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Chloride-induced corrosion is an important factor that affects the durability of
building structures in coastal areas; it causes serious deterioration of reinforced
concrete (RC) structures and leads to structural failure. However, chloride-induced
corrosion is a slow process which spans the whole service life of building structures,
and many factors can affect their service life, such as location, structural design, and
drug management. This paper aims to predict the service life of building structures in
terms of chloride-induced corrosion and through the concept of engineering
vulnerability. It first investigates the model of corrosion initiation of
reinforcement, along with the consequent concrete cover cracking. Second,
according to the characteristics of building structure and corrosion, it determines
an evaluation index system of engineering vulnerability and establishes an evaluation
method of engineering vulnerability, considering that corrosion is based on the AHP
method and fuzzy comprehensive evaluation. Finally, using a case study of a
pharmaceutical factory structure in a coastal city, this study verifies the feasibility
of the assessment method considering corrosion effects.
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Introduction

A marine environment is one of the worst conditions for concrete structures, with marine
concrete structures prone to durability damage due to combined physical, chemical, and
mechanical factors. Among these factors, chloride attack is the main reason for reinforcement
corrosion, concrete cover spalling, decreased bearing capacity, and structural concrete failure.
As major building structures in coastal areas, pharmaceutical factories also suffer from chlorine-
induced reinforcement corrosion, which destroy the passivation film of steel bars and thus
reduce the cross-sectional area. Due to the continuous accumulation of corrosion byproducts,
concrete covers will corrode and crack, leading to early damage to structures and the
attenuation of their bearing capacity—structures may even be unable to meet their normal
use and structural safety performance requirements of their design and use (Du et al., 2005; Jin
et al., 2007; Wu and Yuan, 2008; Luo and NiuSu, 2019; Zhang et al., 2021). Chloride-induced
reinforcement corrosion is one of the main factors affecting the service life of building
structures, and other factors need to be considered in this light. Engineering vulnerability
can fully reflect the potential impact of internal and external factors on building structures and
has been widely used in recent years to guide disaster prevention and mitigation through rapid
response and early prediction (Chen et al., 2020). Therefore, it is very important to correctly
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evaluate the service life of building structures under the influence of
reinforcement corrosion based on the concept of engineering
vulnerability.

Many building structures have long stood in chloride-laden
environments in coastal areas. The corrosion process includes
corrosion initiation of reinforcement (corrosion critical point)
(Apostolopoulos et al., 2013; Wang et al.,, 2013) and concrete cover
cracking (cracking critical point) (Reale and O’Connor, 2012; Jamali
et al., 2013), which have generally been regarded as failure criteria for
assessing the service life of RC structures (Bazant, 1979a; Bitaraf and
Mohammadi, 2008; Matsumura et al., 2008; Pour-Ghaz et al., 2009;
Jang and Oh, 2010; Leonid et al., 2010; AI-Harthy et al., 2011; Guzman
et al,, 2011; Wang et al,, 2018; Tian et al,, 2019). Therefore, a large
number of theoretical models have been investigated to predict these
two important stages (Bazant, 1979a; Bazant, 1979b; Morinaga, 1990;
Liu and Weyers, 1998; Wu, 2006; Maaddawy and Soudki, 2007; Tamer
and Khaled, 2007; Bitaraf and Mohammadi, 2008; Matsumura et al.,
2008; Wang et al., 2008; Pour-Ghaz et al., 2009; Jang and Oh, 2010;
Leonid et al,, 2010; Lu et al., 2010; Zhang et al., 2010; AI-Harthy et al.,
2011; Guzman et al., 2011; Jin and Zhao, 2014; Liu and Yu, 2016;
Zhang et al., 2017; Wang et al., 2018; Tian et al., 2019; Lun et al., 2021).
Such studies have established a strong theoretical background for the
focus of this study.

The current model of the chloride penetration process is based
on Fick’s second law, which is mainly affected by the diffusion
coefficient of chloride ions, the critical concentration of chloride
ions on the surface of reinforcement, the concentration of chloride
ions on the surface of concrete, and the concrete cover depth
(Bitaraf and Mohammadi, 2008; Matsumura et al., 2008; Pour-
Ghaz et al.,, 2009; Wang et al., 2012; Wang et al., 2018; Tian et al,,
2019). Among these, the diffusion coefficient of chloride ion and
the critical concentration of chloride ions are greatly variable and
are important factors which affect the length of the first stage.
Many factors affect the diffusion coefficient of chloride ions, such
as concrete hydration age, temperature, and relative humidity; the
influencing factors are not independent and have a complex non-
linear relationship, so it is difficult to establish a model that
includes all influencing factors.

As another important corrosion stage, the various prediction
models of the time for concrete cover cracking have been widely
studied (Bazant, 1979a; Bazant, 1979b; Morinaga, 1990; Liu and
Weyers, 1998; Wu, 2006; Maaddawy and Soudki, 2007; Tamer and
Khaled, 2007; Wang et al., 2008; Jang and Oh, 2010; Leonid et al., 2010;
Luetal,, 2010; Zhang et al., 2010; AI-Harthy et al., 2011; Guzman et al.,
2011; Jin and Zhao, 2014; Liu and Yu, 2016; Zhang et al.,, 2017; Lun
et al,, 2021). The theoretical models of concrete cover cracking time
have been based on elastic, elastoplastic, damage, or fracture
mechanics—considering the internal relationships between concrete
cover cracking time and basic material parameters (e.g., elastic model,
cover depth, reinforcement diameter, and pore zone thickness) and
other parameters (e.g., temperature, corrosion current density, and
corrosion rate of reinforcement). These models have been established
on a clear mechanical theoretical basis and derivation process, which
can reflect the real dynamic process of rust cracking and meet the
characteristics of concrete cover cracking. However, the versatility of
the prediction models based on different mechanics is still uncertain.

Over their long service, building structures are not only subject to
caused by chloride-induced

the deterioration of concrete

reinforcement corrosion but are also affected by their location,
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engineering design, structural construction, and drug management,
resulting in significant differences in their state, causes of change, and
development trends, similar to the engineering bearing model. This
paper thus introduces the concept of “engineering vulnerability” for
engineering geological disaster prevention research. Engineering
vulnerability is usually investigated using other evaluation methods,
such as analytic hierarchy process and fuzzy comprehensive analysis
(Wang et al, 2022; Wu and Tang, 2022). As a non-engineering
measure, engineering vulnerability has been fully applied in the
evaluation of debris flow hazard in bridge and tunnel engineering
(Xu etal, 2010; Xu et al., 2014), service state evaluation of high-speed
railway subgrade (Chen et al, 2020), and seismic vulnerability
evaluation of concrete structures (Qiang Zhang et al, 2020; Li
et al, 2021; Marasco et al, 2021; Dai et al, 2022). These have
achieved important research results which can fully reflect the
potential impact of internal and external factors on building
structures and provide a more scientific evaluation. There are,
however, few reports on the service-life evaluation of building
structures that consider corrosion effects based on engineering
vulnerability. Therefore, it is of engineering significance to carry
out a two-stage service-life assessment of building structures based
on the concept of engineering vulnerability, considering the various
factors related to the corrosion of building structures.

This study, based on previous service-life assessments in building
structure research, investigates the engineering vulnerability analysis
method for the service life of building structures considering corrosion
effects. The model of the corrosion initiation of reinforcement is
proposed based on Fick’s second law, considering the various
important parameters; the applicability of the existing models
proposed by many scholars for predicting cover cracking time in
building structures is then analyzed to select the most reasonable
cracking model by experimental comparison. Based on the concept of
engineering vulnerability, an evaluation index system for the service
life of building structures considering corrosion effects is established,
and the evaluation results of actual building structures are obtained
using an analytic hierarchy process and fuzzy comprehensive analysis
methods.

Research on service-life prediction of
building structure

Based on previous research into building structure service life,
this paper identifies two stages: corrosion initiation and cover
chloride
concentration on a steel surface reaches a critical value as an

cracking.  Corrosion initiation  occurs  when
important dividing point, indicating that the passive film of the
steel bar has just been destroyed. Concrete cover cracking is a
process from the beginning of reinforcement corrosion to the

concrete cover cracking, which represents the end of service life.

Model investigation for corrosion initiation

When concrete is saturated with water, the law of chloride
penetration through concrete can be expressed based on Fick’s
second law, as indicated by numerous studies (Bitaraf and
Mohammadi, 2008; Matsumura et al., 2008; Pour-Ghaz et al., 2009;
Wang et al., 2012; Wang et al., 2018):
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X

C(x,t,»Q:C{l—erf(W)], 1)

where t;, is the time of structure exposure to the chloride
environment (s), C (x, t,) is the corresponding chloride
concentration at depth x (m) (%/m?), D is the chloride diffusion
coefficient (m?/s), C; is chloride surface concentration (m?/s), and
erf is the Gaussian error function.

e

rf (2) == e 2)

erf (z) =1-erfc(z). (3)

Therefore, Eq. 1 can be expressed as:

C(x,tim) =C; - erfc( (4)

X
2D t;, )
However, in actual concrete structures, the microstructure of the
concrete changes over time, and the effective diffusion coefficient of
chloride ions is not constant but varies; thus, an improved chloride
diffusion coefficient was proposed by Zhu (2017) as follows:

D(t) =

KD, (t0>m) )

(1-m)(1+Rp) \t
where K is the deterioration effect coefficient of the chloride diffusion
performance of concrete; m is the damped exponential, with a value of
0.64; Rp is structural defect parameters; and D, is the chloride
diffusion coefficient of concrete at hydration age of f,, which is
also affected by the w/c ratio, relative humidity, and temperature
(Rodriguez and Hooton, 2003; Tang and Gulikers, 2007). In order to
assess the effect of these parameters on the chloride diffusion
coefficient, the corresponding correction diffusion coefficient D, is
established thus:

D, = ARHATDZS > (6)

where Agy is the correction coefficient for relative humidity RH
(%), Aris the corresponding coefficient for temperature T (K), and
D,g is the chloride diffusion coefficient for a specimen under
standard curing (28 days) (Tang and Gulikers, 2007; Bitaraf and
Mohammadi, 2008).

D28 — 10(—12A06+2,4w/c). (7)

The parameters Agy and Ar can be, respectively, expressed as

~ (1-RH)*]™
/\RH—|:1+7(1_RHC)] > (8)
U/l 1 1
AT = exp[ﬁ (Tn_ T)]’ (9)

where RH, is the threshold relative humidity (RH, = 75), R is the gas

constant, U is the activation energy equal to 35,000 J/mol, and T»g is

the temperature for standard curing on day 28 (293 K).
Substituting Eq. 5 into Eq. 4 leads to

X
KDoty' lfm.
2 \J(1+RD)(1—m)tin

When the critical concentration of chloride ions is C., and the concrete

C(x,ty,) = C;-erfc (10)

cover depth is C, the prediction formula of chloride penetration life
can be obtained as follows:
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o (1+ Rp) (1 -m)C?
" L4KDyt1 [erf ¢! (Coy /CL)

o, (11)

Model investigation for cover cracking

Various models for predicting a corrosion-induced
cracking model

Eight empirical and theoretical models were chosen to predict the
concrete cover cracking time of chloride-contaminated building
structures (Morinaga, 1990; Liu and Weyers, 1998; Wu, 2006;
Maaddawy and Soudki, 2007; Lu et al, 2010; Zhang et al., 2010;
Liuand Yu, 2016; Lun et al., 2021). These models were chosen to check
versatility because they are based on different mechanics theories
which can clearly reflect the variation of concrete corrosion. For a
reasonable comparison between them, each model is briefly described.

Morinaga model (1990)

Morinaga (1990) proposed an expression of cover cracking time
by considering the influencing factors of concrete cover depth,
reinforcement diameter, and current corrosion density based on
experimental data:

0.85

~0.602d (1 +2C/d)

Leorr

cr > (12)
where £, is the concrete cover cracking time (d), C is the concrete
cover depth (mm), d is the reinforcement diameter (mm), and i, is
the corrosion’s current density (10™* g/cm?/year).

This model is the earliest empirical model for predicting concrete
cover cracking time and is easy to compute since the parameters are
readily available. It provided important parameters for later
researchers to establish theoretical models. However, Morinaga did
not consider the influence of the corrosion rate and the thickness of
the porous zone on concrete cover cracking time and also ignored the
process of corrosion byproduct filling the gap between the steel bar
and concrete.

Liu and Weyers model (1998)

Based on theoretical analysis, Liu and Weyers (1998) first obtained
the corrosion quality of steel bars when the concrete cover cracked and
constructed the relationship between the corrosion quality of steel bars
and the cracking time based on the corrosion production rate k; to
express a theoretical model of concrete cracking time as:

w2

— crit X 13
0.196(1/“)'ﬂ'd'icorr ( )

tCV

where £, is the concrete cover cracking time (a), W, is the weight of
the rust product when the concrete cover cracks (mg/mm), « is the
coefficient related to the type of rust product, and i, is the
corrosion’s current density (uA/cm?).

This model is the earliest theoretical model for predicting cover
cracking time and is discussed in research on the expansion process of
corrosion products based on the theory of elasticity, considering the
thickness of the pore area at the junction of concrete and steel bars.
However, Liu and Weyers ignore the influence of the corrosion rate
and cover depth on concrete cover cracking time, and the solution of
Wi is also difficult.
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Wu model (2006)

Based on the theory of elasticity and Faraday’s law of corrosion,
the influence of corrosion current density proposed by Vu and Stewart
(2000) on concrete cover cracking was considered by Wu (2006), who
established a theoretical model of concrete cover cracking time in a
natural corrosion environment as follows:

te = (0.043zdCF (1 — w/c) " **m™p,,)"", (14)

where ., is the concrete cover cracking time (a), m is the molecular
weight of rust products, z is the ionic valence, C is concrete cover
(cm), d is the reinforcement diameter (cm), p,, is the corrosion rate
of the reinforcement when the concrete cover is cracked, F is
Faraday’s constant (value of 96,500 (C)), and w/c is the
water—cement ratio.

Wu’s model effectively combines the factors of corrosion current
density with the corrosion rate of reinforcement based on elastic
mechanics, which have a great influence on the cover cracking time.
However, the versatility of the selected corrosion current density and
the rust expansion force requires further verification.

Maaddawy and Soudki model (2007)

Based on the theory of elasticity, Maaddawy and Soudki (2007)
proposed a mathematical model from corrosion initiation to cracking,
in which some important parameters such as reinforcement diameter,
cover depth, the thickness of the pore area, and corrosion current
density are considered. The prediction model is expressed as

cr

_[7117.5(d + 2dy) (1 + v + v) 2CftJr 2dyE. ¢
N d (1+v+y)(d+2dy) ]|
(15)

icorrEe f

where t, is the concrete cover cracking time (d); E is the effective
modulus of elasticity of concrete, Eof = Ec/(1+¢.,); ¢ is the creep
coefficient of concrete, with the value of 2.0; C is concrete cover (mm);
fi is concrete tensile strength (MPa); d is the reinforcement diameter
(mm); dy is the thickness of the pore area (mm); icop, iS corrosion
current density (uA/cm?); v is Poisson’s ratio of concrete; and y is the
representative, ¥ = Y?/2C(C + Y),Y = d+2d,.

This mathematical model also uses the elastic mechanics theory of
thick-walled cylinders to analyze the relationship between the cover
cracking time and the material properties (E.s do, f, and v), the
importance of which is also considered by certain models. However,
the versatility of the Maaddawy and Soudki model also needs similar
verification as Wu (2006).

Lu et al. model (2010)

Lu et al. (2010) established a model based on the theory of
elasticity and Faraday’s law of corrosion that, when a concrete
cover cracks, the corrosion rate and the theoretical model of
concrete cover cracking time considers the deformation
characteristics of rust products and the entry of rust products into

the crack:

2 2
{(0.3+0.6%)f_¢k|:(ro+C) +rg +Vc:| 1 +%} 1

Eep | (ro+C)*4r2

t, = 234762 (d + kC) x

>

(n - I)icorr
(16)

where t, is the concrete cover cracking time (h); d, is the thickness of
the pore area (mm); k is the correction factor of corrosion depth; # is
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the volume expansion rate of rust products; ry is the thick-walled
cylinder inner radius (mm), 7o = d/2 + dy; icor is the corrosion current
density (pA/cm?); and v, is Poisson’s ratio of concrete.

This theoretical model was developed based on the elasticity
theory and Faraday’s law of corrosion, which consider the influence
on concrete cover cracking time of the deformation characteristics
of rust products and rust byproducts filling cracks. However, like
other models based on elastic mechanics, the adaptability of the Lu
et al. model needs further verification.

Zhang et al. model (2010)

Zhang et al. (2010) proposed a dynamic cracking time model in
two stages—the fine cracking initiation and concrete cover cracking,
considering the effect of initial defects, in which cracking time
contained the solution process of the initial fracture toughness and
the unstable fracture toughness of corrosion-induced cracking after
considering the size effect based on fracture mechanics and double K
theory.

The initiation of fine cracking time is

Tp, [ (R+dy +ui")? - RZ]

Wim' — ; 17
o o — 1.0 ( )
- Wim' 2
tz:’ = ( CV') . (18)
0.39271 - R - icop, (t) -
The concrete cover cracking time is
7. (R + dy + u)* — R?
wy = (R do + i) ] (19)
a; — 1.0
th 2

0.3927 - R - oy (2) - &

where ™, t." is the time to fine crack initiation and the time to
concrete cover cracking (d); u,™, u,"" is the radial displacement; W™,
W is the mass of steel (mg/mm) per unit length of the
reinforcement being consumed by the corrosion process; ps is the
mass density of reinforcing steel; «; is the ratio of the volume of
expansive corrosion byproduct to the volume of iron consumed
during corrosion; and « is the ratio of the molecular weight of iron
to the molecular weight of corrosion products.

Zhang et al. principally considered the coupled effect of initial
micro-crack propagation, corrosion current density, the creep of
concrete cover, and the softening character of concrete on the
concrete cover cracking time under two concrete saturations. They
adopt fracture toughness in fracture mechanics to study the whole
process of cover cracking, considering the influence of the actual
defect in the concrete. However, the expressions of the corrosion
rate and corrosion current density are not reflected.

Liu and Yu model (2016)

Based on the elastic-plastic theory and Faraday’s law of corrosion,
Liu and Yu (2016) developed a uniform rust-expansion thick-walled
cylinder model and prediction model of cover cracking time,
expressed as

) d Af0.486(1+26)] - a
ty = 234762, e

21

where A can be expressed as
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A_4a,(1+v) 0.486* (1 -2v) +1 LA
T E  04862(2-2av-a)+ (2+a)

(22)

where t., is the concrete cover cracking time (h); # is the volume
expansion rate of rust products; A is the average volumetric strain in
the plastic zone; « is the ratio of tensile strength to the compressive
strength of concrete, and a = 6,/0.; v is Poisson’s ratio of concrete.

This model uses the double shear strength criterion and the thick-
walled cylinder theory to perform an elastic—plastic analysis of the
uniform cracking process of the concrete cover, providing a new
research method for corrosion cracking. However, the adaptability of
the model needs further verification.

Lun et al. model (2021)

Based on fracture mechanics and double K theory (Zhang et al., 2010),
Lun et al. (2021) proposed a theoretical model of the natural corrosion of
cover cracking and electrification acceleration which considers the initial
defect shape inside the concrete and the modified corrosion rate formula
of reinforcement, which can be expressed as follows:

The cracking time in a natural corrosive environment:

(23)

0.285p_dC(1 - w/e)** 1
tc,=[ P H( wle) +1] -1,

where H* can be expressed as

3034

H* = exp| 123+ 0.6181nC, — —
eXp[ " T T (25 + RH)

-5x 10_3p], (24)
where ¢, is the concrete cover cracking time (a), p, is the corrosion
rate of reinforcement (%), C, is concrete chloride content (kg/m?), and
p is concrete resistivity (kohm.cm).

Electrically accelerated cracking time:

d(-b + Vb + 4ac)

te =78.3
Leorr * 2a

(25)
where ., is the concrete cover cracking time (d) and a, b, ¢ are the
combination coefficients (Lun et al., 2021).

Both internal and external factors are taken into account in this
model, which truly reflects the influence of corrosion current density
and the initial defect shape inside the concrete on cover cracking; it is
an effectively improved model for predicting the true value of the
actual project, with engineering application significance.

Through the analysis of the aforementioned models, each of the
cracking models are largely different and consider different
parameters based on the mechanical model. However, cover depth,
corrosion current density, and reinforcement diameter have a
relatively large effect on concrete cover cracking time, which are
considered by each predicted model. However, it should be noted
that the units of concrete cover cracking time including time (years,
days, or hours) and current corrosion density (LA/cm” or 10~ g/cm?/
year) need to be calculated and unified. To more effectively compare
the analysis results, the eight different concrete cover cracking time
models need to be normalized regarding these two factors.

Comparison of different concrete cover cracking
time models

In order to quantitatively compare the differences between
different models, the five-year naturally exposed experiments
conducted by Liu and Weyers (1998) was used, which have very
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TABLE 1 Value of basic parameters.

Specimen number S1 S2 S3 S4
2R (mm) 16 16 16 12.7
C (mm) 48 70 27 52
w/c ratio 0.43 0.43 0.45 0.43
C,; (kg/m?) 4.92 4.92 6.02 4.92
T(K) 295 295 295 293

E. (MPa) 27,000 27,000 27,000 27,000
Ve 0.18 0.18 0.18 0.18
[} 2.0 2.0 2.0 2.0
icore (A/cm?) 241 1.79 3.75 1.80
fi (MPa) 33 33 3.3 33
fo (MPa) 31.5 315 35.6 315
Exposure period/a 1.84 3.54 0.72 2.38

persuasive model validation. The experimental data of slabs are listed
in Table 1, which illustrates the specimen numbers, chloride content
(Cy), ambient temperature (T), elastic modulus (E.), Poisson’s ratio
(vo), tensile strength (f;), compressive strength (f.), and corrosion
current density (icorr)-

The computation parameters of the model based on fracture
mechanics are the stable values of K and K% for concrete taken
as 1.034 MPa.m'? and 2.072 MPa.m'/?, respectively (Wu et al., 2001).
The corresponding coefficient variations are 0.061 and 0.073,
respectively, and the initial defect length a is 2 mm.

Using computational analysis, the comparison results with
experimental data are shown in Figure 1, and the ratio of the
experimental results and the calculated results of the different
models are shown in Figure 2. The mean (M) and coefficient of
variation (CV) for the different models are listed in Table 2.

As can be seen in Figure 1, the cracking time results calculated
by each cover cracking model are different. The predicted cracking
time values are almost the same for the theoretical models based on
fracture mechanics proposed by Zhang et al. (2010) and Lun et al.
(2021). These were both close to the experimental results,
indicating that the theoretical model established by fracture
mechanics can accurately predict cracking time. Similarly, Liu
(1998) and Wu (2006)
conclusions and laws, which are based on elastic mechanics.

and Weyers also reach similar
However, the prediction results of Liu and Weyers (1998) are
less than the experimental results, and Wu (2006) shows the
opposite result; this may be related to the different parameters
and modeling processes. Morinaga (1990)—an empirical model
with three parameters—also agrees well with the experimental data,
and the predicted results are the same as Wu (2006). The predicted
results of Liuand Yu (2016) are almost the same as the experimental
results (S1 and S4), but show a big difference (S2 and S4). The
predicted results of Maaddawy and Soudki (2007) and Lu et al.
(2010), which both considered the effective elastic model of
concrete and the tensile strength of concrete, are generally much
smaller than the experimental results. However, these models all

show similar variation with changes in the test data.
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FIGURE 1
Comparison of results of different cover cracking time models.
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FIGURE 2
Comparison of experimental results with results predicted by the
models.

As shown in Figure 2 and Table 2, the mean ratio similarly
ranged from 0.769 (Wu) to 5.356 (Lu et al.), and the coefficient of
the variation of the ratio ranged from 0.003 (Morinaga) to 0.138
(Liu and Yu). Moreover, Lun et al. (2021) proposed a theoretical
model based on fracture mechanics and provided the best results,
with a mean ratio of 0.994 and a coefficient of variation ratio of
0.005; Zhang et al. (2010) also provided excellent results, with a
mean ratio of 1.032 and coefficient of variation ratio of 0.007.
Although Morinaga provided the best results with a coefficient of
variation ratio of 0.003, the mean ratio of 0.796 was poor. The mean
ratio of Liu and Yu (2016) and Lu et al. (2010) is 0.791 and 5.356,
respectively, and the coefficient of variation ratio is 0.138 and
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0.013, which show much dispersion and difference in numbers.
There are thus great differences between the calculated results of
these cracking models and the experiment.

From the aforementioned findings in terms of mean and
variability, Lun et al. (2021) best agree with the experimental data,
which considers more comprehensive factors and the actual situation
of concrete structures.

Through the previous analysis, the service lifetime ¢ of a building
structure includes two parts: corrosion initiation of reinforcement and
concrete cover cracking. The equation of life prediction is

t=ty+to
~ [ (1+Rp)(1-m)C ]_
4KDoty [erf ¢ (Cer JC)]

_ 1.64 1.5
+|:0.285pcrdCI_S w/c) +1] .

(26)

For the same building structure, the service life cycle from chloride
penetration to reinforcement corrosion to concrete cover cracking is
defined, which is the core content of service-life assessment.

Evaluation index system of the
engineering vulnerability of structures

It is well known that, in the long-term service process of
building structures in coastal areas, in addition to chloride-
induced-reinforcement corrosion, they are also affected by
subjective factors such as structural characteristics, engineering
design, and management technology. It is necessary to adopt a
more reasonable evaluation method to evaluate the service life of
building structures, and such evaluation must be based on the
concept of engineering vulnerability for an effective result.
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TABLE 2 Comparisons of cover cracking time obtained from experiments and the predictions of these models.

Reference Result Reference Result Reference Result
Morinaga, (1990) M 0.796 Lu et al. (2010) M 5.356 Liu and Yu, (2016) M 1.032
CvV 0.003 CvV 0.013 CvV 0.007
Liu and Weyers, (1998) M 1.219 Maaddawy and Soudki, (2007) M 3.229 Lun et al. (2021) M 0.994
CvV 0.009 ()% 0.042 CV 0.005
Wu, (2006) M 0.769 Zhang et al. (2010) M 0.791
Ccv 0.008 Cv 0.138

TABLE 3 Probability characteristics of modeling uncertainty parameters (Wei et al., 2008; Li, 2012; DB11637-2015 and Standard for structure comprehensive, 2015;
Zhang and Xu, 2021; Zhang et al., 2020).

Factor

Very high vulnerability

High vulnerability

Moderate
vulnerability

Low vulnerability

Slight vulnerability

Groundwater level
changes C11

Relative position
between them CI12

Frequent and long-term
impacts of high groundwater
level and annual
fluctuation >4 times

<500 m

Groundwater level is high
and fluctuates 3-4 times a
year

500 m-1000 m

Groundwater level is normal
and rises and falls 2-3 times
a year

1000 m-5000 m

Groundwater level is low
and annual rise and fall
change <2 times

5000 m-10000 m

Groundwater level is low
and basically unchanged
throughout the year

>10000 m

Engineering
geological
environment C13

Type of building
structure C21

Beam-column
concrete

strength C22

Concrete cover
thickness C23

Building structural

Extremely complex geological
conditions developed adverse
geological processes

Lime-soil foundation

15% reduction in strength

15% reduction in cover depth

Poor material properties

Poor site stability, poor
geological development

Brick foundation

10% reduction in strength

10% reduction in cover
depth

Low strength and poor

Stable site with small
adverse geological
development

Stone foundation

7% reduction in strength

6% reduction in cover depth

Material has certain strength

Simple terrain and good
geological conditions

Concrete foundation

4% reduction in strength

3% reduction in cover depth

High strength and durability

Good geological
environment

Reinforced concrete
foundation
Strength meets design
requirements
Cover depth meets
requirements

Good material

personnel C31

materials C24 affecting overall structural durability and durability performance, good
performance strength, and durability
Quality of Very poor Poor Medium High Very high
construction

Construction
quality C32

Maintenance
strength C41

Very poor and no
corresponding regulation

No maintenance performed

There are certain quality
problems

Repair after severe
corrosion

Generally, no quality
problem

Corresponding repairs after
obvious corrosion

With corresponding
supervision, quality is better

Regular inspection and
adequate maintenance funds

Strict supervision and
construction according to
design

Regular inspection and
maintenance funds are
abundant

Degree of concrete
deterioration C42

Service life/design
life C43

Types of
medicines C51

Management
strength C52

Cover peeling and falling block

0.8-1.0

More than 30% corrosive drugs

Poor and no corresponding
management

Cover crack width exceeds
limit value

0.6-0.8

Corrosive drugs 20%-30%

Problems with management
systems and requirements

Cover cracking and multiple
cracks

0.4-0.6

Corrosive drugs 10%-20%

Imperfect management
system and requirements

Steel corrosion and intact
cover

0.2-0.4

Corrosive drugs 5%-10%

Corresponding management
system and requirements

No steel corrosion

Less than 5% corrosive
drugs

Strict management system
and requirements

Leakage area C53

Frontiers in Materials

Leakage of corrosive
substances more than 25% per
unit area

Leakage of corrosive
substances less than 25%
per unit area

Leakage of corrosive
substances less than 15% per
unit area

07

Leakage of corrosive
substances less than 5% per
unit area

No leakage of corrosive
substances
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FIGURE 3
Evaluation index system.

Selection of evaluation factors

Based on the understanding that engineering vulnerability
reflects the differences structure, materials,
engineering geological conditions of the engineering body, and

between the

the potentially harmful service environment of the structure, the
selection of building site B1, design factor B2, construction factor B3,
service factor B4, and drug management B5 are selected as first-level
evaluation factors. B1 focuses on the spatial relationship between the
structure and the coastline and the impact of engineering geology at
the location of the structure on the vulnerability of the project
(C11~C13); B2 focuses on the influence of factors such as
structure type and concrete strength (C21~C24); B3 focuses on
the influence of factors such as the quality of construction
personnel and construction quality (C31~C32); B4 focuses on the
influence of factors such as maintenance strength, concrete
deterioration caused by corrosion (C41~C43); B5 focuses on the
influence of factors such as the drug leakage area and drug
management strength (C51~C53) (Table 3).

Build an evaluation index system

According to the factors and their interrelationships

determined in Section 2.1, a hierarchical structure is established

Frontiers in Materials

(Figure 3). It can be divided into three layers: target, class indicator,
and basic indicator. The target layer refers to the overall
vulnerability of the building structure under the action of
chloride corrosion, which is the ultimate goal of the entire
The layer

engineering  geological
construction and maintenance, and the corrosive environment

hierarchy analysis. class index represents the

structure, materials, environment,
characteristics of the structure’s engineering itself. The first-level
evaluation factor of damage evaluation, which analyzes the factors
affecting the first-level evaluation factor, is refined into 15 basic
indicators to characterize the specific characteristics of structure

and corrosion.

Determining index weight by the analytic
hierarchy process

AHP can express each factor in numerical form by introducing an
appropriate judgment scale, thus forming a judgment matrix to
compare the importance of two factors. In this paper, the 1-9 scale
method proposed by Saaty (1980) is used to grade each factor, and the
discriminant matrix of the index factor is established. Under the
condition that the random consistency ratio of the discriminant
matrix is reasonable, the weight values of the indexes at all levels
are obtained (Table 4).
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TABLE 4 Weights of all levels’ indices.

10.3389/fmats.2022.1107378

First-grade index = Weight value = Second index Weight value Second index Weight value = Second index Weight
value
B2 0.15 c12 0.55 C24 024 c43 022
B3 0.18 C13 0.15 c31 0333 Cs1 042
B4 0.26 c21 0.12 C32 0.667 Cs2 028
BS 0.20 c22 0.42 c41 022 Cs3 0.30
Fuzzy comprehensive evaluation (o atay  aitas
method of structural engineering 2 2
ili 1 1 a, +a
vulnerability LN oay  BtE_ o
as —ay
Build index set and alternative set 11 as+a,
u, =4 =+ =sin (x —as3) a3 <x<——, 30b
2 2 2 as —as 2 ( )
The index set is a common set composed of various indexes that 1 1. T as + ay
. . ———sin (x—ayq) <x<ay,
affect the object, which can be expressed as follows: 2 2 a,—as
1 1. as +as
C = (ci, €12, €a1)- (27) 578N (x —ay) ay<x<———:,
57 U4
The alternative set is a collection of various total evaluation 0 xeH +a2’ SBY a4,
results that the evaluation object may make, with V expressed as 2 2
1 1 +
follows: S+ sin (x-a) DX ycq,
a, —a
V= (v, v, -5, v5). (28) I 1. a, + a3
=4 -+=sin x-a A <x<——
Us 2 M . ( 2) 2 5 (30¢)
Each element v; (i = 1,2, ... ,5) represents all possible overall 11 o +a
evaluation results. The purpose of fuzzy evaluation is to obtain the best 373 sin a—a (x —as) = “<x<as,
evaluation results from the alternative set based on a comprehensive L T
consideration of all indicators. The evaluation results of this paper are 373 sin—r (x —as) a;<x< aazﬁ’
set to five levels, expressed as follows: G
ap +a; a, +as
0 x< , X > >
V = (Very high, High, Medium, Low, Slight). (29) 2 2
1 +
+ —sin (x—ay) M<x£al,
2 a, —4ao
; H ; ; = 1+1sin (x—ay) a<x<al+a2
Determination of index membership us=q 3 s ! pexXsTo (30d)
1 1 . a; +a,
The fuzzy relation between the index set and the alternative set can 2 2% 4 (x —a2) <xs<a,
be expressed by the fuzzy relation matrix. R represents the degree of 11 ay + as
membership of each evaluation factor to each grade standard of the 5~ Esin v —a (x —a2) Gy <X =
3742
alternative set, which can be calculated by the following formula to a0 +ay
form a fuzzy matrix. 1 < 5
1 1 . ag + a,;
as +a ~—=sin x—a <a
0 <= P ERERTer (=) 2 b (306)
L= A
1 1 at+a
1 1 s + . 1t
—+ —sin (x—ay) u<x5a4) E—ESll’la “a (x—ay) a<x< 7
w=12"2"a,"a (30a) 2
a+a
11 as+a 177
—+ —sin (x —ay) a4<x§:, 0 2
2 2 as — Ay 2
1 X > as, where ag,ay, '+, as are base factor ratings.
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The fuzzy comprehensive evaluation

The secondary evaluation Cij (ij = 1,2, ... ,5) is a single factor
investigation and calculation result, and the membership matrix of the
secondary evaluation index can be obtained thus:

m Tz " TIis
a1 T 't s

R = m=2,3,5. (31)
Tmi Tm2 " Vms

Combined with Table 2 to get the weight value of each secondary
index, the final fuzzy comprehensive evaluation model can be obtained

as follows:
T T Tis
a1 T 0 Tys
B;=W_.R, = (‘lUl,U)z, Tt ‘lUm) . . A B (32)
Ymi Tm2 *°° Twms
i=1,2,-,5m=2,3,5.
Similarly,
i riz 0 s
Y1 Ty " Ips
E:WBRB = (wlawZ)"'awS) (33)
Tsy sy *** Tss

According to the operation method of fuzzy sets, the membership
degree can be determined by the principle of taking the largest from
the smallest and of taking the largest and the normalized weighted
model, and thence the vulnerability can be finally determined.

Engineering vulnerability of a coastal
pharmaceutical factory

Survey of a coastal pharmaceutical factory

Topography and geomorphology

The pharmaceutical factory is located in the central part of the city
to the southwest. The terrain is gentle from west to south and the
topography belongs to the low platform, about 8.5km from the
coastline, which represents an elevation of 5-25 m.

Stratum lithologic

According to the geological survey report, the pharmaceutical
factory is located in the southwest end of the Dashan fault zone.
Regional tectonic movement is active, regional metamorphism and
magmatic activity are frequent, damage to the stratum is obvious, and
the continuity of the stratum is poor. In addition to the
Mesozoic-Cenozoic stratum, the rocks of other strata are subject to
different degrees of metamorphism.

Meteorology and hydrology
The
characteristics, long summers and short winters, a mild climate,

region has subtropical marine monsoon climate
and abundant rainfall and sunshine. Average annual temperature is
about 22.5°C, with the lowest at 0.2°C and the highest at 38.7°C; the
temperature is above 25°C for half the year. Annual average relative

humidity is 77%, and annual average rainfall is more than
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2000 mm. The rainy season is from April to September, with a
relative humidity of more than 90%. It has a more developed
surface water system, high groundwater level, and belongs to the
Gulf Stream System.

Data survey of service and management periods

The pharmaceutical factory came into operation in 1992, with a
design life of 50 years. In order to reasonably and accurately
evaluate the service life of pharmaceutical factories based on the
concept of engineering vulnerability, it is necessary to combine the
15 established index systems to conduct on-site investigation of
building structures and equipment use to extract relevant data,
such as concrete strength, cover thickness, and chloride ion content
on concrete surface. However, in addition to the technical testing
methods based on various non-destructive and destructive testing
equipment to obtain data, technical and management mechanisms
such as daily inspection statistics, maintenance data, and written
records of drug types provided by the plant are also important
reference materials. To this end, Tables 5, 6 show survey results for
the building structure according to several basic parameters of
typical beam column service state combined with basic structural
parameters.

In summary, the pharmaceutical plant has been in long-term
service in a marine environment with relatively high humid and
annual temperatures in a relatively complex geological
environment. It has adopted a standardized modern enterprise
management system to manage the drugs. The types of corrosive
drugs are less than 10%, and the leakage area of drugs is less than 5%.
This paper investigated 15 indicators of field investigation, with the

specific survey results shown in Table 6.

Engineering vulnerability calculation of
building structure

Calculation of the corrosion initiation of
reinforcement and concrete cover cracking

Based on the engineering parameters provided in Table 5, the time
from chloride corrosion to steel corrosion initiation obtained by Eq. 11
is 28 years, and the concrete cracking time obtained by Eq. 23 is
12 years; this indicates that the service life of the building structure is
40 years. On-site steel inspection revealed that some steel bars were
corroded; slight cracks were also found in some of the columns, which
may be related to a combination of corrosion and loading (Zhang
et al., 2022).

Engineering vulnerability calculation of building
structure service life

According to the operation method of fuzzy sets, the membership
vector of the building structure is calculated by Eqs 27-32 and Table 4 to
be E = (0.106, 0.152, 0.227, 0.468, 0.094), and the maximum value in the
membership vector is 0.468. According to Eq. 29, the engineering
vulnerability of the service life of the building structure is determined
to be low, and the building structure has a strong ability to resist corrosion
risks. During the long-term service of the pharmaceutical factory, the
investigation shows that the maintenance and management of the
building structure are good, which verifies the applicability of the
evaluation model.
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TABLE 5 Field survey data required for model analysis.

Basic variable

Basic variable

10.3389/fmats.2022.1107378

Basic variable Basic variable

2R 20 mm T 298 K dy 12.5 pm K™ 1.034 MPa.m'?
c 30 mm RH 80% C, 2.8 kg/m® K™ 2.072 MPa.m'?
w/c ratio 0.45 Ve 0.18 Cs 3.6 kg/m’ p 10 Kohmem
Beam C35 ¢ 2.0 C., 1.2 kg/m® alc 0.72
Column C45 fi 2.8 MPa n 25 a 2 mm
E. 28,000 MPa fe 34.5 MPa te 30 years

TABLE 6 Survey results of building structure parameters based on the index system.

Investigation factor Survey result

Conclusion

This study investigated two key stages in the service prediction of
building structure—corrosion initiation of reinforcement and
concrete cover cracking—and evaluated the service life of a
building based on the concept of engineering
vulnerability. The following conclusions can be drawn:

structure

1) Based on Fick’s second law, a theoretical model for corrosion
initiation of reinforcement is established by considering the
important parameters of the critical concentration of chloride
ions, chloride ion surface concentration, and the cover depth
and solution of chloride diffusion coefficient, providing a
theoretical basis for predicting the process of chloride
penetration in a marine environment.

2) Comparing the calculation results of eight models of concrete

cover cracking time with the experimental data, a theoretical

model for cover cracking time proposed by Lun et al. (2021) was

chosen with consideration of the important parameters of the

Frontiers in Materials

C11 Groundwater level is normal and rises and falls 2-3 times a year
C12 8.5 km

C13 Stable site with little adverse geological development
21 Reinforced concrete foundation

22 4% reduction in strength

23 3% reduction in cover thickness

C24 Material has certain strength and durability

c31 High

C32 With corresponding supervision, quality is better

C41 Corresponding repairs after obvious corrosion

C42 Steel corrosion and intact cover

C43 0.6

C51 Corrosive drugs between 5% and 10%

C52 With corresponding management systems and requirements
C53 Corrosive substances less than 5% per unit area

1

shape of the initial defects, cover depth, reinforcement
diameter, ambient temperature, relative humidity, concrete
chloride content, and corrosion rate based on the fracture
mechanics theory, which are in good agreement with the
experimental results and effectively predict the service life of
building structures.

An engineering vulnerability evaluation index system for
building structure was constructed. The building location,
design, construction, and service factors, and drug
management were selected as the first-level evaluation
factors, and these were refined to obtain 15 main basic
evaluation factors, with which the range of basic factors was
of AHP method
comprehensive evaluation methodology, the
method of the service life engineering vulnerability of a

building structure was established.

determined. By means and fuzzy

assessment

4) The evaluation method established in this paper was used to
evaluate a pharmaceutical factory in a coastal area. The

evaluation results show that the building structure is of low
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vulnerability, which is consistent with the survey results, indicating
that the method is suitable for the vulnerability of building
structure engineering in coastal areas.
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