concrete cover in a
column of the structure.
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Table 3. Results of rebar reduction calculations based on the selected corrosion model.
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Fig. 14. Overview of the analytical model of the studied structure in the SAP2000 software.
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Table 4. Mechanical properties of concrete and rebars in the analytical model of the intact structure.
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Fig. 15. Results of static nonlinear analysis (plastic hinges) of intact structure in case of S=1.0
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Fig. 16. Results of static nonlinear analysis (plastic hinges) of intact structure in case of S=1.45.
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Table 5. Mechanical properties of concrete and rebar in the analytical model of corroded structure.
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Fig. 17. Results of static nonlinear analysis (plastic hinges) of a 40-year-old structure in the case of S=1.08.
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Fig. 18. Results of static nonlinear analysis (plastic hinges) of a 45-year-old structure in the case of S=1.02.
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Fig. 19. Results of static nonlinear analysis (plastic hinges) of a 50-year-old structure in the case of S=0.97.
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Fig. 20. Results of static nonlinear analysis (plastic hinges) of a 60-year-old structure in the case of S=0.89.
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Fig. 21. Performance curve of the studied structure.
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Fig. 22. Performance curve of the studied structure in the retrofitted state.
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