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Abstract

This study investigates how historical variability in construction materials influences the
seismic fragility of reinforced concrete (RC) buildings in Bucharest. Mechanical properties
of reinforcing steels (OB37, TOR47, and PC52) and concretes used between 1950 and 2000
are statistically characterized using archival records and experimental data. The analysis
highlights significant discrepancies between prescribed and in situ concrete strengths, as
well as substantial differences in ductility, overstrength, and strength variability among
historical steel types. To evaluate structural implications, a representative 11-storey pre-
1970 RC building is modeled using nonlinear static and incremental dynamic analysis.
The results show markedly lower capacity and higher fragility in the transversal direc-
tion. Time-dependent deterioration is examined by incorporating carbonation-induced
reinforcement corrosion using FIB-based formulations. Even moderate corrosion leads
to measurable reductions in stiffness, ductility, and lateral capacity, producing higher
fragility across all considered damage states. Seismic loss estimations further demonstrate
an increase in expected annual losses for both principal directions when corrosion is consid-
ered. The findings underscore the need for era-specific material models and deterioration
mechanisms to achieve accurate seismic vulnerability assessments of Bucharest’s aging RC
building stock.

Keywords: nonlinear analysis; seismic damage; reinforcing steel; Vrancea intermediate-
depth earthquakes; concrete carbonation: reinforcement corrosion

1. Introduction
Accurate characterization of construction material properties, including monotonic

and cyclic (hysteretic) stress–strain behavior, is fundamental to the reliable seismic vul-
nerability assessment of existing structures. Such quantification enables the development
of realistic nonlinear models that capture degradation mechanisms, stiffness reduction,
and energy dissipation capacity under earthquake loading. Understanding the historical
evolution of construction materials is essential, as the mechanical properties of both con-
crete and reinforcing steel have changed significantly across decades due to variations
in manufacturing processes, quality control practices, and available technologies. These
material transitions directly influence the seismic performance of RC structures and must
therefore be explicitly considered in vulnerability modeling.

The recent study by Pavel et al. [1] synthesizes the evolution of reinforced concrete de-
sign practices in Romania, including moment frames, shear walls, and large panel systems,
and examines how material, detailing, and economic constraints have shaped their seismic
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exposure and vulnerability within the ESRM20 framework [2]. A common strategy for
modeling material strength in nonlinear computational analyses is the adoption of mean
strength values to represent the expected mechanical behavior. This approach has been
applied for the seismic vulnerability assessment of both new and existing structures, as
well. Given the increasing adoption of advanced nonlinear modeling techniques, including
detailed finite-element and fiber-based approaches, the necessity for reliable constitutive
models and material parameters has grown substantially. These models rely on accu-
rate stress–strain relationships to capture essential nonlinear behaviors such as cracking,
yielding, bar buckling, and confinement effects, which are central to predicting failure
mechanisms under strong ground motions. The study of Xiao et al. [3] investigates the
influence of carbonation on the compressive behavior of concrete by testing twenty-seven
prisms under monotonic uniaxial loading, showing that carbonation increases compressive
strength while significantly reducing deformation capacity. Complementary tests on rein-
forced concrete beams and columns demonstrate that carbonation adversely affects global
structural performance, ultimately reducing the earthquake resistance of RC elements. The
study of Diamantopoulos et al. [4] investigates the seismic fragility and risk of reinforced
concrete structures subjected to aging caused by chloride-induced corrosion, identifying
the key parameters influencing corrosion initiation and its impact on seismic performance.
A risk-targeted methodology is proposed to determine minimum cover depths that ensure
an acceptable target risk, validated through the analyses performed on a four-storey RC
building designed to modern code provisions. The research of Kordtabar et al. [5] quantifies
the time-dependent impact of chloride-induced corrosion on the seismic and serviceability
reliability of an RC frame by integrating a corrosion progression model with nonlinear
finite-element analysis and FORM. Results show that corrosion markedly increases fail-
ure probabilities for both seismic damage states and serviceability limits over a 60-year
life span, with initiation time, diffusion coefficient, and rebar diameter emerging as the
dominant uncertainty parameters. In reference [6], a carbonation-induced corrosion model
is integrated into a seismic fragility framework to quantify how environmental factors
such as CO2 concentration, humidity, and temperature degrade the seismic performance
of RC buildings in inland urban environments over time. Results indicate a progressive
increase in damage probabilities and a shrinking safety margin between severe damage
and collapse after the design durability life, highlighting the need to explicitly account for
time-dependent deterioration in seismic assessments of aging RC structures. The study
of Shi et al. [7] evaluates the time-dependent seismic fragility of an offshore bridge by
incorporating both carbonation and chloride-induced corrosion into a degradation-aware
structural model and performing incremental dynamic analysis on its components and
system. Results show that fragility increases markedly over the service life, with the
bridge system consistently more vulnerable than individual components. The paper of
Nigro et al. [8] presents a practice-oriented procedure for assessing the seismic reliability of
existing RC buildings by incorporating carbonation-induced material degradation and us-
ing nonlinear static (pushover) analyses as an efficient alternative to nonlinear time-history
simulations. A case study demonstrates how key parameters, particularly exposure class
and concrete cover, significantly influence the time-dependent seismic reliability of aging
RC buildings constructed prior to modern seismic design principles. In reference [9], an
investigation on how carbonation-induced corrosion, driven by elevated CO2 concentra-
tions in urban and industrial environments, progressively reduces the seismic capacity and
increases the collapse probability of a modern RC moment frame over a 50-year service life
is shown. Using nonlinear static and incremental dynamic analyses at 5-year intervals, the
results show significant time-dependent degradation in both load-bearing performance
and seismic fragility under different environmental exposure scenarios. The paper of
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Zheng et al. [10] proposes a probabilistic framework for time-variant seismic fragility of
high-rise buildings subjected to carbonation-induced corrosion, incorporating Bayesian
updating, analytical corrosion-initiation modeling, and copula-based dependence between
limit states. Application to a 42-storey SFRCT building shows that uncertainties in corrosion
initiation markedly increase seismic demand and fragility, while Gaussian and Clayton
copulas yield similar joint fragilities, with the Clayton copula offering broader applicability.
The paper of Sung and Su [11] evaluates how carbonation-induced neutralization degrades
the seismic capacity of RC bridge columns by deriving time-dependent plastic-hinge prop-
erties, performing pushover analyses, and generating fragility curves and seismic loss
functions over the service life. S-surfaces relating retrofit cost to service time and earth-
quake intensity reveal critical points where costs escalate sharply, enabling optimization of
timely seismic retrofitting strategies. The study of Samanta et al. [12] assesses the seismic
risk of Indian RC wall–frame buildings with low wall density by incorporating both aging-
induced corrosion and sequential ground motions into a performance-based analytical
framework, producing fragility, vulnerability, and annual seismic damage rates for different
corrosion scenarios. Results show that the combined deterioration and repeated shaking
substantially amplify near-collapse risk and financial losses, while the proposed method
quantifies insurance parameters and highlights the importance of including aging and
sequential GM effects in risk-informed mitigation and insurance decisions.

Most existing frameworks rely on idealized material properties or Western European
concrete carbonation constants that do not account for the specific chemical compositions
of Romanian cements used between 1950 and 2000. Furthermore, while previous studies
for Bucharest have utilized simplified fragility curves, they largely overlook the stochastic
nature of the reinforcing steel types and the resulting impact on structural overstrength.
This lack of a localized, statistically based material model constitutes a significant gap
in the current risk assessment of the region. To address this, the objective of this study
is to examine how construction-era variability in material properties influences the seis-
mic vulnerability of reinforced concrete buildings in Bucharest. Regional vulnerability
assessments often rely on simplified assumptions regarding material strengths, deterio-
ration, and structural behavior due to limited historical data and case-study evidence.
This work addresses these limitations by statistically characterizing historical reinforcing
steels and concretes used in the period 1950–2000 and developing probabilistic models
for their mechanical properties. While the probabilistic models developed in this study
leverage the most extensive archival datasets available for Bucharest, it is acknowledged
that these historical records may not fully encompass the inherent spatial variability or
site-specific quality inconsistencies across the city’s entire building stock. These models
are then incorporated into the nonlinear analysis of a representative pre-1970 RC building
to assess how era-specific strength, ductility, and overstrength affect structural capacity
and fragility. The study also integrates carbonation-induced reinforcement corrosion into
the seismic assessment framework to quantify how time-dependent deterioration modifies
capacity curves, fragility functions, and seismic losses. Through this combined material-
and structural-level approach, the research provides a more realistic basis for evaluating
the seismic vulnerability and long-term risk of Bucharest’s aging RC building stock.

2. Statistical Characterization of Historical RC Materials
In this section, probabilistic models are formulated to represent material strengths

and deformation capacities through statistical distributions derived from experimental
datasets and historical records. A brief description of the evolution of construction materials
employed in the period 1940–1990 for the RC structures constructed in Bucharest can be
found in the recent book of Pavel and Ioan [13]. Additional relevant information for this
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study can be found in a book by Avram [14], as well as in a book by Carare [15]. Some
construction details for various RC elements can be found in a paper by Pavel et al. [16].

Prior to the implementation of Eurocode 2-compliant reinforcement standards [17],
three principal categories of steel reinforcement (OL38 or OB37, TOR47 and PC52) were
predominantly utilized in reinforced concrete structures throughout Romania. Among the
three types of reinforcement, the first one was smooth, and the last two were ribbed. The
PC52 steel was introduced in the early ‘60s, while the TOR47 was used until the late ‘60s [15].
OB37 and PC52 were obtained through a hot-rolling process, while TOR47 was fabricated
via cold twisting around the bar axis of hot-rolled round profiles manufactured from OL 38
grade steel at the beginning, which was also used for OB37 reinforcement (or OL 42 in the
subsequent periods). The impact of this procedure on the resulting reinforcement was an
increase of 45–60% of the yield strength, an increase of about 15% of the ultimate strength
and a 40–50% decrease in the ultimate strain [15]. The use of TOR47 was discontinued
owing to a series of deficiencies related to their weldability, the lack of homogeneity in the
rib pitch, or their poor fatigue behavior.

The design strengths of these reinforcing steel types are summarized in Table 1 based
on the design codes for reinforced concrete structures enforced in the period 1950–2000.

Table 1. Nominal design yield strengths of reinforcing steel types according to historical Romanian
design codes (1950–2000).

Reinforcement
Type

Design Strength (N/mm2)

STAS
1546-50 [18] P8-62 [19] STAS

10107/0-76 [20]
STAS

10107/0-90 [21]

OB37 285 210 210 210
TOR47 - 280 - -
PC52 - 290 290 300

Additional relevant information for the three types of reinforcing steel in terms of
minimum yield strengths, ultimate strengths and ultimate strains is reported in Table 2,
based on the values provided in three codes valid in the 1950–1990 period.

Table 2. Prescribed mechanical properties for historical reinforcing steel grade [22–24].

Reinforcement
Type

Code

STAS 438-54 [22] STAS 438-61 [23] STAS 438/1-80 [24]

fy,min
(N/mm2)

fu,min
(N/mm2)

εsu,min
(%)

fy,min
(N/mm2)

fu,min
(N/mm2)

εsu,min
(%)

fy,min
(N/mm2)

fu,min
(N/mm2)

εsu,min
(%)

OB37 220 380 21 240 380 21
235/255 (as a

function of
diameter)

360 25

TOR47 - - - 380 470 10 - - -

PC52 - - - 370 520 18
335/355 (as a

function of
diameter)

510 20

fy,min: minimum yield strength; fu,min: minimum ultimate strength; ϵsu,min: minimum ultimate strain.

An important factor that consistently influences the load-carrying capacity of rein-
forced concrete (RC) elements is the actual strength of the reinforcing steel. Based on an
examination of data reported in multiple studies addressing the temporal variation in
reinforcement strength, the synthesized findings are presented in Figure 1 and Table 3 [25].
Figure 1 illustrates the relative-frequency distributions of both the yield strength and the
ultimate strength for the three investigated steel types: OB37, TOR47 and PC52.
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Figure 1. Relative frequency histograms for: (a) reinforcement yield strength, fy [25]; (b) reinforcement
ultimate strength, fu [25].

Table 3. Statistical parameters for strength ratios and normalized mean strengths of historical
reinforcement.

Reinforcement
Type

Parameter

(fu/fy)—
Median

(fu/fy)—5th
Percentile

(fu/fy)—95th
Percentile fy,mean/fyd fu,mean/fyd

OB37 1.56 1.44 1.68 1.31 2.04
TOR47 1.24 1.01 1.51 1.43 1.77
PC52 1.48 1.32 1.66 1.20 1.78

fyd: design yield strength; fy,mean and fu,mean represent mean yield and ultimate strengths, respectively.

The histograms indicate clear differences in the mechanical performance of the steel
classes. OB37 exhibits the lowest yield-strength values, predominantly ranging between
approximately 220–320 N/mm2, while TOR47 shows a higher and comparatively narrower
distribution centered around 350 N/mm2. In contrast, PC52 demonstrates the highest
yield-strength levels, with peak frequencies occurring near 380–420 N/mm2, suggesting
a more consistent production quality. A similar trend is evident for ultimate strength:
OB37 again occupies the lowest strength range (roughly 380–500 N/mm2), TOR47 displays
intermediate values clustered around 480–520 N/mm2, and PC52 reaches the highest levels,
with a pronounced peak near 520–580 N/mm2.

Overall, the results confirm a progressive increase in both yield and ultimate strength
from OB37 to TOR47 to PC52. The relatively narrow distributions observed for PC52 further
indicate reduced variability, which is beneficial for structural reliability.

Additional parameters that can be evaluated using the available experimental data
include the ratio between the ultimate strength and the yield strength of the reinforcing steel,
as well as the ratio between the mean and the design strength. The former ratio constitutes
a key mechanical indicator in the seismic design of reinforced concrete structures, as it
directly reflects the material’s capacity to sustain inelastic deformations and thus governs
the ductility and energy-dissipation potential of structural members. To quantify these
effects, the relevant statistical parameters were computed assuming a lognormal probability
distribution for both the yield and the ultimate strength. A correlation coefficient of 0.85
between the ultimate and the yield strength was considered according to the JCSS Model
Code [26]. The resulting values are synthesized in Table 3, summarizing the median,
5th percentile and 95th percentile ratios between ultimate strength and yield strength
(fu/fy), as well as the ratio between the mean yield (fy,mean) and ultimate strengths (fu,mean)
normalized and the design strength (fyd).

https://doi.org/10.3390/buildings16071344

https://doi.org/10.3390/buildings16071344


Buildings 2026, 16, 1344 6 of 20

According to Eurocode 2 [17], Type C ductile reinforcement, which is required in
seismic design, must satisfy a fu/fy ratio between 1.15 and 1.35, and the ratio between
the mean and design yield strengths is typically taken as 1.32. When compared with
these reference values, the steels in the table exhibit noticeably different behaviors. OB37
and PC52 show substantially higher fu/fy ratios (median values of 1.56 and 1.48, respec-
tively), indicating a much larger available ductility and strain-hardening capacity than
the upper limit prescribed by Eurocode 2. TOR47, on the other hand, has a median fu/fy

ratio of 1.24, which falls within the Eurocode 2 envelope, although with greater variability
(1.01–1.51). Regarding the overstrength, the values of fy,mean/fyd in the table (1.20–1.43)
show that TOR47 exceeds the Eurocode-based reference value (~1.32), OB37 is close to
it, and PC52 lies slightly below. This confirms that the three historical steel types ex-
hibit different combinations of ductility and overstrength, with OB37 being highly duc-
tile, TOR47 being strong but with limited ductility, and PC52 occupying an intermediate
position. The values in the table show significantly higher overstrengths for all three
historical steel types when compared to this reference. OB37 reaches the highest value
(fu,mean/fyd = 2.04), indicating that its real failure strength is more than double the design
yield strength. PC52 also shows a large reserve (1.78) as well, while TOR47 exhibits a simi-
lar magnitude (1.77), despite its lower ductility. This highlights an important distinction:
although TOR47 has a relatively low fu/fy ratio, meaning limited post-yield ductility, its
absolute failure strength is nonetheless much higher than the code-level design strength. In
contrast, OB37 combines very high ductility with very high ultimate overstrength, making
it particularly robust in terms of deformation capacity and reserve strength. PC52 remains
intermediate in both aspects.

The evaluation of concrete quality differed substantially between the period before
1990 and the period after 1990, reflecting both the statistical treatment of strength data
and the control procedures applied on site. When concrete was classified based on the
mean compressive strength of 20 cm cubes (before 1990), quality control relied primarily
on verifying that the average of a limited number of tests met or exceeded the nominal
class strength. This approach provided only a partial measure of structural reliability, as
the mean strength alone does not characterize the variability of production, nor does it
ensure that a sufficient proportion of specimens meets the design requirements. After 1990,
with the adoption of classification based on the characteristic strength corresponding to the
5th percentile computed using the normal distribution, concrete quality could be assessed
in a more statistically consistent manner. By explicitly accounting for the expected variance
of the results, the characteristic value enabled an evaluation of both central tendency and
variability and thus provided a more robust indicator of the probability that in situ concrete
meets design performance. This shift also aligned quality control with modern limit-state
design principles, where reliability is explicitly quantified through probabilistic models of
material resistance.

Another aspect that must be considered is the progressive increase in the compres-
sive strength of concrete used in residential construction during the second half of the
twentieth century. Throughout the period leading up to 1990, typical concrete grades for
mass-housing and standard residential buildings gradually evolved from C12/15 equiv-
alent mixes toward strengths approaching C20/25, reflecting improvements in material
technology, mix design, and production control [14]. This transition was driven not only
by updated material specifications in successive standards, but also by the increasing
structural demands associated with higher building stock densities, the widespread adop-
tion of large-panel prefabrication systems, and the need for improved performance under
seismic loading. From a quality-assessment perspective, this gradual shift in nominal
strength classes indicates a systematic enhancement of both material consistency and relia-
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bility. Higher-strength concretes typically exhibit lower coefficients of variation, improved
durability, and better performance under cyclic and dynamic actions. The decrease in
the coefficients of variation with the concrete class increase is also adopted in modern
design codes (e.g., Eurocode 2 [17]). Consequently, the upward trend in concrete strength,
together with the post-1990 adoption of the characteristic (5th percentile) strength as the
basis of classification, contributed to a more robust and statistically coherent framework for
evaluating the in-situ quality of concrete and ensuring compliance with reliability-based
design principles.

The statistical analysis of the concrete compressive strength is also relevant for a
thorough understanding of the seismic fragility of RC structures. A comparison between the
mean concrete strengths, the corresponding coefficients of variation and the 5th percentile
computed using the normal probability distribution, as a function of the prescribed class for
concrete cast on-site and for factory-produced concrete for the 1968–1983 period, is shown
in Table 4 [27]. The compressive strength values in Table 4 refer to values obtained from
200 mm cubes. The results from Table 4 reveal that the in situ concrete strength distributions
frequently fell below the 5th percentile requirements, signaling a non-compliance with the
prescribed concrete classes. The coefficient of variation was in almost all cases lower than
the 15% limit specified in the design codes for reinforced concrete structures.

Table 4. Statistical comparison of compressive strength for site-cast and factory-produced concrete
(1968–1983) [27].

Concrete
Class

Concrete Cast In-Situ Factory-Produced Concrete

Mean Coefficient of
Variation

5th
Percentile Mean Coefficient of

Variation
5th

Percentile

C20/25 24 13.2 18.8 30.6 19.5 20.8
C25/30 25.5 13 20.1 33.8 16.7 24.5
C30/37 - - - 42.5 12.1 34.0

All values are expressed in N/mm2. The 5th percentile values are calculated based on a normal distribution.

Concrete cover thickness constitutes another critical parameter governing the cyclic
response of reinforced concrete elements, as inadequate cover can precipitate premature
buckling of longitudinal reinforcement once lateral confinement is lost. In addition, insuffi-
cient cover accelerates deterioration processes such as corrosion, thereby compromising
both the deformation capacity under seismic loading and the long-term durability of the
structural system.

Table 5 reports the minimum concrete cover thicknesses for beams and columns in
reinforced concrete (RC) structures, as prescribed by the design codes applicable during
the period spanning 1950 to 2000.

Table 5. Prescribed minimum concrete cover thicknesses for RC beams and columns (1950–2000).

Structural
Element

Design Strength (N/mm2)

STAS
1546-50 [18] P8-62 [28] STAS

10107/0-76 [20] STAS 10107/0-90 [21]

Beam 25 mm 25 mm 25 mm
20–35 mm (as a function

of the exposure
conditions)

Column 25 mm 25 mm 25 mm
20–35 mm (as a function

of the exposure
conditions)
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3. Benchmark Case Study
The probabilistic characterization of historical reinforcing steels and concretes provides

the foundation for developing realistic nonlinear models of existing RC buildings. However,
the material-level analysis is only the first component of the study. To examine how these
construction-era material properties influence structural response, a pre-1970 RC building
is analyzed separately. This RC building has typical reinforced concrete element detailing,
which reflects common practices of that era, making it suitable as a representative example.
The following section introduces the case-study structure, which is evaluated independently
from the material characterization in Section 2.

The analyzed building is an 11-storey RC structure designed and built before 1970. The
case study is a dedicated office building with a purely open-plan configuration surrounding
a central RC core. The design of the building was performed considering the P13-63
code [29]. The structural layout consists of a central core having a thickness of 30 cm at
the ground storey and 25 cm for the upper stories and RC frames. The beams have a
30 × 80 cm cross-section, while the columns have a rectangular cross-section of 40 × 70 cm.
The boundary elements of the structural walls have a 50 × 50 cm cross-section. The structure
has a height of 41.14 m, with the height of all the stories being 3.74 m. The structural layout
is illustrated in Figure 2, with the dimensions provided in meters. The building utilizes
the exact material classes (OB37 plain reinforcing steel and B250 concrete) characterized
in the first part of this study, ensuring that the structural analysis is grounded in the
historical reality of Romanian construction practice. A fixed-base condition was assumed
to isolate the impact of material variability on structural fragility. While Bucharest’s soft
soils can influence response through Soil–Structure Interaction (SSI), the high stiffness of
the core wall system and the long-period characteristics of Vrancea earthquakes suggest
that a fixed-base model provides a stable and conservative baseline for evaluating the
seismic performance.

 

Figure 2. Structural layout of the analyzed building.

The dynamic properties of the model (eigenperiods and corresponding participation
mass ratios) are given in Table 6. The values shown in Table 6 are obtained using mean
material strengths.
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Table 6. Dynamic properties and mass participation ratios of the 11-storey structural model.

Mode nr. T (sec.)
Mass Participation Ratios (%)

Translation–
Longitudinal

Translation–
Transversal Torsion

1 0.50 0.0 69.3 2.6
2 0.46 0.0 2.4 76.9
3 0.30 71.7 0.0 0.0
4 0.15 0.0 1.7 10.1
5 0.14 0.0 15.2 0.9
6 0.10 8.6 0.0 0.0

The structure was moderately affected by the Vrancea intermediate-depth earthquake
of 4 March 1977 (moment magnitude MW = 7.4 and focal depth of 94 km). Damage was
observed in the coupling beams, the floor slabs, and the boundary elements of the core wall
system [30]. The damage to the boundary elements was concentrated in the bottom four
stories, while the coupling beams and slab damage occurred up to the eighth storey. An
important aspect that was evaluated through non-destructive testing after the earthquake
was the concrete compressive strength in the core walls. The results are reported in Table 7.
The design concrete class was similar to C16/20, with a mean strength of 25 N/mm2. It
can be easily observed from Table 7 that the real concrete strength was significantly lower
than the design one, especially for the bottom stories. In the upper stories, some localized
values approached or exceeded the design mean. However, there is a much larger scatter
in the concrete compressive strengths in the upper stories. This observation is in line
with the results shown in Table 3 regarding the non-compliance of cast-in-situ concretes
with the prescribed classes. It is important to note that for the seismic assessment of the
case-study structure, the concrete strength parameters are not derived from the general
probabilistic framework of the building stock discussed previously. Instead, they are based
on direct in situ measurements obtained from post-earthquake testing, which revealed
actual compressive strengths significantly lower than the original design values, thereby
ensuring the model reflects the true condition of the building.

Table 7. Measured variation in concrete compressive strength across storey levels for the case-study
structure [30].

Storey Concrete Compressive Strength Range
(N/mm2)

Ground 15–20
1 18–20
2 16–20
3 14–17
4 21–23
5 25–28
6 23–24
7 18–26
8 18–20
9 17–29
10 19–28

Data derived from post-1977 earthquake non-destructive testing.

In order to validate the findings from the nonlinear static analysis, an evaluation of
the capacity of the structural walls is performed using the empirical relations proposed
by Abdullah and Wallace [31] and Pavel et al. [32] for the evaluation of the displacement

https://doi.org/10.3390/buildings16071344

https://doi.org/10.3390/buildings16071344


Buildings 2026, 16, 1344 10 of 20

capacity—Equations (1) and (2)—and that proposed by Wood [33] for the susceptibility of
the longitudinal reinforcement fracture—Equation (3).

θcap = 3.85 − λb
α

− νmax

0.83·
√

fck
(1)

logθcap = −1.537 − 1.719·ALR − 0.026
Hw

lw
− 0.023

lw
b
+ 5.08·ρwh + 35.14·ρbh (2)

In Equation (1), λb = lw · c/b2, where lw is the length of the cross-section, c is the
neutral axis depth, b is the thickness of the compression zone of the wall, and α is 60, where
overlapping hoops are used, and 45, where a combination of a single perimeter hoop with
supplemental crossties is used. νmax/

√
fck represents the shear stress ratio.

In Equation (2), ALR is the axial load ratio, HW is the structural wall height, ρwh

is the web horizontal reinforcement ratio, and ρbh is the boundary element horizontal
reinforcement ratio.

I =

(
ρt· fy +

N
Ac

)
fck

(3)

In the equation above, ρt represents the total longitudinal reinforcement ratio, fy is the
reinforcement yield strength, N is the axial force, and Ac denotes the cross-sectional area of
the reinforced concrete structural wall. Values of this indicator below 0.15 suggest that the
RC wall is susceptible to this phenomenon under cyclic loading.

The resulting displacement capacities and of the indicator I, for one longitudinal and
one transversal structural wall, are reported in Table 8. It can be observed from Table 8
that the two structural walls are not susceptible to longitudinal reinforcement rupture.
Noticeable differences between the empirical drift capacities can be observed, as well.

Table 8. Calculated displacement capacities (θcap) and performance indicator I for selected struc-
tural walls.

Direction θcap [31] θcap [32] I [33]

Long. 0.77% 0.47% 0.19
Transv. 1.22% 0.71% 0.22

4. Seismic Capacity and Fragility Assessment of the Case-Study Building
The seismic capacity of the structure is derived via static nonlinear analysis. The

analyses are performed in SeismoStruct software version 2024 [34]. The concrete and
reinforcement are modeled using the Mander et al. [35] hysteretic model and the Menegotto–
Pinto model [36], respectively. The resulting capacity curves for the two principal directions,
together with their corresponding bilinear idealizations, are presented in Figure 3. The
bilinear idealization of the capacity curves was performed in accordance with the equal
energy rule. The stiffness of the linear curve was defined as the secant stiffness at 60% of
the ultimate base shear capacity.

In Figure 3a, the capacity curve in the longitudinal direction displays a higher strength,
reaching spectral accelerations close to 0.47–0.50 g before stabilizing into the plastic range.
As shown in Figure 3b, the transversal direction exhibits a gradual increase in strength
up to a peak spectral acceleration of approximately 0.34 g, followed by a slight post-peak
softening. The bilinear approximations closely match the initial stiffness and the plateau
region of the curve. These bilinear curves are later used to derive the equivalent single-
degree-of-freedom parameters required for subsequent seismic performance assessment.
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(a) (b) 

Figure 3. Pushover curves and corresponding bilinear curves for the case-study structure:
(a) longitudinal direction; (b) transversal direction.

The fragility functions for the analyzed structure are obtained using an approach based
on the Incremental Dynamic Analysis (IDA) [37] and an equivalent single degree of freedom
(SDOF) system. A ground motion dataset consistent with the seismic hazard of Bucharest,
consisting of 20 ground motions recorded in the Bucharest area during the major Vrancea
intermediate-depth earthquakes of 1977, 1986 and 1990, is employed. The dataset has been
previously employed in other studies with the same focus (e.g., [38,39]). The Incremental
Dynamic Analysis used the peak ground acceleration as the scaling intensity measure,
aligning the structural assessment with the seismic hazard definition for Bucharest. Scaling
based on PGA preserves the relative spectral shape of the selected Vrancea ground motions,
which is particularly important for high-rise core wall structures where higher-mode effects
and period elongation are significant factors.

The parameters (median-θ and logarithmic standard deviation-β) of the lognormal
fragility functions are summarized in Table 9. The displacement thresholds corresponding
to each damage state were considered based on the approach from the European Seismic
Risk Model (ESRM20) [40]. The fragility assessment employs a mean structural model
to represent the typical building response, while uncertainties are accounted for through
the total logarithmic standard deviation. The aleatory uncertainty, representing record-
to-record variability, is derived from the dispersion of the IDA results. The epistemic
uncertainty associated with the historical material properties is incorporated analytically
into the total dispersion using the SRSS (Square Root of the Sum of Squares) method.

Table 9. Median (θ) and dispersion (β) parameters for the seismic fragility functions of the
case-study building.

Direction

Damage State

Slight Damage Moderate Damage Extensive Damage Complete Damage

θ (g) β θ (g) β θ (g) β θ (g) β

Long. 0.17 0.44 0.24 0.52 0.39 0.67 0.71 0.77
Transv. 0.16 0.43 0.22 0.52 0.34 0.69 0.62 0.84

The fragility functions for the two principal directions are plotted in Figure 4, illustrat-
ing the probability of exceeding each damage state as a function of PGA and highlighting
the higher vulnerability in the transversal direction for the more severe damage states.
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(a) (b) 

Figure 4. Fragility functions for the case-study structure: (a) longitudinal direction; (b) transversal direction.

5. Time-Dependent Deterioration and Its Effects on Seismic Fragility
and Risk

Carbonation-induced reinforcement corrosion significantly increases the seismic
fragility of reinforced concrete structures by degrading material properties over time.
Carbonation reduces the alkalinity of concrete, initiating corrosion in steel reinforcement,
which leads to reduced cross-sectional area, loss of ductility, and weakened bond strength
between steel and concrete. In reference [41], it is mentioned that a significant reduction
in the elongation at maximum load of 30% and 50% was found for cross-section losses of
15 and 28%, respectively. However, corrosion that causes a more uniform mass loss along
the bar length (as is the case of carbonation-induced corrosion) has little influence on the
mean tensile stress–strain response, since the mean stress is calculated using the uniformly
reduced diameter [42]. In this study, reinforcement degradation is modeled as uniform
(general) corrosion, which is the primary morphological outcome of carbonation-induced
deterioration. While localized pitting corrosion can lead to more significant reductions
in bar cross-sections and premature brittle fracture, it is predominantly associated with
chloride-induced corrosion, a mechanism typically found in coastal regions or areas with
heavy de-icing salt usage. Given that Bucharest is characterized by an inland environ-
ment with negligible chloride exposure, carbonation is the dominant driver of long-term
atmospheric corrosion for the existing RC building stock. Therefore, the uniform corrosion
assumption is considered a representative approximation for assessing the time-dependent
loss of lateral capacity and stiffness.

The equations proposed in [42] for the yield-fyt and ultimate stresses-fut of corroded
bar based on the original cross section area are as follows:

fyt = fy·(1 − 0.017ψ) (4)

fut = fy·(1 − 0.018ψ) (5)

where ψ is the mass loss in percentage and fy and fu are the yield and ultimate stresses of
the uncorroded bar.

The computations for the evaluation of the carbonation-induced corrosion were per-
formed using various documents in the literature (e.g., [43,44]). The carbonation depth at
time t can be estimated using the following equation:

xc(t) = k·tb (6)
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In the above relation, k represents the apparent natural carbonation rate, t is the time
and b = 0.5. Values for the parameter k can be found in the literature for various cement
types and water/cement ratios.

A full probabilistic design approach for the modeling of carbonation depth at time t is
given in [44] or [45] as:

xc(t) =
√

2·ke·kc·R−1
NAC,0·Cs·

√
t·W(t) (7)

where ke is an environmental function, kc is an execution transfer parameter, Cs is the
CO2 concentration in the air, W(t) is a weather function, and R−1

NAC,0 is the inverse effective
carbonation resistance of concrete and is evaluated using the following relation ([44,45]):

R−1
NAC,0 = kt·R−1

ACC,0 + ϵt (8)

where R−1
ACC,0 inverse effective carbonation resistance of dry concrete, determined at a

certain time t0 using the accelerated carbonation test, kt is a regression parameter for the
test effect of the ACC (Accelerated Carbonation Coefficient) test, and εt is an error term for
inaccuracies that occur conditionally when using the ACC test method.

The reduction in the diameter of the reinforcement bar due to corrosion is [46]:

D(t) = Di − icorr·(t − Tinit) (9)

where Di is the initial diameter of the rebar, and icorr is the corrosion rate.
The study of Dhakal and Maekawa [47] shows that two main mechanisms lead to

splitting cracks and, eventually, to the spalling of the concrete cover. First, high compressive
strains damage the cover concrete and create vertical cracks, which reduce its ability to
resist tension. Then, as the longitudinal bar begins to buckle, these cracks widen further
until the cover concrete can no longer provide any tensile resistance and separates from
the core concrete. Analytical models have been developed in the literature (e.g., [48,49]) to
simulate the cyclic behavior of reinforcing steel, many of which explicitly incorporate the
effects of inelastic buckling on strength degradation, stiffness deterioration, and overall
hysteretic response. The study of Yang et al. [50] experimentally investigates the inelastic
buckling behavior of longitudinal reinforcing bars in reinforced concrete columns under
seismic conditions. The parameter λp, proposed by Dhakal and Maekawa [47] to check if
premature buckling of the reinforcement occurs, is:

λp =
L
D
·
√

fy

100
(10)

where L is the buckling length of the longitudinal reinforcing bar, and D is its diameter. If
the value of λp is less than or equal to eight, premature buckling can be avoided.

The reduced concrete cover compressive strength fc* can be evaluated using the model
developed in [51]:

f ∗c =
fc

1 + K ε1
εc0

(11)

where K is a coefficient related to bar roughness and diameter, ε1 is the average tensile
strain of the cracked concrete, and εc0 is the strain at peak compressive stress. ε1 can be
evaluated with the following relation [51]:

ε1 =
b f − b0

b0
(12)
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where b0 is the initial section width before the corrosion initiation, and bf is the increased
section width due to rust expansion and corrosion cracking. An approximation for bf − b0

is as follows [51]:
b f − b0 = no.bars·wcr (13)

where no.bars is the number of rebars under compression, and wcr is the total crack width
for a given corrosion level, which can be computed with the equation [51]:

wcr = 2π(νrs − 1)X (14)

where νrs is the ratio of the volumetric expansion of the rust products with respect to the
initial material (taken as equal to 2), and X is the depth of the corrosion attack.

A simple evaluation of the carbonation depth, considering a time interval of 50 years
and using experimental data shown in [52] in Equation (6), shows that the depth is about
15 mm for an interior environment with relative humidity (RH) above 70% and 28 mm
for an interior environment with relative humidity less than 50%. Consequently, in the
latter case, the carbonation depth exceeded the concrete cover of 25 mm. The apparent
natural carbonation rate is defined as mm/

√
year with a standard deviation of mm/

√
year.

The values of the apparent natural carbonation rate are adopted from the experimental
characterization of CEM I through CEM III cements, the primary binders used in the
case-study era, as established in the specialized research of Moraru [53]. These values
correspond to an XC3 exposure class (moderate humidity) and a mean annual relative
humidity of approximately 65–70%, which are consistent with the multi-decadal climatic
averages of Bucharest. This statistical distribution allows for a probabilistic representation
of the carbonation depth over the structural lifespan. By applying a First Order Reliability
Model (FORM) [54] and considering the concrete cover of 25 mm and a standard deviation
of 10 mm, as well as the parameters mentioned above for K, the exceedance probabilities
in 10, 20 and 50 years are of 17%, 36% and 61%, respectively. This shows that within the
service life of the structure, it is very likely that the carbonation depth exceeds the concrete
cover. The initiation time for the carbonation-induced corrosion is of about 39 years. This
means that, currently, the building has been subjected to such a phenomenon for about
17 years. The reduction in the diameter of the reinforcement bar due to corrosion, consider-
ing a corrosion rate of 1 µA/cm2, is about 0.2 mm. Thus, the reduction in terms of area for
20 mm reinforcing bars, which were employed for the longitudinal reinforcement, is about
1%, while for the 8 mm bars employed for the transversal reinforcement, the reduction
is about 5%. Based on these values, it can be concluded that for the analyzed building,
the yield and ultimate steel strength remain unchanged. The elongation at maximum
load is reduced by 16% for the 8 mm bars and by 10% for the 20 mm bars. The structural
impact of reinforcement corrosion is incorporated into the non-linear model by reducing
the cross-sectional area of the longitudinal and transversal reinforcement. This approach
prioritizes the loss of steel area as the primary driver of capacity degradation. Finally, the
resulting pushover curves and fragility functions for the case-study structure affected by
corrosion are shown in Figures 5 and 6. Considering the actual spacing of the stirrups in
the boundary elements of the case-study structure (150 mm or 200 mm) and the diameter
of the longitudinal bars, premature buckling failure can be expected as the value of the
indicator λp is well above the limit value of 8.
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(a) (b) 

Figure 5. Pushover curves and corresponding bilinear curves for the case-study structure affected by
corrosion: (a) longitudinal direction; (b) transversal direction.

  
(a) (b) 

Figure 6. Fragility functions for the case-study structure affected by corrosion: (a) longitudinal
direction; (b) transversal direction.

Figure 5 illustrates the effect of carbonation-induced reinforcement corrosion on the
seismic capacity of the case-study building. The pushover curves for both principal di-
rections exhibit a reduction in lateral strength and stiffness relative to the uncorroded
condition, consistent with the deterioration mechanisms described in the manuscript. In
the longitudinal direction, the yield point occurs at a slightly lower spectral acceleration,
and the post-yield plateau shortens, reflecting the reduced elongation capacity of corroded
reinforcement and the degradation of concrete cover. In the transversal direction, the
impact is even more pronounced: the peak spectral acceleration decreases noticeably, and
the onset of post-peak softening occurs earlier, confirming the inherently lower capacity
of this direction and its amplified sensitivity to material degradation. These reductions
are consistent with the estimated corrosion-induced losses in ductility (10–16%) and the
expected weakening of boundary elements and web reinforcement. Figure 6 illustrates
the effect of carbonation-induced reinforcement corrosion on the seismic fragility of the
case-study structure, showing a clear increase in the probability of exceeding all damage
states for both principal directions. The fragility curves shift systematically towards lower
PGA values compared to the uncorroded condition, indicating that the building reaches the
same damage levels under weaker ground-motion intensities. This behavior is driven by
the reductions in ductility, stiffness, and post-yield deformation capacity associated with
corrosion, as reflected in the degraded pushover curves.

It has to be mentioned as well that the mean value of the carbonation depth at
50 years evaluated using Equation (7) is about 10 mm for an interior element, a value

https://doi.org/10.3390/buildings16071344

https://doi.org/10.3390/buildings16071344


Buildings 2026, 16, 1344 16 of 20

which is significantly smaller than the one computed using the simplified approach with
Equation (6). Thus, it can be observed that the simplified model gives an upper-bound
estimate of carbonation depth, while the probabilistic model provides a more realistic range.
Using both helps quantify uncertainty in the deterioration process.

The seismic losses, evaluated on a 50,000-year catalog for the Vrancea intermediate-
depth seismic source previously defined in [55], for the four sets of fragility functions
are reported in Table 10, using the model proposed by Martins and Silva [56]. Table 10
quantifies the impact of carbonation-induced reinforcement corrosion on the seismic loss
estimates of the case-study structure. The results clearly show that corrosion leads to an
increase in both mean seismic losses and average annual seismic losses in both structural
directions, an aspect also observed in other studies (e.g., [4,12,57,58]). In the longitudinal
direction, mean losses rise from 3.39% to 4.17%, while annual losses increase from 0.94%
to 1.16%, reflecting a moderate but consistent deterioration in performance. The effect
is more pronounced in the transversal direction, where the structure is inherently more
flexible and vulnerable: mean losses increase from 4.80% to 5.38%, and annual losses
rise from 1.33% to 1.49%. This amplification of losses aligns with the reduced stiffness,
ductility, and lateral capacity observed in the corrosion-affected pushover curves and
fragility functions. Overall, Table 10 demonstrates that even relatively modest levels of
carbonation-induced corrosion produce measurable and meaningful increases in seismic
risk, highlighting the importance of incorporating deterioration mechanisms into long-term
vulnerability and loss assessments for aging RC buildings. While these findings provide
a critical benchmark for similar 8-to-12-storey typologies in Bucharest, they should be
extrapolated to low-rise RC or masonry structures with caution. Lower-rise buildings,
characterized by higher relative stiffness and different dominant failure modes (such as
shear-controlled behavior), may exhibit a different sensitivity to material variability and
corrosion-induced degradation.

Table 10. Comparison of expected annual losses (EALs) and mean damage ratios for the case-study
building in uncorroded and corroded conditions.

Direction Mean Seismic Loss Average Annual Seismic
Loss

Long. 3.39% 0.94%
Long.-corroded 4.17% 1.16%

Transv. 4.80% 1.33%
Transv.-corroded 5.38% 1.49%

6. Conclusions
The analyses presented in this study synthesize historical evidence, material test

data, and probabilistic modeling to evaluate the mechanical properties of concrete and
reinforcing steel used in Bucharest’s reinforced concrete building stock across multiple
construction eras. By integrating archival material datasets, post-earthquake observations,
and statistically derived material models, the research provides a comprehensive overview
of the factors governing seismic performance at the material level. A case-study structure is
employed in order to evaluate the impact of carbonation-induced corrosion on the seismic
fragility. The main observations of the study are summarized below:

• Historical reinforcing steels (OB37, TOR47, and PC52) used for buildings in Romania
in the 1950–1990 period display distinct strength, ductility, and variability profiles,
which must be explicitly reflected in nonlinear modeling.

• In situ concrete strengths for pre-1990 buildings frequently underperform relative to
prescribed classes, contributing to elevated seismic vulnerability.
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• The pre-1970 RC case-study building exhibits significantly lower capacity in the transver-
sal direction, consistent with observed damage during past Vrancea earthquakes.

• Empirical displacement–capacity relationships confirm limited deformation capacity
in the boundary elements.

• Carbonation-induced reinforcement corrosion leads to measurable reductions in stiff-
ness, ductility, and lateral resistance of the case-study structure, even for moderate
corrosion levels.

• Incorporating deterioration models shifts the fragility curves toward lower PGA
values, indicating earlier onset of damage under seismic loading.

• Seismic loss estimates increase in both directions when corrosion is considered, with
greater amplification in the inherently weaker transversal direction.

• The comparison between simplified and probabilistic carbonation models highlights
substantial uncertainty in carbonation depth, underlining the need for material-
specific data.

• The study demonstrates the necessity of integrating material variability, aging effects,
and nonlinear structural behavior into future risk-mitigation and retrofit strategies.

• To mitigate the identified transversal vulnerabilities and the time-dependent effects of
corrosion, several retrofitting strategies can be recommended for the Bucharest build-
ing stock. The most robust approach for the core wall typology involves RC jacketing
of the existing structural walls, which provides both a structural capacity increase and
a protective layer against further carbonation. Additionally, the strategic implementa-
tion of new transversal shear walls or the use of Fiber-Reinforced Polymers (FRPs) at
critical wall boundary regions can effectively restore seismic performance levels.

This study is subject to several limitations stemming from data availability, modeling
assumptions, and the scope of the case-study analysis. The historical material datasets
used to derive probabilistic models originate from past testing campaigns and archival
documents, which may not fully capture the spatial variability and quality inconsistencies
across the entire Bucharest building stock. The structural assessment focuses on a single
pre-1970 RC building, meaning the findings cannot be universally generalized to other
typologies or detailing practices. Simplifications inherent in the equivalent single-degree-
of-freedom representation may understate higher-mode and torsional effects, particularly
relevant for irregular or taller buildings. The carbonation-induced corrosion modeling relies
on assumed environmental exposure, concrete cover conditions, and corrosion rates that
may vary in practice, while degradation of bond strength, confinement, and bar buckling
is represented through simplified analytical relationships rather than detailed nonlinear
modeling. While this study treats the variability of concrete strength and reinforcement
degradation as independent probabilistic variables, it is recognized that in situ construction
quality often exhibits a correlation; specifically, poor-quality concrete may frequently coin-
cide with inadequate detailing or higher susceptibility to steel corrosion due to increased
permeability. Due to the lack of paired historical data in the archives that would allow for
the quantification of such a correlation, it was not explicitly implemented in the current
framework. Future research should prioritize site-specific multi-parameter testing to estab-
lish these statistical correlations, which could further refine the accuracy of time-dependent
fragility estimates for the aging building stock. Additionally, although the ground-motion
dataset is hazard-consistent for Bucharest, alternative ensembles could produce variations
in fragility estimates. Consequently, these limitations highlight the need for expanded
material databases and large-scale, multi-building analyses to generalize these findings
across the broader spectrum of Bucharest’s building stock.
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