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ABSTRACT

Corrosion of reinforcing steel in concrete elements causes minor to major damage in different aspects. It may lead
to spalling of concrete cover, reduction of section’s capacity and can alter the dynamic properties. For the dynamic
properties, natural frequency is to be a reliable indicator of structural integrity that can be utilized in non-destruc-
tive corrosion assessment. Although the correlation between natural frequency and corrosion damage has been
reflected in different experimental programs, few attempts have been made to investigate this relationship in for-
ward modeling and/or structural health monitoring techniques. This can be attributed to the limited available
data, the complex nature of corrosion, and the involvement of multidisciplinary fields. Therefore, this study pre-
sents a numerical attempt to simulate the effect of corrosion damage on the natural frequency of the structure.
The approach relies on simulating the time history response of the structure using a modified Bouc-Wen model
that incorporates the nonlinear effects of corrosion. Then, modal analysis is utilized to assess the change in
dynamic properties in the frequency domain. To finish up, regression algorithms are employed to find optimal
relationship between involved parameters, including corrosion damage as input, and natural frequency as output.
The efficiency of the suggested framework is illustrated in thirteen buildings with cantilevered column lateral
force-resisting system and different levels of corrosion.
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1 Introduction

RC' structures are designed to be durable and to withstand environmental conditions while resisting
different static and dynamic loads [1]. In theory, RC structures are designed to have a long service life
expectancy, however, in practice premature failure of structures can occur due to underlooked responses
or unforeseen events. It has been known for decades that a leading cause of premature structural failure in
RC is corrosion [2]. The deterioration in the existing reinforced concrete (RC) structures, specifically in
chloride-containing environments, has been also referred as corrosion and represents an ongoing global
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problem [3]. When corrosion propagates, steel area is reduced and rust is formed causing tensile stress to be
generated at the interface between the reinforced steel bars and the concrete due to volume expansion. Bond
strength is consequently affected when general corrosion arises [4].

The damage caused by corrosion in the reinforcement alters the functional and dynamical properties of
the reinforced concrete structure, namely natural frequency and damping [5]. The effect of corrosion damage
on dynamic properties has been investigated in different experimental programs. A special emphasis on
vibration-based methods using dynamic parameters, i.e., natural frequencies, mode shapes, and vibration
time-domain responses is noticed in many attempts [6]. However, the effect of corrosion damage on
damping is to be controversial with inconsistent trends recorded in different studies [7]. Therefore, this
study considers only the relationship between natural frequency and corrosion damage.

Several structural problems are known to be magnified by corrosion attack altering the structural
performance and the nonlinear response [8]. Therefore, quantifying the relationship between natural
frequency and corrosion is essential to mitigate premature failure [9]. In addition, this relationship is
considered attractive in non-destructive structural health monitoring settings where there have been
multiple research attempts dealing with vibration-based structural damage detection [10]. Yet, many
constraints arise in this field. They are mainly attributed to the limited available data, the complex nature
of corrosion, and the involvement of multidisciplinary fields.

Many attempts have shed light on the powerfulness of using dynamic behavior alteration as a way to detect
damage in structures. In their study, Zhang et al. [11] asserted that when the dynamic response of bridge
structures is measured from vibration tests, it could be employed in the assessment of the structural health
and safety conditions. Surprisingly, this technique has been revealed since early last decade when Mazurek
et al. [12] assumed that the deterioration level of a structure is quantifiable using vibrational analysis.

Marc et al. [13] added that an enhanced opportunity to detect damage in reinforced concrete structures lies
in the nonlinear dynamic signs. Mode shape changes and frequency response functions are studied and
compared to be employed in damage detection [14]. Accordingly, Quy et al. pioneered an experimental
study [15], on the minaret (24.25 m high) of Hacilar mosque where the dynamic system characteristics
variation served as the leading mean to detect the cracks and their locations. Owolabi et al. [14] were
among the first scientists to deal with frequency variation as a damage detector in reinforced concrete
beams. In their study, they quantified the variations in the first three natural frequencies and their
corresponding amplitudes in an attempt to present a damage detection scheme for RC beams.

Based on what is mentioned above, corrosion in steel bars is shown to cause perturbations in the
structural integration of Reinforced Concrete (RC) elements. In terms of the mechanical properties, a
clear and certain distraction of the load-deflection behavior is spotted. Such differences induce a
modification in the dynamical behavior of the aforementioned elements too. As a result, the seismic
behavior of RC elements and buildings is interrupted when corrosion enters the game.

The revealed alterations in the structural parameters are of high importance and should be regarded
carefully as they influence the safety of occupants and users of the structure.

In this study, a numerical attempt to simulate the effect of corrosion damage on the variation of the
natural frequency of the structure is presented. The approach relies on simulating the time history
response of the structure using a modified Bouc-Wen model that incorporates the nonlinear effects of
corrosion. Then, a modal analysis is utilized to assess the change in natural frequency [16]. Lastly,
machine learning regression algorithms in MATLAB® (Regression Learner App) are employed to find the
optimal relationship between input structural properties, including corrosion damage, and natural
frequency. The presented framework is illustrated using thirteen RC multistory buildings. All the
buildings are made of a cantilevered-column lateral resisting system and each building is subjected to
seven different levels of corrosion. The results derived denote a promising quantitative relationship
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between corrosion damage and natural frequency variation of multistory building with cantilevered column
lateral resisting system. They also serve as a reference for future investigations of other types of lateral
resisting RC systems.

2 Numerical Modeling

A full numerical framework for simulating the behavior of corroded reinforced concrete buildings is
presented in this study. The suggested approach relies on simulating the dynamic time history response of
the corroded building, under dynamic loads, based on the Bouc-wen algorithm [17] and by modifying it
to incorporate the effect of corrosion damage. Then, the response at different corrosion levels is fed into
output-only model analysis algorithms to extract the variation in the natural frequency of the structure
[18]. Finally, machine learning tools are employed to derive a quantitative relationship between natural
frequency, corrosion damage and various structural parameters. For this study, the corrosion level
represents the loss in cross-sectional area of steel bars. It is worth mentioning that the computer code for
the numerical simulation was written on MATLAB ® version R2018a. OoMA toolbox and machine
learning toolbox in MATLAB ® were utilized for output-only modal analysis and for regression analysis,
respectively, as detailed in this section.

2.1 Time History Analysis

2.1.1 Hysteretic Model

Structures under dynamic loads are subjected to hysteretic behavior. However, under repeated cyclic
loadings, there are continuous deformations and deterioration of the reinforced concrete structures [19].
Limited hysterical models are capable of accurately representing the deteriorating and non-linear
hysteretic behavior of RC structures. This study employs the Bouc-wen model for this task as it has
proven successful performance in different studies, [1] and [20] as examples. This model is known for its
versatility and mathematical tractability which has made it popular in different engineering problems,
including multi-degree of freedom systems [21]. It has also been utilized to analyze seismic excitation
and dynamic response, to forecast the health of an RC structure, and to estimate the nonlinear behavior of
the structure under low and high excitation, which is the case in this study. Moreover, Bouc-wen has
gained experimental and numerical validation through the years.

The Bouc-wen model is a modification of the well-known equation of motion (Eq. (1)) that adds several
control parameters to capture the non-linear hysterical performance of the system, as described below:

The equation of motion is:
My + Cy+Rr = F() (1)

where M is the system mass, C is the damping, Rr is the system nonlinear restoring force, the over dots in
»(¢) variables show the derivatives with respect to time, then j» and y represent acceleration and velocity
respectively and F(¢) is the applied force. Moreover, this equation of motion is developed to correspond
to model and the restoring force is expressed as:

Ry = akiy(t) + (1 — a)kiz(2) (2)

where ok;y(t) represents the linear component, while (1 — o)k;z(¢) is the hysteretic component; ; is the
elastic stiffness of the system, o is the stiffness ratio and z(¢) is the hysteretic displacement, which is
differentiated to become:

2(t) = A9() = (B 201" 2(2) + 930 |=(0) ") 3)

with the initial conditions z(0) = 0. The parameters A. a.f.y and n control the shape of hysteresis loops.
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The equation of motion according to the Bouc-Wen model is expressed:
M3y + Cy(t) + aKy(t) + (1 — a)Kz(t) = —Miiy (1) 4
where i, represents the ground acceleration.

In the adopted numerical setup, the Runge Kutta integration is utilized to determine the system time
history response. This integration method is most suitable for simulating long-term transformations for
dynamical models governed by higher ordinary differential equations [22].

2.1.2 Alteration of Structural Properties

The corrosion mechanism is one of the main reasons for the alteration in structural properties. There are
two different phenomena of corrosion: General corrosion in steel bars is uniform or localized corrosion that
leads to pitting corrosion [23]. Once corrosion initiates along the reinforced steel bar, pitting corrosion occurs
in localized sites. According to [24], the crucially pitting corrosion phenomenon induces local stress
concentrations which highly impacts the fatigue life of structures. As the maximum pitting depth is
considerably higher than uniform penetration, the ratio between pitting and uniform corrosion depths is
taken as a mean value 5.65 to estimate the maximum pitting depth p(z) [25].

After estimating the maximum pitting depth, the remaining area of the steel bar diameter is calculated as
follows:

Dremaining = Dy —P(f) Q)
D .. 9o
MW:O—J%¥E>MW ©)
0

where D is the initial bar diameter in mm, Dyepmaining 1S the bar diameter at any time ¢, p(¢) is the pit depth
from Eq. (2) and A4y, is the relative loss of area in percentages.

Egs. (5) and (6) simulate the reduction in the cross-sectional of steel affecting the cracking and effective
moments of inertia. Consequently, the stiffness (K) of the building, which is a main parameter in the elastic
and inelastic behavior of the Bouc-wen model, is updated according to the different corrosion levels.

In this study, the proposed model in [26] is adopted. This model has been similarly approached in more
recent studies, [27] and [28]. Thus, the prediction curve depicted in Egs. (7) and (8) is believed to be
representative of the actual bond strength behavior at different corrosion levels. It denotes the actual bond

strength behavior, in which corrosion up to 2% depicts an increase in bond strength and decreases
beyond 2% [26].

u, =16.87 for Cp < 2.0 @)
up = 24.7 C;*> for Cp > 2.0 (®)

where u;, is the bond strength, C is the corrosion level in %.

2.1.3 Effect of Slippage

Slippage in the reinforcing bars exhibits a significant magnification under corrosion effects. This leads to
reduced bond strength and therefore additional lateral deformation in the system due to rotational drift, 65. The
deformation of slippage may be as large as the flexural deformation [29] and is calculated as follows [30]:

0, = &ofsdp

(g S v
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where d}, is the tensile steel bar diameter, ¢ is the depth of the neutral axis, f; is the stress in steel bars, & is the
actual strain of the tensile reinforcement at the column joint level, ¢, being the yield strain of steel and d is
the depth to tensile reinforcement from the top.

2.1.4 Total Drift

The Bouc-wen model, with the updated stiffness, is now utilized to determine the total time history
displacement at each time step incorporating the effect of corrosion damage on the structural response
[9]. This approach relies on modifying the initial Bouc-Wen parameters to account for the reduction in
steel bars and the effect of slippage at each floor as per the equation below [31].

Consequently, the strain and stress at each floor level can be determined. Then the rotational slippage is
computed according to the computed stress at each story level and the updated bond strength using Eq. (9).
A, is then computed using Eq. (11) and the total displacement is simulated by summing A; and A, according
to Eq. (10).

At = A1 + Ay (10)
Ay =0, % h (11)

where A,y is the total drift resulting from the modified Bouc-Wen model, A is the drift value caused by the
dynamic loads with updated parameters due to mass loss (elastic and inelastic stiffness), and A, is the
additional drift initiated by slippage.

2.2 Modal Analysis

Modal analysis establishes the dynamic properties of structural systems in the frequency domain which
represents the analysis of mathematical functions or signals with respect to their frequency instead of time. It
is known that a time-domain graph describes how a signal changes over time, whereas a frequency-domain
the graph illustrates the number of signals lying within each given frequency band over a series of
frequencies [7].

For this aim, two major mathematical programming processes are employed to detect the modal
parameters of the structure: Input-Output Modal Analysis and Output-Only Modal Analysis.

An ideal modal analysis incorporates controlling and measuring the excitation to the system. However,
in large-scale civil structures, such as buildings, it is not pertinent to apply controllable excitation to conduct
the classical input—output modal test. This is also revealed in the measurement of the ambient excitation that
may be caused by wind and earthquakes. For this reason, output-only identification methods are favorable in
practice especially when only structural responses are available [32].

For this study, where total displacement values are accessible, the output-only modal analysis tool,
namely Stochastic Subspace Identification (SSI), is used in the next stage.

2.2.1 Stochastic Subspace Identification (SSI )

The data-driven from the Stochastic Subspace Identification is looked at as the most effective tool
among the other known identification techniques in the time domain. The input parametric model is
matched to the raw times series data where its parameters are adjusted to change the way the model fits
the data. The aim is to minimize the deviation between the predicted system response of the model and
the measured system response (measurements) known as calibration. Overschee et al. [33] were the first
to initiate the stochastic subspace identification algorithm (Data-SSI). Robust numerical techniques are
implemented to identify the state space matrices such as QR-factorization, SVD” and least squares. Being
employed in several types of civil engineering structures, the SSI is considered as one of the strongest
and most accurate system identifications in output only [34].

? Singular Value Decomposition.
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2.2.2 Machine Learning

Finding an algorithm that simulates the change of natural frequency with corrosion damage is useful in
different fields, like data assimilation and health monitoring. As an example, a simple non-destructive
measure of the natural frequency of a built structural element could lead to the detection of the level of
corrosion inside its reinforcement. In addition, it is a computationally efficient approach that simplifies
the complicated and multidisciplinary process of simulating modal behavior under corrosion damage.
Though, involving all the above-described methods does not lead to a straightforward relationship
between corrosion and variation of dynamic properties, however, the suggested numerical scheme can be
utilized as a cheap alternative, to experimental programs, to export reliable data. Here comes the need to
introduce a machine learning process, or regression learner, to deal with a large amount of data and
variables present in this study. Therefore, combining the numerical approach that simulates dynamic
response and a regression learner scheme, leads to an optimal numerical relation between corrosion
damage and modal parameters for different structural configuration.

3 Numerical Application

To illustrate the suggested numerical framework, thirteen different building configurations, shown in
Table 1, are utilized. Each building is investigated at eight different levels of corrosion damage: 0, 1.75,
3.5, 75,10, 12.5, 17.5, and 22.5%. The common assumptions employed for modeling of these buildings
are listed below:

1. Cantilevered columns structural system: cantilevered column elements only for lateral resistance.
Identical flat slabs, 15 cm thickness, with no beams in any direction.

Concrete 28-day compressive strength, /. = 35 MPa.

Grade 60 reinforcing bars with yielding strength, f, = 413.7 MPa.

All vertical elements are subjected to the same level of corrosion damage.

AN ol

Total mass contribution in the dynamic analysis at each floor is 95000 kg.

Three only parameters have been modified in each building case: the number of floors, the section of the
columns, and the reinforcement ratio, p.

A
=100 x =2 12
p X Ay (12)

where A4, represents the total reinforcement area in the column and 4, is the cross-section area of the column.

A uniform plan setup displayed in Fig. 1 is considered in each building, where 4 and 3 columns are
placed in the X and Y directions, respectively. The center-to-center span length between each column
equals five meters.

Table 1: Geometrical properties of all buildings

Building groups Building label Number of floors Column’s section Reinforcement ratio, p
Gl Building 1: B1 3 25 cm x 25 cm 1

Building 2: B2 3 25 cm x 25 cm 2

Building 3: B3 3 25 cm X 25 cm 4
G2 Building 4: B4 8 40 cm % 40 cm 1

Building 5: BS 8 40 cm % 40 cm 2

Building 6: B6 8 40 cm x 40 cm 4

(Continued)
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Table 1 (continued)

Building groups  Building label Number of floors Column’s section Reinforcement ratio, p
G3 Building 7: B7 8 50 cm x 50 cm 1
Building 8: BS 8 50 cm x 50 cm 4
Building 9: B9 12 45 cm x 45 cm 4
G4 Building 10: B10 12 60 cm x 60 cm 1
Building 11: B11 12 60 cm x 60 cm 2
Building 12: B12 12 60 cm x 60 cm 4
Building 13: B13 18 60 cm x 60 cm 4
L 500 , 500 , 500 )
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Figure 1: Plan view of the building

3.1 Lateral Load: Pulse

In the simulations, a pulse signal excitation at the top of the building is performed to initiate the dynamic
response. In signal processing, a pulse has an amplitude that changes rapidly and momently from a baseline
value to a higher or lower value succeeded by a direct return to the baseline value [35]. The characteristics of
the pulse signal aid in identifying the frequency content of the system under the simulated various corrosion rates.

3.2 Numerical Results

3.2.1 Lateral Displacement

The total lateral displacement of the corroded RC buildings is obtained using the modified Bouc-Wen
procedure. At each mode, the displacement values are derived before being processed using the SSI’. To
illustrate the buildings’ total displacement, the response of a pulse excitation of building B8, at 0% and 12.5%
corrosion levels is shown in Fig. 2. It is quite clear in both curves that there is a jump to reach maximum
displacement after initial excitation, and then the displacement fades to zero due to the damping effect. The
effect of corrosion damage is evident in the curve with 12.5% corrosion level, where the displacement has a
higher peak and a higher period of oscillation (lower frequency) as compared to the uncorroded displacement
response.

? Stochastic Subspace Identification.
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Figure 2: Total displacement in function of time spotted at two different corrosion levels for the same
building under pulse excitation

3.2.2 Natural Frequency

The natural frequency is detected using Stochastic Subspace Identification. The displacement values
derived using the Bouc-Wen procedure are treated for the first three modes of the three floors buildings,
B1, B2, and B3 and for the first five modes for B3, B4, B5, B6, B7, B8, B9, B10, B11, B12, and B13. In
each building case, under different corrosion levels, the natural frequency values are derived for each
mode, by creating a stabilization diagram using the functions in the OoMA toolbox in MATLAB® to aid
in the selection of stable poles and model order. The adopted stabilization criteria are 2% error in
frequency, 5% error in damping and 98% confidence in mode shape vectors. The corrosion level
0 represents the control state of the building where no theoretical corrosion has been induced yet. The
thirteen buildings are designated as BN, where N represents the number of the building, and x the
theoretical corrosion level in percentage. For illustration, a sample of the results is presented in Fig. 3 for
the 8™ building.

For B8ys, an increase in the natural frequency is remarked at each mode increment. It departs from
1.833 Hz at mode 1 and reaches 27.105 Hz at mode 5. Similar behavior of the natural frequency value is
shown for each corrosion rate of the considered building. The finding above, derived from modified
Bouc-Wen simulation and Modal analysis, can be linked to the basic formulation of the natural frequency
equation which proportionally relates the mode number to the natural frequency.

1, EI
I =\
where f;, is natural frequency, n is the mode number, £ is the modulus of elasticity, / is the second moment of
area, M is the mass per unit length and L is the span length.
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Figure 3: Average Natural Frequencies detected at different corrosion levels for Building 8

B8(10%)

Mode 4

B8(12.5%)

Mode 5

B8(17.5%)
Linear (Mode 5)

B8(22.5%)

It was noted that the drop in frequency is consistent among all the modes. For example, the frequency of
all modes dropped by nearly 1.6% and 8.3% in B83 50, ana B817.5%4, respectively, from their initial value at
the uncorroded state. This is reflected in Fig. 3 where the trend line of mode 5 shows a continuing decrease as

the corrosion level increases.

Next, the change in frequency is documented in percentage (%), as the remaining frequency, in
comparison to the initial frequency of the uncorroded state. For simplicity, the results of the first three
modes are only presented in Table 2, and the results of mode 1 of all buildings in shown in Fig. 4 since a
similar behavior of drop in frequency is remarked among all modes.

Table 2: Frequency variation (%) detected at all corrosion levels (%) for each of the three first modes of all

buildings

Corrosion level (%)

Group number Building number Mode number 0 1.8 3.5 7.5 10 13 18 225
Gl B1 Mode 1 0 026 05 1.08 143 1.77 25 3.19
Mode 2 0 024 049 1.07 141 1.77 248 321
Mode 3 0 024 048 1.05 14 175 248 3.19
B2 Mode 2 0 048 0.89 1.85 2.51 3.15 435 5.67
Mode 2 0 043 085 1.87 249 312 44 57
Mode 3 0 043 086 1.87 249 3.13 441 5.69
B3 Mode 1 0 07 141 3.02 4.02 505 7.17 9.34
Mode 2 0 0.69 139 3.01 4.03 507 7.17 9.31
Mode 3 0 0.69 139 3.01 4.03 507 7.17 9.32

(Continued)
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Table 2 (continued)

Corrosion level (%)

Group number Building number Mode number 0 1.8 35 7.5 10 13 18 225

G2 B4 Mode 1 0 028 058 124 162 206 289 3.75
Mode 2 0 028 058 125 1.66 207 287 3.73
Mode 3 0 028 057 123 163 205 285 3.72
BS Mode 1 0 048 097 212 283 3.55 502 6.52
Mode 2 0 049 099 213 285 3.58 505 6.52
Mode 3 0 049 098 213 284 357 505 6.53
B6 Mode 1 0 077 155 333 447 563 798 10.39
Mode 2 0 0.77 154 334 448 564 799 1041
Mode 3 0 077 155 334 449 564 799 1041
G3 B7 Mode 1 0 031 061 13 173 216 3.02 3.92
Mode 2 0 032 06 129 173 216 3.04 393
Mode 3 0 032 063 129 17 216 3.04 393
B8 Mode 1 0 079 159 345 4.63 582 826 10.75
Mode 2 0 078 157 342 459 579 823 10.71
Mode 3 0 08 16 345 464 583 829 10.77
B9 Mode 1 0 079 1.62 341 456 575 823 10.54
Mode 2 0 08 16 343 462 576 8.17 10.56
Mode 3 0 0.77 159 348 4.64 585 827 10.78
G4 B10 Mode 1 0 031 066 137 181 226 3.15 4.07
Mode 2 0 031 062 133 177 222 3.12 4.02
Mode 3 0 031 062 133 178 224 3.14 4.05
B11 Mode 1 0 053 1.07 233 3.07 3.83 542 7.01
Mode 2 0 052 1.06 228 3.05 3.83 539 6.99
Mode 3 0 052 1.06 227 3.04 3.81 538 6.99
B12 Mode 1 0 083 1.63 353 474 595 844 10.99
Mode 2 0 082 1.62 352 472 594 843 10.99
Mode 3 0 081 1.62 351 471 593 842 10.98
B13 Mode 1 0 083 1.65 336 482 621 853 10.97
Mode 2 0 086 1.68 356 482 596 852 11.15
Mode 3 0 084 1.69 3.68 477 6.17 847 11.18

In Fig. 4, the corrosion level is shown to affect the natural frequency for each of the considered building
cases. A common variation trend is observed among all buildings, where the natural frequency variation
increases with the increase of the corrosion level at all modes.
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Figure 4: Frequency variation (%) with respect to the Corrosion level (%) at the first mode of each building
under excitation load

On the other hand, the results indicate that the impact of corrosion on the drop in frequency is altered by
several parameters. Back to Table 2, buildings are grouped as G1, G2, G3, and G4 where each group has the
same number of floors and column sections, namely stiffness, while only the steel ratio p is varied between
the 3 building cases of each group (1%, 2% and 4%). This allows for further insight into the effect of p. It is
worth noting that buildings B9 and B13 do not belong to any group since they have different floor numbers
and/or column sections, thus they do not match the grouping criteria employed in this section. Their main
purpose is to generalize and randomize the training data and the validation.

It is evident from Fig. 5 that the effect of corrosion is magnified as the steel ratio increases, resulting in a
higher frequency variation at similar levels of corrosion. For example, in group G1, buildings are composed
of 3 floors, and the columns’ section is 45 X 45 cm. When the columns reinforcement ratio, p, is set to be 1%,
the natural frequency drops by 3.19% when 22.5% corrosion rate is applied in mode 3. However, the
frequency variation is higher at 5.59% and 9.32% for the same corrosion level and mode number in
buildings B2 and B3 respectively. This is also revealed in G2, G3, and G4, where a higher reinforcement
ratio leads to a higher frequency variation when corrosion attacks the building.

Another finding can be spotted when investigating the effect of the remaining input variables. Although
less significant, the dimensions of the building’s structural elements appear to impact the results. For
example, buildings B4 and B7 have the same input variable with only variation in the columns section,
however, the drop in frequency is slightly more revealed in the building where larger column sections
exist. The average variation in frequency is higher by 6% in building B7 in comparison to building B4 at
different corrosion levels, as expressed in Fig. 6.
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Figure 5: Frequency variation of group G1 buildings at each corrosion level for the first three modes
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Figure 6: Frequency variation vs. corrosion level (%) for buildings B4 and B7

The effect of column size can be also confirmed when comparing B9 with B12, where the building with
a larger column section, B12, witnessed a higher frequency drop at all corrosion levels. The same conclusion
can be drawn when comparing B6 with B8, the drop in frequency is consistently more significant in stiffer
buildings for all levels of corrosion.
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3.3 Regression Analysis and Machine Learning

The interpretation of the adopted numerical approach leads to consistent outcomes. This shed the light
on the possibility of deriving a correlation between the different involved parameters that can be used as a
cheaper and more practical alternative for full numerical modeling. For this aim, many classical and
advanced statistical methods can be used. Using the analysis of results found in the previous section,
three input parameters were selected as predictors for drop in frequency, dF (in %), expected when
corrosion attacks the building. The parameters are column dimension 4 (in cm), steel ratio in columns p
(in %), and the corrosion level in columns, CL (in %). It is confirmed afterward using p-values in
regression analysis, that all these parameters are significant to simulate the drop in frequency.

In this study, the extracted data is processed with two different methods: First, using the simplest known
regression technique, the Multivariate Linear Regression Analysis (MLRA), and then using the best fitting
model in the machine learning toolbox in MATLAB®, known as the regression learner APP. 25% of data are
not used in the model training process and are left out for model validation.

3.3.1 Multivariate Linear Regression Analysis (MLRA)

The widely used multivariate regression analysis is employed to merge all the results derived from the
above-explained procedures. MLRA is noticeably similar to the simple linear regression model. Yet, it deals
with multiple independent variables contributing to the dependent variable.

Based on an MLRA", an equation to describe the statistical relationship between one or more predictor
variables and the response variable is generated:

dF = —3.55+0.0161 h +1.032 p + 0.341 CL (14)

The R square value of the regression model was found to be 0.89, which means that 89% of the predicted
values fit the regression analysis model. In other words, 89% of the dependent variables are explained by the
independent variables (%, p, and CL) along with the assigned coefficients. Moreover, the p-value for all
coefficients was found to be below 0.05, indicating that all these parameters can be assumed correlated to
the drop in frequency. Although, these regression parameters, the R-square and the p-values, make this
approach sound promising, when investigating the predicted response vs. the actual data, as presented in
Fig. 3, anomalies of the MLRA model can be captured.

The 45° line in Fig. 7a serves as the reference line between the true response (simulated data) and the
predicted response from the trained linear model. It is obvious from both graphs, (a) and (b), that the model is
biased and is not providing proper prediction along the range of the response. This assures that multi-variate
linear regression is not the best-fit model with an evident non-linear residual trend as shown in the graph and
a high percentage of predicted error reaching up to 600%.

3.3.2 Machine Learning Tool: Squared Exponential Gaussian Process Regression (GPR)

The results derived from the MLRA showed discrepancies when compared to the actual simulated data.
This led to the use of a more advanced statistical analysis approach, by relying on a powerful existing
machine learning tool, the regression learner app in MATLAB®. This tool trains 22 models, on linear
and non-linear analyses basis, for the available data. The best-fit model can be selected based on the
minimum root mean square error (RMSE), as shown in Table 3.

Using this approach on the simulated data, the SE-GPR” was nominated as the optimal model with a
RMSE equals 0.106. The GPR® is a nonparametric, Bayesian approach to regression that is showing
success in the area of machine learning. One of the GPR several benefits is working well on small

* Multivariate Linear Regression Analysis.
° Squared Exponential Gaussian Process Regression.

6 . .
Gaussian Process Regression.
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datasets, which is the case in this study. The Gaussian process aims to calculate the probability distribution
over all admissible functions that fit the data. The GPR works by specifying a prior (on the function space),
calculating the posterior using the training data, and computing the predictive posterior distribution on the
points of interest. Various covariance functions can be incorporated with GPR to completely define the
process’ behavior, such as linear, constant, white Gauss noise, squared exponential, periodic, etc. [36].
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Figure 7: (a) True response vs. predicted response derived using MLRA (b) True Response vs. percentage
error derived using MLRA

Table 3: Root mean square error (RMSE) for 22 trained models using regression learner of MATLAB®

Regression tool RMSE
Linear regression 1.059
Stepwise linear regression 0.45781
Fine tree regression 0.22462
Medium tree regression 0.41565
Coarse tree regression 1.097
Linear support vector machine 1.0765
Quadratic support vector machine 0.280203
Cubic support vector machine 0.21798
Fine gaussian support vector machine 0.28295
Medium gaussian support vector machine 0.30426
Coarse gaussian support vector machine 0.72749
Boosted trees 0.26593
Bagged trees 0.54038
Squared exponential gaussian process regression 0.10655
Matem exponential gaussian process regression 0.10949
Exponential gaussian process regression 0.10981

(Continued)
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Table 3 (continued)

Regression tool RMSE
Rational quadratic gaussian process regression 0.1089
Narrow neural network 0.151
Medium neural network 0.10847
Wide neural network 0.11047
Bilayered neural network 0.12743
Trilayered neural network 1.8269

The input data that has been used in the regression learner app, is based on the proper output data of the
previous phases of this study, and is the same as the one used in the multivariate linear regression analysis.
The predicted dF values used to calibrate the regression models are found using the displacement records
collected from the modified Bou-wen methodology. The corresponding natural frequencies, and the
estimated drop accordingly, are next estimated by the mean of output-only modal analysis at different
modes. Once introduced in the Regression Learner App, very close values of dF to the exact values
simulated by the numerical models are observed.

Moreover, the SE-GPR model yields significantly less error when compared to the MLRA has an RMSE
error of 0.965.

Further investigation of the SE-GPR was performed by plotting the actual data vs. the predicted response
and percentage error from True response as shown in Fig. 8. This graph can be utilized to assess the model
performance. The plot assures the power of the selected model as an optimal fit. Discrepancies are
significantly reduced between actual drops in frequency and the predicted ones, where the points appear
to be very close to the 45° line in Fig. 8a. It is also worth noting that the residuals do not reflect any
evident bias or pattern and a maximum error of 15% is observed in the graph of Fig. 8b.
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Figure 8: (a) True response vs. predicted response derived using SE-GPR (b) True response vs. percentage
error derived using SE-GPR

For additional assessment and validation of the trained models, numerical samples and percent errors of
the left-out data are presented in Table 3 below. The graphical representation of the matching between the
predicted drop in the frequency and the actual drop in frequency of showed in for all left-out data is
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presented in Fig. 9. The average absolute error of the 25% left-out data was found to be around 2% and 80%
using the SE-GPR and MLRA models, respectively. It can be once again concluded from Tables 3, 4 and
Fig. 9 that the SE-GPR approach has a clear advantage over the use of the classical multivariate linear
regression analysis to find the drop in frequency when the corrosion rate, steel reinforcement ratio, and
columns dimensions of the building are known. These regression results confirm that the SE-GPR in this
case, or simulated-data-driven machine learning can act as an efficient alternative to predict the drop in
the natural frequency of buildings due to corrosion damage. It is worth mentioning again that the study’s
tests were limited to thirteen buildings with square cantilevered columns, however, this study opens the
door to utilizing the same approach for more general and complicated structures.
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Figure 9: Predicted error in natural frequency response for the left-out data using SE-GPR and MLRA
regression learner tools

Table 4: Some left-out data showing the actual and predicted drop in frequency values and difference error
for different building scenarios

h p CL Actual Predicted (SE-GPR) Predicted (MLRA) % Error (SE-GPR) % Error (MLRA)

25 4.00 1.75 0.69 0.71 1.69 2.04 145.05
40 1.00 1.75 0.28 0.30 -1.33 8.76 —582.64
25 2.00 35 0.85 0.86 0.04 1.14 —95.41
60 4.00 10 495 475 5.13 -3.99 3.67
25 1.00 12,5 1.77 1.75 1.86 -1.12 5.13
40 1.00 10 1.70 1.65 1.36 —2.95 —19.81
40 4.00 12.5 5.65 5.66 5.52 0.28 —2.22
45 4.00 12.5 5.75 5.74 5.63 —-0.18 —2.22
60 2.00 22.5 7.06 7.02 6.98 —0.58 -1.16

60 4.00 1.75 0.81 0.80 244 —1.48 199.92
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3.4 Model Verification

Validating simulation models is a complex and difficult task in the current general setup. The difficulty

depends on benchmarking against real-time experimental measurements and the few attempts to correlate the
variability of dynamic properties with corrosion damage. However, this has become possible by using
various numerical and experimental measurements listed below:

percentage of displacement

e First, the initial state of the uncorroded structure is examined by matching the outcomes of the

nonlinear behavior of the structure to a typical dynamic analysis of the same structure in
ETABS®. Both modeling techniques are compared for their maximum internal drift showing a
good agreement with a maximum variance of 12%.

e Next, this study uses the experimentally validated approach in other papers, [37-39], to simulate the

effect of steel loss and slippage under seismic loadings so that the effect of corrosion damage is well
depicted.

Furthermore, the overall dynamic performance of the proposed approach was compared with the
experimental program of four double-bent columns presented in [40]. In the current research
attempt, using a modified Bouc-Wen approach, the impact of the slip deformation is estimated to
be between 23%-35% of the total displacement for various building configurations. This
conclusion matches the findings of the experimental investigation elaborated in [40] stating that
the slippage contribution ranges from 25% to 40% of the total lateral displacement as depicted in
Fig. 10. It is noted that the percentage contribution of displacement is defined as 100 times the
ratio of the respective deformation quantity to the total displacement at the same time in Fig. 10.

Lastly, the current study proposes a relationship between corrosion damage and change in natural
frequency using the output-only modal analysis. In this study, an average of 2.43% frequency drop
is expected for an approximately 7.5% corrosion level as can be noted in Table 2. This does not
contradict the results of the experimental program in [7]. Abdul Razak and Choi investigated the
frequency drop in two corroded beams (D1 and D3) with nearly 8% corrosion level, where the
average drop among all modes was found to be around 6.3% and 2% as depicted in Table 5 [7].

Time (sec)

Figure 10: Contribution of displacement components to total lateral displacement [40]
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Table 5: Drop in natural frequency for beams D1 and D3 according to [7]

Drop in natural frequency (%)

Mode Beam D1 Beam D3
1 4.06 1.04
2 4.36 1.68
3 3.74 1.52
4 5.59 4.23
5 7.62 1.76
6 7.94 1.92
7 10.81 2.12
Average 6.30 2.04

4 Conclusion

This study develops a full numerical scheme to predict the drop in the natural frequency of multi-story
buildings at different corrosion levels. The scheme relies on a modified Bouc-Wen algorithm that simulates
the lateral displacement under a pulse excitation. Furthermore, an output-only analysis approach, the SSI, is
employed to detect the natural frequency in the structure. The cheap nature of the numerical scheme is
attractive to simulate sufficient data that can be used in calibrating efficient regression algorithms.

Generally, the numerical results presented herein show that corrosion of reinforcement in the tested
buildings caused significant changes to the modal parameter, namely natural frequency and this converges
with many research attempts, as in [41]. It’s worth mentioning that the simulated drop in frequency in
this study is as well with a close range with the experimental findings of Abdul Razak et al. [7] at similar
corrosion damage.

The results have been interpreted in a way to find a relationship between the different parameters
involved in the study. Using classical and more advanced linear regression techniques has shown that a
relationship exists between the different factors. The SE-GPR application, which is used in machine
learning, is a promising tool for detecting the drop of natural frequency in corroded structures when
further studies are conducted.

It is finally worth emphasizing that the SE-GPR function derived in this study is only limited to
structures that have a braced column-like behavior, however, a similar analogy can be applied for
different types of lateral resisting systems.

In conclusion, the use of numerical modeling in the way enlightened in this study could present a reliable
alternative for simulating the effect of corrosion damage on the dynamic properties of reinforced concrete
structures.
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