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Preface

In a world marked by the relentless force of natural hazards, the imperative to understand and
fortify our built environment against their impact has never been more urgent. Recent destructive
events across the globe serve as poignant reminders of the vulnerability of structures to the whims of
nature. It is against this backdrop that we present this collection, a concerted effort to delve into the
intricate realm of assessing buildings’ resilience against natural hazards.

The emphasis on research in this domain is not merely a scholarly pursuit but a vital necessity
for the safety and well-being of communities worldwide.

This compilation is more than just a repository of insights; it is an invitation to the ingenious
minds and dedicated researchers who have made strides in understanding the complex interplay
between buildings and natural forces. Their work, showcased within these pages, reflects a
commitment to advancing our knowledge and fostering innovative solutions for a safer future.

We extend our heartfelt appreciation to each author who has contributed their expertise, insights,
and time to this endeavor. Their dedication to the pursuit of knowledge and the dissemination of
valuable findings is instrumental in steering the course of scientific inquiry.

Furthermore, our gratitude extends to the visionary publishers who recognize the significance of
disseminating cutting-edge research. Their unwavering support has been indispensable in bringing
this collection to fruition and ensuring its accessibility to a wider audience. The rigorous evaluation
and refinement of the manuscripts owes much to the diligent efforts of our esteemed reviewers.
Their expertise and constructive feedback have played a pivotal role in maintaining the quality and
credibility of the content presented herein.

Last but certainly not least, we express our appreciation to everyone involved in this
collaborative effort, from the contributors to the editorial and production teams. It is through the
collective dedication of these individuals that we take a significant step forward in the realm of
science, contributing to the ongoing dialogue on building resilience and natural hazard safety.

As we navigate the intricate landscape of evaluating buildings” vulnerability to natural hazards,
may this collection serve as a beacon for future research and inspire a collective commitment to

building a safer and more resilient world.

Tom Lahmer, Ehsan Harirchian, and Viviana Novelli
Editors

vii
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Abstract: Effective post-event emergency management contributes substantially to communities’
earthquake resilience, and one of the most crucial actions following an earthquake is building damage
assessment. On-site inspections are dangerous, expensive, and time-consuming. Remote sensing
techniques have shown great potential in localizing the most damaged regions and thus guiding aid
and rescue operations in recent earthquakes. Furthermore, to prevent post-earthquake casualties,
heavily damaged, unsafe buildings must be identified immediately since in most earthquakes, strong
aftershocks can cause such buildings to collapse. The potential of the response spectrum concept
for being associated with satellite-based remote sensing data for post-earthquake structural damage
estimation was investigated in this study. In this respect, a response spectra-based post-earthquake
structural damage estimation method aided by satellite-based remote sensing data was proposed to
classify the buildings after an earthquake by prioritizing them based on their expected damage levels,
in order to speed up the damage assessment process of critical buildings that can cause casualties in a
possible strong aftershock. A case study application was implemented in the Bayrakli region in Izmir,
Turkey, the most affected area by the Samos earthquake, on 30 October 2020. The damage estimations
made in this research were compared with the in situ damage assessment reports prepared by the
Republic of Turkey Ministry of Environment and Urbanization experts. According to the accuracy
assessment results, the sensitivity of the method is high (91%), and the necessary time spent by the in
situ damage assessment teams to detect the critical buildings would have been significantly reduced
for the study area.

Keywords: response spectrum; rapid damage assessment; remote sensing; deep learning

1. Introduction

A magnitude Mw 7.0 earthquake struck offshores of Samos Island (Greece) in the
eastern Aegean Sea on 30 October 2020. Two people lost their lives, and many buildings
were damaged or collapsed due to the earthquake in Karlovasi-Samos Island, Greece.
However, the main effect of the earthquake was on the city of Izmir, Turkey, located about
65 km from the earthquake epicenter. Twelve buildings suffered an immediate collapse, and
many buildings experienced heavy damage. One hundred and seventeen lives were lost,
according to Turkey’s Ministry of Interior Disaster and Emergency Management Presidency
(AFAD) reports. The majority of the damages were located in the Bayrakli region because
of amplified ground motion, despite the long distance from the source [1] The presence
of soft stories, lack of proper detailing, poor construction quality, the presence of heavy
overhangs, and lack of code compliance were attributed as the primary causes of damage.
The earthquake also demonstrated the effect of infill walls on the seismic performance of
deficient and inadequate buildings [2].

Rapid urbanization poses a significant challenge to earthquake resilience in cities. The
effective management of the post-event emergency contributes significantly to resilience,

Buildings 2022, 12, 14. https://doi.org/10.3390/buildings12010014
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and one of the most critical activities following an earthquake is assessing building dam-
age [3]. Earthquake-induced building damage and collapse is a major cause of human
casualties. In situ expert inspections are risky, expensive, and time-consuming. Therefore,
rapid and reliable identification of areas affected by an earthquake is vital in activating ap-
propriate aid and rescue missions after the disaster. In addition, to prevent post-earthquake
casualties, the risky, heavily damaged buildings must be detected immediately because, in
most earthquakes, strong aftershocks can cause the collapse of those buildings. In recent
earthquakes, the use of satellite imagery has demonstrated great promise in localizing the
most damaged areas and thus guiding rescue and reconstruction operations. Recent studies
have reported that high-resolution satellite imagery can be used to detect post-seismic
building damage [4-7].

Inspired by the success of deep learning methods for semantic segmentation in computer
vision fields, many researchers have been focusing on Convolutional Neural Networks (CNN)
for object detection from remote sensing data. CNN, a deep learning supervised neural
network which uses labeled data, has been recognized as one of the most successful and
widely used deep learning approaches [8,9]. For example, CNN has been used for object
detection of trees [10-15], buildings extraction [16,17], ship detection [18,19], etc.

The potential of the response spectrum concept for being associated with satellite-
based remote sensing data for post-earthquake structural damage estimation was investi-
gated in this study. The response spectrum concept was first introduced in the mid-1930s.
By the late-1960s, the elastic response spectrum was well developed and understood. This
concept is very well integrated with both earthquake engineering practice and research [20].
The elastic response spectrum is plotted between the maximum response of single-degree-
of-freedom (SDOF) systems subjected to a particular component of a ground motion and
natural periods of SDOF systems. Each response spectrum has a fixed damping ratio &; the
damping ratio is usually expressed as a proportion of the critical damping, which returns a
displaced oscillator to rest without any vibrations, called equivalent viscous damping [21].
In earthquake engineering, 5% of critical damping is generally used for reinforced concrete
buildings. Response spectra can be plotted for the natural period T, vs. acceleration,
velocity, or displacement. For example, an acceleration response spectrum of a ground
motion component gives the maximum acceleration response of an SDOF system for a
given period. In other words, investigating the spectrum, it can be said that for which
natural periods the SDOF system will be exposed to more immense accelerations or vice
versa. It should be noted that most of the buildings in practice are multi-degree-of-freedom
(MDOF) systems, and different modes contribute to their behavior. However, it can be
assumed that the fundamental vibration mode controls the seismic response, at least for the
buildings whose response is not affected by the contribution of higher modes of vibration
(mid-rise buildings) and the buildings without torsional irregularities.

Regarding this, the fundamental vibration period of a building is a crucial parameter
for earthquake engineering in both earthquake-resistant design and seismic performance as-
sessment. The equivalent seismic lateral force is determined from a design spectrum in most
static design methods. Consequently, the earthquake force is a function of the fundamental
vibration period of the building [22,23]. The fundamental period can be computed based on
modeling or simplified empirical relationships defined in seismic design codes. For rapid
assessment applications, empirical equations are preferable. Kaplan et al. (2021) [24] developed
an empirical relationship to predict elastic fundamental vibration periods of reinforced concrete
buildings with masonry infill walls. The equation estimates the elastic fundamental period
(Tp, in seconds) with respect to building height (H, in meters) (Equation (1)). This equation was
established by performing ambient vibration measurements on residential mid-rise reinforced
concrete buildings in Eskisehir, Turkey. As being such, it may represent the typical dynamic
characteristics of Turkish RC building stock.

Ty = 0.0195H 1)



Buildings 2022, 12, 14

The fundamental period can also be used to estimate the seismic demand during and
after an earthquake using the response spectrum of the ground motion. This research aims
to propose a response spectra-based post-earthquake structural damage estimation method
aided by satellite-based remote sensing data. The research question that motivates this
study is, “Can we classify buildings after an earthquake by prioritizing them based on their
expected damage levels using the response spectra and remote sensing data?”, in order to
speed up the damage assessment process of critical buildings that can cause casualties in a
possible strong aftershock. For this purpose, a case study application was implemented
in the Bayrakli region in Izmir, Turkey, the most affected area by the Samos earthquake
on 30 October 2020. A CNN model was applied to extract buildings from high-resolution
satellite imagery to detect the buildings in the study area affected by the earthquake. In
addition, satellite images were used to determine the height of the buildings. Furthermore,
Equation (1) was used to predict the fundamental vibration periods of the buildings based
on the calculated heights. The obtained data were imported into a geographic information
system (GIS) environment and further used for seismic damage estimation of the detected
buildings. The seismic demand for the buildings was estimated by comparing fundamental
vibration periods of the buildings with the response spectra of the ground motion recorded
at the critical station near the most affected area. The produced information was used to
prioritize the in situ damage assessment interventions in the affected region.

The main contributions of the study are as follows:

(i) Using a CNN to extract buildings from high-resolution remote sensing imagery pre-
and post-earthquake and thus, detect collapsed buildings;

(ii) Using shadow information from high-resolution satellite imagery to calculate building heights;

(iii) Estimation of fundamental vibration periods of detected buildings using the calculated
building heights;

(iv) Comparing the fundamental periods with the response spectra of ground shaking
gathered from the critical accelerometer station for predicting damaged buildings;

(v) Proposing a model for rapid damage estimation and prediction for post-earthquake analyses.

The paper has been organized into five sections. Information about the methods and
materials on both remote sensing and the response spectra-based damage estimation and
the study area details are given in Section 2. The results are presented in Section 3, while
Sections 4 and 5 present the discussion and conclusion.

2. Materials and Methods
2.1. Study Area

The earthquake on 30 October 2020, on Samos Island caused significant damage to
the city of Izmir. Izmir is the third-largest city of Turkey with a provincial population
of 4.5 million, located approximately 65 km from the earthquake epicenter [25]. The city
of Izmir is located on the Inner Bay of Izmir. Inner Izmir Bay is a shallow marine basin
that is actively growing and is controlled by active east-west trending extensional faults
(normal faults) in the Aegean Extensional Province. The uppermost sediments in the basin
are young alluvium and fan-delta to shallow marine deposits confined and controlled
by the Izmir Fault to the south and the Karsiyaka-Bornova fault to the north [26]. Soft
alluvial soils amplified the spectral accelerations, especially in the Bayrakli region, and
consequently, most of the heavy damage in buildings occurred in Bayrakli. The study
area was chosen from this region, where five buildings collapsed, and seven buildings
were heavily damaged (demolished after the earthquake) (Figure 1). The majority of the
heavily damaged buildings were constructed in the 1990s with poor code compliance and
construction quality. Moreover, some of the buildings’ structural systems were suspected
to be modified to accommodate commercial use on the first floors [26]. Some of the
substandard buildings in the region experienced gravity (pancake) type, and some of them
sideways collapse [27] (Figure 2).
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Figure 2. Images from collapsed buildings in the Bayrakli region of Izmir [28,29].
2.2. Methodology

The presented study was carried out in two parts; remote sensing and structural
damage estimation; then, the results of the two parts were compiled and assessed. The
remote sensing part consists of four steps: (i) preparing the satellite data; (ii) implement-
ing the CNN model for building extraction; (iii) assessment of the classification results;
(iv) estimating the building heights using shadow lengths of the buildings. The struc-
tural damage estimation part also consists of six steps: (i) gathering real-time acceleration
data from the stations located in the most affected area; (ii) deciding the critical station
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and computing response spectra of its both horizontal components; (iii) determining the
critical period intervals of the selected critical station’s response spectra; (iv) estimating
fundamental vibration periods of the surrounding buildings according to the building
heights retrieved from remote sensing data; (v) comparing the fundamental periods with
the response spectra of ground motion gathered from the critical station for estimating
damaged buildings; (vi) the accuracy assessment of the proposed approach has been conducted
comparing the estimation results with the in situ damage assessment reports. The details about
the methodology implemented in the study are presented in the flowchart shown in Figure 3.
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Figure 3. Flowchart of the methodology.
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2.2.1. Remote Sensing Data and Techniques

Two satellite images, pre-earthquake (27 April 2020) and post-earthquake
(3 November 2020), were provided by Maxar (DigitalGlobe company, Westminster, CO,
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USA) with high-resolution (30 cm) and three bands (red, green, and blue, RGB) were used
for the analyses.

The CNN workflow using Trimble’s eCognition Developer 9.01 was applied to detect
the buildings in the study area, based on the Google TensorFlow [30]. The analyses were
done in a computer system with a 64-bit operating system, 16 GB RAM, and an Intel (R)
Xeon (R) CPU E3-1535M v5 @ 3.60 GHz processor. The CNN model in eCognition was
constructed of three different steps: (i) derivation of training samples, (ii) training the CNN
model; (iii) applying the trained CNN model. For the training, 90 x 90 pixel samples were
collected using the satellite imagery obtained from Maxar (Figure 4). A simple CNN model
was created with one hidden layer with the highest correlation within the sample template.

Figure 4. Example of 90 x 90 pixels samples generated from the CNN.

For the accuracy analyses, common evaluation statistics for binary classification were
used. Namely, True Positives (TP) (a building is correctly identified), False Positives (FP) (a
building is incorrectly identified; a commission error), and False Negatives (FN) (a building
is missed; an omission error) parameters were taken into consideration. TP, FN, and FP
indicate perfect identification, under-identification, and over-identification, respectively.
Then the Precision (P), Recall (R), and F-score (F) were calculated. Precision (i.e., positive
predictive value) describes the correctness of detected buildings and how well the algorithm
dealt with FP (Equation (2)), Recall (i.e., sensitivity) describes the building detection rate
and how well the algorithm dealt with FN (Equation (3)), and the F-score is the harmonic
mean of Recall and Precision and reports the overall accuracy considering both commission
and omission errors (Equation (4)) [30].

P =TP/(TP + FP) (2)
R=TP/(TP + EN) 3)
F-score =2 x ((P x R)/(P +R)) 4)

For the building heights, the length of the shadow of the buildings has been measured.
Using the sun elevation angle of the first image (62°34'4.35”) of the time of the passing of
the satellite over the study area has been used for calculating the buildings” heights. The
estimated heights of the buildings were calculated using Equation (5).

(Height of the object) = tan(Sun Elevation Angle) x (Length of the shadow) 5)

2.2.2. Response Spectra-Based Damage Estimation

This study aims to propose a response spectra-based post-earthquake structural dam-
age estimation approach. Thus, response spectra of stations located in the neighborhood of
primarily affected urban areas (Bayrakli region; Adalet and Manavkuyu neighborhoods
in Izmir) from the October 30 Samos earthquake were investigated. The strong ground
motion was recorded by the extensive network of AFAD. In the Bayrakli region, there are
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three seismic recording stations. Two of them are located on stiff soils (#3514 and #3520)
having shear wave velocities of 836 and 875 m/s, respectively, and one (#3513) is on soft
soil with 196 m/s. The study area is also on soft soil deposits similar to station #3513’s
location (Figure 5).
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Figure 5. The distribution of Vs3 (average shear wave velocity in the upper 30 m) map of the Inner
Izmir Bay Basin modified from Izmir Earthquake Master Plan [31] and seismic recording stations
around the study area in the Bayrakli region.

The elastic acceleration response spectra of stations #3513, #3514, and #3520 were
plotted for their horizontal directions in Figure 6, strong ground motion records were
provided from the Turkish Accelerometric Database and Analysis System (TADAS) [32].
Figure 6 also contains the elastic design spectra of the location of station #3513 according to
Turkey Building Earthquake Code 2018 (TBEC-2018) [33] for soft and stiff soils. Additionally,
the spectra for soft soils defined in the previous versions of the Turkish earthquake code
(TEC-2007 [34], TEC-1997 [35], and TEC-1975 [36]) are shown in Figure 6, considering most
of the collapsed buildings were constructed in the 1990s and were located on soft alluvial
soils of the Bayrakli region. The design and response spectra were plotted with a damping
ratio of 5%.

Comparing the design and response spectra, since the design spectra of the current and
previous versions of Turkish code for both types of soil are well above the response spectra,
and it can be noted that all versions of the code have well defined the seismic hazards of
the region. Regardless of the hazard level for the collapsed buildings that were designed,
they would not have collapsed if they had been designed following the seismic design
principles of the current or previous versions of the governing building code. Moreover,
there are buildings of similar typology nearby that did not collapse and were immediately
reoccupied. It is very likely that the collapsed buildings, particularly those that experienced
gravity (pancake) type failure, were not designed by the version of the code in force at
the time of their construction and/or had structural and material-related deficiencies [27].
Figure 6 also shows that soft soil deposits in the Bayrakli region amplified the spectral
accelerations. As a result of this amplification, the spectral accelerations on soft soils were
approximately 2.5 times larger than those on the rock sites. Table 1 contains the information
on recorded strong ground motions of the Samos earthquake for Bayrakli region stations.

N
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In addition to spectral acceleration differences between the stations, Housner and Arias
intensity and PGV values are significantly greater for #3513 (Table 1). The study area is
also on soft soil deposits similar to station #3513's location (Figure 5). Therefore, station
#3513 was selected as the critical station for applying the proposed rapid structural damage
estimation approach in this study.

Elastic Design Spectra vs. Elastic Response Spectra

Damping Ratio, & = 5%
#3513_EW_Soft_Soll
#3513_NS_Soft_Soil
#3514_EW_SHiff_Soil
#3514_NS_Stiff_Soil
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#3520_NS_Stiff_Soll
TBEC-2018_Soft_Soil
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|
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Figure 6. Comparison of the elastic acceleration response spectra of the recorded ground motion at
the three stations of AFAD in the Bayrakli region against the design spectra of current and earlier
versions of Turkish Seismic Codes at these locations.

Table 1. Information on recorded strong ground motions of the Samos earthquake for Bayrakli region
stations [37].

Significant Arias Housner

Code G Gm we TP mied  me (o  Dumtion Intensity ntensiy
E-W 94.67 14.42 3.15 20.16 35.30 84.81
3513 65.05 72.00 196 N-S 106.28 17.11 2.90 20.59 33.17 79.76
U-D 4419 4.48 0.80 30.84 6.42 23.29
E-W 56.02 6.41 1.31 23.75 4.58 28.26
3514 66.62 73.39 836 N-S 39.42 4.23 1.44 25.90 3.52 22.39
U-D 25.15 1.94 0.73 27.17 2.10 10.91
E-W 58.55 8.37 2.04 5.21 5.21 36.08
3520 68.46 75.78 875 N-S 36.11 4.65 1.13 3.60 3.60 24.21
U-D 19.37 2.68 0.70 1.33 1.33 13.63
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The response spectra of the ground motion recorded at station #3513 were thoroughly
investigated. Figure 7 depicts response spectra of both horizontal components as well as their
geometric mean. In addition, the fundamental vibration periods of various building types in
and around the study area are demonstrated in Figure 7 to determine the critical period intervals
in the response spectra. Especially the collapsed and heavily damaged mid-rise buildings were
selected to investigate their fundamental periods and corresponding seismic demand based on
the response spectra. During the earthquake, five mid-rise buildings in the study area and four
nearby collapsed. The fundamental periods of those nine collapsed buildings range from 0.41 to
0.56 s. In the study area, there were four heavily damaged mid-rise buildings with fundamental
periods ranging from 0.45 s to 0.49 s, and one mid-rise building with a period of 0.67 s did
not sustain any damage. Low-rise buildings in the region have fundamental periods ranging
from 0.09 s to 0.21 s, and a nearby high-rise building has a period of 1.07 s. Figure 8 shows
their locations in the region. The fundamental vibration periods of the buildings were predicted
based on their height using Equation (1). The building heights were calculated by implementing
Equation (5) in the satellite images using remote sensing techniques.

Figure 7 shows three peak regions in the spectra where seismic demand is high: between
0.30 and 0.65 s, 0.85 and 1.15 s, and around 1.4 s. Notably, the elastic fundamental periods of
collapsed and heavily damaged buildings are in the range of 0.40 and 0.65 s. Despite the presence
of some substandard low-rise buildings, which have periods between 0.10 and 0.20 s in the study
area, they were unaffected by the earthquake due to relatively low seismic demand. The other
peaks of the spectra are around 1.00 and 1.40 s. There is only one building near the study area with
a fundamental period of around 1.00 s (1.07 s), with a height of 55.12 m; it is the tallest building in
the vicinity of the study area, and it suffered no damage as a result of the earthquake. Despite
being severely shaken, no structural damage was discovered in the tall buildings in the Bayrakli
region, about 30 buildings with heights between 100 m and 240 m [26] with periods approximately
ranging between 2.00 to 4.50 s. Since there were no buildings with elastic fundamental periods
between 1.00 and 1.40 s in the study area, the critical period interval in terms of seismic demand
was set at 0.40 and 0.65 s. Buildings with fundamental periods between this range were labeled
as “high-risk”. Assuming that those buildings are most likely to be damaged, they should be
inspected primarily by the in situ damage assessment teams. Moreover, as seen in Figure 6, there
is no such region as the peaks of response spectra of the ground motion is above the design spectra
for the selected study area. Indeed, if there are any peaks above the design spectra, such regions
would be chosen as the critical period intervals.

[Etastic Response Spectra for Station #3513]
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Figure 7. Response spectra of station #3513 and the fundamental periods of various building types in
and around the study area.
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Figure 8. Locations of various building types (consistently color-coded with the fundamental periods
of the buildings in Figure 7) in and around the study area.

3. Results
3.1. Remote Sensing

The building detection using CNN performed well with accuracy higher than 95% in
both satellite images (Table 2). However, the results also showed some confusion between
discrete and adjacent buildings. For example, some adjacent buildings were classified as
one building in the first image, while in the second image, some of the adjacent buildings
were classified as separate buildings. Since there is no visible boundary between adjacent
buildings and usually have the same characteristics, the adjacent buildings classified as
discrete buildings were considered correctly classified. Additionally, it should be mentioned
that a group of low-rise adjacent buildings were not taken into consideration and are shown
in the results as NA (Not Applicable).

Table 2. Accuracy assessment for the CNN building classification.

Pre-Earthquake Image Post-Earthquake Image
P 97.6 93.5
R 98.4 98.5
F-score 98.0 95.9

The classified images are shown in Figure 9. The CNN approach accurately detected
most of the buildings in the study area. A total of 127 buildings were detected in the
first image and 140 in the second image. This difference comes from the difference in the
classification of the attached buildings. The number of TP (truly detected buildings) was
122 for the first image and 129 for the second image, FN (missed buildings) was two in both
images. The visual inspection concluded that these buildings are significantly smaller than
the other detected buildings. The three for the first, and nine for the second image buildings
were FP (falsely classified buildings). In the first image, the falsely classified buildings
were objects with similar characteristics as the buildings, such as red-colored basketball
court. In contrast, in the second image, the falsely classified objects were generally tents
set for the earthquake victims in open areas like parks and sports areas in the study area.
Additionally, compared to the pre-earthquake image, the accuracy of the post-earthquake
image has been negatively affected by the poor image quality, which resulted in slightly
lower P values, and thus the overall F-score of the classification.
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Figure 9. Pre (left) and post (right) earthquake building detection from Maxar satellite imagery.

3.2. Structural Damage Estimation Results

As stated in the “Response Spectra-Based Damage Estimation” section, buildings
with fundamental periods between 0.40 and 0.65 s were labeled as “high risk” based on
investigations conducted on the fundamental periods of collapsed and heavily damaged
buildings and response spectra of the recorded ground motion at the critical station. As
a result, those buildings are the most likely to be damaged and should be inspected first
by in situ damage assessment teams. High-risk buildings are labeled with red color in
Figure 10. Green and orange indicate low-risk buildings; green represents buildings with
fundamental periods of less than 0.40 s, and orange represents buildings greater than 0.65 s.
Estimation results were compared with the in situ damage assessment reports [38] prepared
by the Republic of Turkey Ministry of Environment and Urbanization experts.

@ 1. 0.4-0.65s (High Risk)
Q@ Ti=>065s
Figure 10. Structural damage estimation in the study area.

In order to evaluate the results, an accuracy assessment has been made using
Equations (2)—(4). In the assessment, the predictions made in this research were com-
pared with the on-site damage reports obtained from the Republic of Turkey Ministry of
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Environment and Urbanization [38]. From 127 buildings, we were able to access damage
reports of 117 buildings. In the comparison, collapsed, severely damaged, and moderately
damaged buildings in the damage assessment reports were labeled as high-risk in this
study. Buildings with minor damage and those with no damage were designated as low-
risk buildings. TP represents the buildings that were correctly predicted to be high-risk
and low-risk (69 buildings), FN represents the buildings that were incorrectly predicted
to be low-risk (7 buildings). FP represents the buildings that were falsely predicted to be
high-risk but were actually classified as low-risk based on the damage reports (39 buildings)
(Figure 11). The accuracy assessment showed that the Recall of the method is 91%, the
Precision is 64%, and the overall accuracy or the F-score is 75%.

@

Figure 11. Accuracy assessment of structural damage estimation in the study area.

4. Discussion

The study aims to speed up the damage assessment process of critical buildings that
can cause casualties in a possible strong aftershock; from this perspective, conventionally,
the number of buildings that must have been investigated after the earthquake by in
situ damage assessment experts were 127. If the proposed approach had been used, this
number would have been reduced to 60. Because the proposed methodology suggests
primarily investigating the potential high-risk buildings (Figure 10) due to their relatively
high seismic demand, assuming that their seismic behavior is similar to those collapsed or
severely damaged buildings in the region. Even if 39 of those 60 were classified as low-risk
based on the in situ inspections, the necessary time spent by the damage assessment teams
to detect the critical buildings would have been significantly reduced (more than 50%).
It should be noted that in the proposed approach, the predicted seismic demand of the
buildings is not compared with the capacity. Thus, the 39 buildings, classified as low-risk
according to on-site inspections, can be considered as having higher seismic capacity than
their collapsed and severely damaged counterparts. However, according to the on-site
damage assessment reports, seven of the buildings classified as low-risk based on the
proposed model were severely and/or moderately damaged; this number is meager in
the total number of predictions. It corresponds to a 91% success rate in dealing with
the false-negative predictions. In order to understand the reasons for the false-negative
predictions, the photos of the seven buildings in the damage assessment reports were
investigated in detail, and it was concluded that the decisions made by assessors for most
of those seven buildings were questionable, even though, prior to this earthquake, the
damage assessors were pre-trained for the first time in Turkey [37] by the Ministry of
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Environment and Urbanization according to the methodologies developed by Ilki et al. [39]
and Boduroglu et al. [40]. However, the damage assessment process is not an easy task
due to many issues like varying experience and knowledge of the assessors. According to
previous experiences in Turkey, in some cases, especially when the assessors have trouble
deciding about the damage state of the building, they tend to choose heavy damage to avoid
risks of a potential collapse of the building during strong aftershocks or future earthquakes.
Sometimes the building owners also try to influence the assessors’ decisions to be benefited
from post-disaster help campaigns of the government. The reasons mentioned above may
be argued to have influenced damage state decisions for some of the seven buildings.
The methods developed by Ilki et al. [39] and Boduroglu et al. [40] aim to prevent such
subjective decisions by providing a systematic, objective, and reliable seismic damage
assessment system that results in the same structural damage level regardless of who
makes the damage assessment.

In addition, it should be stated that, in the end, all of the buildings in the region must
be inspected by in situ damage assessment teams. The proposed prioritization aims to
provide an optimum allocation of time and resources after a catastrophic event for the civil
protection units and decision-makers responsible for managing the consequences of the
disaster. Instead of starting from the first building in the region, having a map produced
by the proposed methodology would allow the decision-makers to divert the assessment
teams primarily to the buildings expected to be severely damaged.

It is worth noting that some issues may be considered shortcomings of the approach,
but they can be improved in future studies. For instance, in the proposed methodology,
the classification of the expected damage is applied only based on the seismic demand,
estimated from satellite-based remote sensing data and response spectra of the selected
critical station in the region. The predicted seismic demand of the buildings is not compared
with the capacity. When the rapid nature of the procedure and the idea of using remotely
accessible data are taken into account, determining the seismic capacity of buildings is not
consistent with the philosophy of the approach because it requires entering the buildings.
The seismic capacity of the buildings or at least some indicators, like existing structural
deficiencies and/or irregularities, can be provided from GIS-based building inventory
databases if they exist for the investigated region. According to that information, a damage
index can be defined. In some cases, the construction year can also be a good indicator if a
milestone year can be designated for the region [41].

Another issue could be using the fundamental vibration period to estimate the seismic
demand from response spectra which are designed to represent the SDOF system’s response.
It should be noted that most of the buildings in practice are MDOF systems, and different
modes contribute to their behavior. However, it can be assumed that the fundamental
vibration mode controls the seismic response, at least for the buildings whose response
is not affected by the contribution of higher modes of vibration (mid-rise buildings) and
the buildings without torsional irregularities. In addition, instead of using elastic values
of fundamental periods, effective (yield) building periods can provide better damage
predictions. However, it is not easy to identify the yield periods by empirical equations to
the extent of usage in urban-level applications.

In the proposed methodology, the response spectra of nearby stations in the most
affected area are used to estimate the seismic demand of the buildings, and it requires
an extensive seismic recording network. For the regions with a limited strong ground
motion network, some approaches such as empirical Ground Motion Prediction Models
(GMPM) [42] or simulated datasets [25,43] could provide estimations on the hazard levels
at locations where the actual motions are not recorded. In this way, the proposed approach
can also be utilized for risk mitigation due to future events.

Without building inventory data or calculations, the collapsed and severely damaged
reinforced concrete buildings” (7-10 floors) period range was considered between 0.60 and
1.50 s in some reports and papers published after the earthquake [2,37,44], assuming that
the building damages correlated with the second and third peaks of station #3513’s elastic
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response spectra (Figure 7). However, in this study, the building heights were calculated
by implementing Equation (5) over the satellite images using remote sensing techniques.
Then, the elastic fundamental vibration periods of the buildings were predicted based on
their heights using Equation (1). According to the predictions made in this study, the elastic
fundamental periods of the collapsed and severely damaged buildings range between
0.40 and 0.65 s and this period interval correspond to the first peak of the response spectra
of station #3513 that correlates similar demand with the second and third peaks (Figure 7).
The practitioners in Turkey generally use the number of stories (N) above the ground to
predict the elastic fundamental periods of RC buildings (T) using an empirical equation
(T = 0.1 N) which was used in the 1975 version of the Turkish earthquake code TEC-
1975 [36], NEHRP-94 and the National Building Code of Canada [45,46]. That correlates
well with the equations derived from measurements conducted on moment-resisting RC
frame buildings during the 1971 San Fernando earthquake, infilled with drywall, thus
more flexible than Turkish counterparts. This equation overestimates the fundamental
periods compared to Equation (1), which was developed by performing ambient vibration
measurements on residential mid-rise reinforced concrete buildings with masonry infill
walls in Eskisehir, Turkey. As being such, Equation (1) may represent the typical elastic
dynamic characteristics of Turkish RC building stock.

Ordaz et al. [47] proposed an early earthquake damage assessment system for Mexico
City. In their study, the number of stories gathered from the existing building inventory
database of Mexico City has been used to predict the fundamental vibration period of the
buildings, which makes the model dependent on a building inventory database. Similarly,
the Izmir Metropolitan Municipality has a GIS building inventory database for the study
area, and the building height information exists in the inventory. Nevertheless, the building
heights were retrieved from the story numbers assuming the height of each story is the
same, and it equals three meters. This assumption can lead to a significant difference
from the actual building heights, especially for buildings with commercial units on the
ground floors, which are very common in the study area, due to their relatively high story
heights. Therefore, in this study, the calculated building heights from the satellite images
were used instead of using existing building height information in the inventory. The
proposed approach uses remote sensing techniques to estimate the building heights from
satellite images that can be provided anywhere on the earth, so the proposed methodology
can be applied regardless of having an inventory database that includes building height
information for the region. The reliability of retrieving building heights from remote
sensing data using shadows has been successfully proven in various studies with high
accuracy [41,48].

The majority of existing earthquake rapid response systems estimate building dam-
ages after an earthquake using fragility curves. Developing fragility curves requires a
well-established building database and a large number of nonlinear dynamic analyses
performed on the categorized building classes [49]. A limited number of countries and
cities have well-developed building inventories [3]. Being dependent on a building in-
ventory and computationally very intensive can be considered a limitation for deriving
fragility functions for a specific region. Another advantage of the proposed methodology is
its flexibility to be applied with or without a building inventory database. The proposed
approach can be used for the regions where the fragility curves do not exist.

5. Conclusions

A response spectra-based post-earthquake structural damage estimation method aided
by satellite-based remote sensing data was proposed in this study. A case study application
was implemented in the Bayrakli region, the most affected area in Izmir, Turkey, by the
Samos earthquake on 30 October 2020. According to the findings of this study, the following
conclusions and recommendations can be made:

e The proposed approach appears to be efficient in diverting the site inspectors to the
buildings expected to be heavily damaged. The accuracy assessment showed that the
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sensitivity (Recall) of the method is high (91%). The necessary time spent by the in situ
damage assessment teams to detect the critical buildings that can cause casualties in a
possible strong aftershock would have been significantly reduced (more than 50%) for
the study area.

e  The proposed approach uses remote sensing techniques to estimate the building
heights from satellite images that can be provided anywhere on the earth, so the
proposed methodology can be applied regardless of having an inventory database
that includes building height information for the region.

e Integration with an existing building inventory in a GIS environment can provide
more accurate results. Possible knowledge about the building capacity would be
beneficial in addition to seismic demand provided from response spectra.

o The proposed approach can be used for the regions where the fragility curves do not exist.

e  The critical seismic recording station selection is based on correlations between the
selected region and the soil properties of the station locations and PGV, Housner, and
Arias intensity values of the ground motions recorded at the surrounding stations. So,
a dense seismic recording network is needed to conduct the proposed methodology,
or empirical GMPM'’s or simulated datasets can be used.

e All peaks of the response spectra of ground motion at the selected critical station
should be considered as crucial periods, especially if any of the peaks are above the
design spectrum of the region.

e  The empirical equation used to predict the elastic fundamental periods of the build-
ings should be region specific and represent the design spectra of the region and
construction characteristics.

e  Estimation of yield building periods can provide better damage predictions.

e  The current state of the approach is limited to investigating RC buildings because of
the used empirical period equation. Additionally, distinguishing masonry and RC
buildings from each other using satellite images is a challenging task.

e  The building height extraction methodology needs to be improved for the adjacent
buildings and be automatized.

With the rapid development of remote sensing sensors and techniques, the results of
the remote sensing classification can be improved in future studies as new data and new,
more accurate classification techniques such as Mask RCNN [15], are becoming available
every day. With the daily satellite imagery that can be easily obtained from various satellite
sensors and updated drone images, post-earthquake data can be acquired in a short time,
thus reducing the time required for in situ inspection. An automated method for height
calculation from shadow information can be developed. Another option for this matter
could be the use of ready-to-use data from urban digital twins if available. The proposed
methodology would be of great importance in the case of automatization, and thus the
results of the proposed methodology can be obtained within hours after the earthquake.

The results demonstrate that this approach can be used to speed up the damage
assessment process, prioritizing the critical buildings based on their expected damage
levels. The proposed prioritization aims to provide an optimum allocation of time and
resources after a catastrophic event for the civil protection agencies and decision-makers
responsible for managing the consequences of the disaster.
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Abstract: Bitlis has hosted many civilizations and is located in Turkey’s significant strategic transit
corridor. Many historical structures belong to different cultures in the city. The structural analysis of
five minarets mentioned in folk songs and the brand value of Bitlis city in terms of historical buildings
is the subject of this study. These minarets are precious because they witness important events in
Bitlis city. Non-destructive test methods determined the material properties of the Bitlis stone used
in constructing minarets. Within the scope of the study, detailed information about each minaret
was given, and on-site measurements determined its dimensions and current structural conditions.
For each minaret, its seismic behavior has been selected by using the vertical and horizontal design
spectrum in the recent earthquake code of Turkey. Historical masonry minarets were modeled using
the finite element method. In addition to stress distribution in the minarets under different loading
conditions, period and displacement results are also investigated.

Keywords: historical heritage; finite element analysis; damage assessment; minaret

1. Introduction

Studies on historical artifacts have an important place in preserving their historical
and cultural heritage and transferring it to the next generations. Such works contain
information about the social life of the societies of the period and construction technologies.
The fact that they have survived over time is an indication that such structures receive
outstanding engineering services without any high-level technology [1-3]. The protection
of cultural heritage and its safe transfer to the future are among essential engineering
research and implementation subjects of the 21st century. Since this vital subject meets on
common ground with fields of science such as engineering, architecture, art history, and
archeology, it also attracts the attention of interdisciplinary working groups, which have
gained importance in recent years [4-8].

Historical buildings are invaluable cultural assets that strongly connect the past and
the future. Historical buildings are also an indicator of societies” engineering background,
artistic understanding, and economic status. The Van Lake basin has hosted many civiliza-
tions in the historical process such as Hurrian, Urartian, Med, Persian, Sassanid, Seljuk,
and Ottoman civilizations. Since the basin is a very old residential area, it has carried the
historical structures and cultural values left behind by many civilizations until today. There
are many historical buildings in the basin that were built in very old times and are still in
use after restoration works. Bitlis is one of the centers in this basin that has cradled many
civilizations. Lake Van basin is also a region that causes great loss of life and properties
after destructive earthquakes.

Investigation of earthquake resistance of buildings, determining and examining earth-
quake safety, and the parameters affecting the safety of the buildings have increased its
importance in recent years. For these reasons, determining earthquake behavior and the
safety of structures is one of the most basic study fields of earthquake engineering. From
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the results of previous earthquakes, it can be observed that heavy damage and destruction
in structures are relatively high depending on the level of development. However, it is
crucial to distinguish and separately analyze the parameters that share in the formation of
these damages and destructions. For this reason, when observing the behavior of structures
under the effects of earthquakes, knowing the factors that will affect the earthquake resis-
tance of structures attains particular importance. Studies and research on historical artifacts,
which are a part of cultural heritage, both in our country and in different parts of the world
are becoming more common day by day [9-12]. Some of these research studies include
Bajrakli Mosque (Western Kosovo) [13], SS. Rosario Church Bell Tower [14], St. Mary of
Carmel Church [15], Ben Ezra Synagogue [16], Athena Temple [17], Madre Santa Maria
del Borgo Church [18], and Gazi Hasan Pasha mosque [19]. These studies are studies on
monumental structures built in a masonry style. These studies can also be considered as
case studies for the modelling and strengthening of monumental masonry structures with
the finite element method, determining the material properties used, and determining their
seismic behaviour using different analysis methods.

Minarets have an important place among historical monumental structures. Since
these structures, which are symbols of faith, were built differently in different civilizations,
they provide information about the construction and construction technologies of that
period. Although minarets are built in different systems, historical minarets are commonly
encountered as masonry structures. Generally, they were built by local cut stones and
minaret masters of the region. There are many studies on minarets, which are an integral
part of our historical assets. In studies on such minarets, the behavior under the influence
of earthquakes has been examined in general. Cakt1 et al. (2013) [20], by giving information
about the damage to the minarets in the 2011 Van earthquake, provided the results of the
study for forty-one new and historical minarets in Istanbul. In the study, the earthquake
behavior of the Edirnekap: Mimrimah Sultan Mosque minaret has been specifically exam-
ined. In addition, information about earthquake recording and monitoring systems used
in minarets is given. Istk and Antep (2018) [21] determined the seismic behavior of the
minaret of the historical Kad1 Mahmut Mosque in Ahlat district in terms of different load
combinations, using the design spectra specified in the Turkish Seismic Design Code-2007
(TSDC-2007) [22]. In the study carried out by Kilig et al. (2020) [23], the dynamic behavior
of the Kirklareli Hizirbey Mosque Minaret was determined. In the study, analyses were
investigated by the methods given in both TSDC-2007 and the Turkish Building Earthquake
Code (TBEC-2018) [24]. Ural and Celik (2018) [25] attempted to determine earthquake
behavior and dynamic analysis of masonry minarets with a single balcony. In this context,
seven different minarets in Aksaray district were chosen as examples. The finite element
method was used in the analysis of minarets. Mutlu and Sahin (2016) [26], on the other
hand, investigated the earthquake behavior of the historical Ulu Mosque minaret in Bursa
by using different modeling techniques. Dynamic analyses were performed in the time
history using acceleration time curves. Bayraktar et al. (2013) [27] determined the dy-
namic properties of the minaret of the historical Sundura Mosque, for which renovation
was carried out, using environmental vibration test methods after restoration. Giinaydin
(2018) [28], in his study, determined the dynamic characteristics of the minaret of the Trab-
zon Iskender Pasha Mosque after restoration processes. These processes were carried out
experimentally. Carhoglu et al. (2013) [29] analyzed the seismic behavior of the minarets
of the Hagia Sophia Mosque, one of the most important mosques of our country, in their
work. The time-history analysis method was used in this study. Ugurlu et al. (2017) [30]
carried out structural analyses by modeling the Four-Legged Minaret, one of the important
historical buildings of Diyarbakir. Oguzmert (2002) [31], in his master’s thesis, informa-
tion was given about the structural analysis of masonry minarets built differently and the
methods used in masonry structures. Déven et al. (2018) [32], in the study, determined
the dynamic behavior of the Green Minaret in the city of Kiitahya in the case of closed
and open balconies and compared them. Giines et al. (2021) [33] focused on the seismic
assessment of a reconstructed ruined mosque built between 1807 and 1820. Ertek and
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Fahjan (2007) [34], in their study, provided information about the construction systems and
technologies of the historical minarets of the Ottoman period, their classification, and how
to model and analyze them. Calik et al. (2017) [35] provided information on simplified
natural frequency formulas for historical masonry minarets using experimental methods.
Yetkin et al. in their study in 2021 [36] examined the damage to the minarets in Elazig city
after the 6.8-magnitude earthquake that occurred in the Sivrice district of Elazig city on
24 January 2020. The sections where the damages occurred in the minarets examined were
determined, and the reasons for the formation of these damages were evaluated.

Structural analyses of five minarets, which are the subject of the song Five Minarets
in Bitlis written to describe the situation in the occupied city, were carried out using the
horizontal and vertical design spectrum defined in the current Turkish Building Earthquake
Code (TBEC-2018) and obtained using the Earthquake Hazard Maps Application of Turkey.
The local name Bitlis stone was used in the construction of the minarets. This stone’s
material properties (modulus of elasticity and Poisson ratio) were obtained by using non-
destructive test methods, and these values were used in the analyses. A survey study was
conducted for each minaret, and finite element models of minarets were created. In this
study, while giving detailed information about Five Minarets, their current situation is also
stated based on observation. The safe transfer of these minarets to the next generations,
which are of great value for Bitlis, is significant for preserving its historical and cultural
heritage. The information obtained within the scope of this study will be an archive for
such structures. For the first time, the modulus of elasticity and the Poison ratio were
obtained for Bitlis stone. It is crucial to be the first and detailed study on Five Minarets, one
of the brand structures of Bitlis city.

2. Materials and Methods
2.1. Five Minarets

This study is important in that it is the first study on the structural analysis of Five
Minarets, which is one of the important cultural and historical advertising structures of
Bitlis city. The most well known is the minaret of the Ulu Mosque of Five Minarets. This
minaret was built after the mosque. The Ulu Mosque, to which the minaret belongs, is one
of the oldest mosques in Bitlis. In addition to the Ulu Mosque in Bitlis, the Serefiye Kiilliye,
Dort Sandik Gokmeydan, Ayn’el Barit (Soguk Pinar), Sultaniye, Meydan, Kizil Mescit, Seyit
fbrahim, Alemdar, Hac1 Begiye, Kureysi, and Memi Dede mosques are important historical
places of worship of the city. The minarets, which are the subject of the song “Five Minarets
in Bitlis”, belong to the Ulu Mosque, Serefiye Mosque, Meydan, and Gokmeydan mosques.
It is estimated that the fifth minaret belonged to one of the Hatuniye, Kalealt, or Kadiri
mosques, and when it was destroyed, a new one was built in its place. The positions of
Five Minarets are shown in Figure 1 and visuals are shown in Figure 2.

In general, minarets consist of the pulpit, the transition segment, the body, the balcony,
the upper part of the body, the spire, and the end ornament from bottom to top. As an
example, parts of the Ulu Mosque minaret are shown in Figure 3. The parts of the other
four minarets are similar to the Ulu Mosque minaret. There is no difference in the parts of
Five Minarets.

When the city of Bitlis is mentioned, the folk song “Five Minarets in Bitlis” comes to
mind immediately. The story of this song is as follows. Bitlis, which was under Russian
occupation for 5 months and 5 days and gained its freedom on 8 August 1916 took the
appearance of a ruined city due to the fact that the city was destroyed during the occupation.
A father and son, who fled from Bitlis during the war, returned to Bitlis after the withdrawal
of the enemy and reached the foot of Dideban Mountain, where the city of Bitlis is visible.
The father sends his son to the city to find out if somebody is alive in the city. After
examining the city for a while, the son turns to his father and calls out from afar: “There is
no trace of life in the city”. When he said, “Only five minarets have survived”, his father,
hearing this, collapses and kneels down and calls his son to him with a lament: “Five
Minarets in Bitlis, come back, son, come back, my heart is full of wounds, come back, son,
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come back”. This lament, sung by the father, has survived to the present day as the subject
of folk songs and poems. The folk song “Five Minarets in Bitlis” was composed in 1970 by
Fatih Giindogdu, who worked at Turkish Radio and Television (TRT)-Istanbul Radio. This
song has become the advertisement words of Bitlis city over time [37-46].

STUDIED MINARETS
1.Ulu Mosque Minaret

2.Serefiye Mosque Minaret
3.Meydan Mosque Minaret

4. Kalealt: Mosque Minaret
5.Gokmeydan Mosque Minaret

050 100 2500m

™ GOKMEYDAN MOSQUE MINARET] o~ —]
A ——

Figure 1. (a) The location of the Bitlis city in Turkey. (b) The location of Five Minarets in Bitlis city.
(c) The site plan of the Ulu Mosque and its minaret. (d) The site plan of the Serefiye Kiilliye and its
minaret. (e) The site plan of the Meydan Mosque and its minaret. (f) The site plan of the Kalealt:
Mosque and its minaret. (g) Plan of Gokmeydan Mosque and Minaret.

21



Buildings 2022, 12, 159

Figure 2. Visuals of Five Minarets: (1) Ulu Mosque Minaret, (2) Serefiye Mosque Minaret, (3) Meydan
Mosque Minaret, (4) Kalealtt Mosque Minaret, and (5) Gokmeydan Mosque Minaret.

end ornament
spire

upper part of body

balcony

body

transition segment

pulpit

Figure 3. Parts of the minaret of the Ulu Mosque.

2.2. Ulu Mosque and Minaret

Although the exact date of construction of the Ulu Mosque in Gazibey district is not
known, it is stated that the structure was one of the mosques destroyed by Byzantium in
928, as Sen reported from {bn’iil Esir in 2018. This means that the mosque was built in the
city in the 7th or 8th century after the first Islamic conquests [44]. The mosque, together
with the Bitlis Castle, is the oldest building in the city center of Bitlis.

There are three inscriptions on the construction/repair of the mosque, which are the
most important historical documents among the immovable cultural assets. These are
located on the upper part of the middle and western doors at the entrance to the sanctuary
from the courtyard and the upper part of the minaret pulpit (boot). The inscriptions belong
to the renovations and restorations of the mosque. The inscription dated 1150 on the middle
door is an inscription belonging to the renovation of the building and corresponds to the
reign of Dilmacogullari. The other renovation inscription dated 1651 corresponds to the
period of the Serefhans under the rule of the Ottoman Empire. Ulu Mosque, which is one
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of the first examples of a rectangular horizontal plan mosque, also sets an example for the
plan development of the Artuqid period [45-48].

The minaret is at the northwest part of the courtyard with the portico, which was
unearthed as a result of the restoration works in 2012. There is an inscription on the construc-
tion of the minaret, dated 1492-1493, on the entrance door in the eastern direction [44,48].
Its construction date coincides with the period of Serefhans. The upper parts of the minaret,
which has a square prism-shaped pulpit, were chamfered and a circular body was passed
with a two-stage bracelet. The body is divided into three parts by two cornices. There is an
inscription on the south face of the middle one of these partitions, which does not contain
any ornamental elements. The transition to the balcony was made with a bracelet. The
wall of the balcony is plain. The upper part and spire of the minaret were destroyed by a
lightning strike, and these parts were repaired in an inaccurate manner. There is a door
opening to the south in the plain upper part section of the minaret with a cylindrical body.
The spire section was renovated in the form of an octagonal prism.

2.3. Gokmeydan Mosque and Minaret

It is written on the inscription on the east side of the Gokmeydan Mosque, which is
located in the Tag District, that it was built in 1801. The southern part of the mosque, which
was built on sloping topography, was designed as two floors. The building, in which the
original function of the lower floor is used as a madrasa zawiya or khalwa and the upper
floor as a place of worship, has a rectangular plan in the north-south direction.

The minaret was built to the west of the mosque, near the southwest corner. There
is an inscription that also mentions Atattirk, dated 1924. It is the minaret with the most
ornaments among the existing minarets. The square prism pulpit is entered through a door
with a relieving arch in the southern part. The pulpit is divided into two with a cornice
on the door. On the lower part of the south face, there is a circular inscription with floral
motifs. Just above this, there is a relief decoration with lozenges. The part of the pulpit that
connects to the bracelet on the body is built in the form of an inverted pendentive. The part
of the pedestal that connects to the bracelet on the body is built in the form of an inverted
pendentive. On the body part, an ornamental arrangement was preferred with motifs in
the form of rosette-drop-rosette-triangle in four rows from bottom to top. In the lower part
of the balcony, there is a row of ornaments made of white limestone in the form of lozenges,
two cornices with ornaments in between, and a similar ornamentation series with a lozenge
embossed from Bitlis stone. It has a metal railing balcony. The upper parts of the minaret
section are octagonal prism, and there is a passage to the minaret on its four faces. There
are four passages on four faces. The decorated eaves are covered with a stone dome [44,46].

2.4. Meydan(Carst) Mosque and Minaret

Meydan Mosque was destroyed in the 1915 Russian occupation, and its minaret stood
alone in the bazaar square to the south of Bitlis Castle until the beginning of the 2000s.
Reconstruction studies were carried out by the relevant institutions in 2003 [46,49]. There
is an entrance door on the east face of the square prism pulpit of the minaret, which was
built adjacent to the northwest part of the mosque. Passing from square prism to octagonal
transition segment is provided with triangulations. There are eight blind arches in the
transition segment. In the transition to the cylindrical body with blind arches, it is passed
with a double cornice section. The body is divided into two with a double cornice. There is
no ornament on the body, which has a window opening to the east in the lower part. The
balcony wall was built with stone blocks. The upper parts of the minaret section with a
door opening to the southwest are plain. The minaret, which is covered with an octagonal
pyramid spire, has a crescent-tipped end ornament. This minaret resembles the minaret of
the Serefiye Mosque without ornaments.
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2.5. Kalealt: (Asag1 Kale) Mosque and Minaret

Kalealt1 (Asag1 kale) Mosque is located in the southwest of Bitlis Castle, next to the
Komiis stream. There is no inscription about its construction or repair in the mosque, which
can also be classified as a neighborhood mosque. Arik (1971) [44] states that it is a 17,18th
century structure typologically. The northwest corner and southeast part of this historical
building, which has a square plan, were beveled due to the building it was built next to
and the road. A lower section constructed at a different period than the main building
was added to the entrance door of the sanctuary in the eastern part of the mosque [44].
The minaret of the mosque is not visible from time to time in old photographs. Today,
in the southern part of the annex building, a minaret has a square prism-shaped pulpit
built adjacent to the sanctuary wall. The minaret, which does not contain any ornamental
elements, is transitioned from a cylindrical body to a stone-walled balcony with a five-
stepped stone row. The cylindrical upper part of the minaret has a door opening to the
south. A crescent-tipped end ornament is placed on the spire wrapped by lead sheets,
which is uncommon in Bitlis [44,46].

2.6. Serefiye Kiilliye and Minaret

The Serefiye Kiilliye (complex of buildings) was built where the Kémiis (Hiisrev) and
Rabat (Sapkor Suyu) Streams merged to form the Bitlis Stream. The mosque, minaret, imaret
(the public soup kitchen), cupola, madrasah, and arasta (bazaar) were built on the west
side of the streams, and the hammam was built on the east side. The connection between
the Kiilliye is provided by the Serefiye I Bridge on the Kémiis Stream and the Serefiye II
Bridge on the Rabat Stream. There is a mosque in the south of Kiilliye, the entrance gap,
a cupola in the southeast, an imaret in the north, and a minaret in the northeast. In the
eastern part of the kiilliye, there is a courtyard where the Komiis stream is located. This
section is entered through a portal opened from the south. There is an inscription on its
portal states that it was built by Seref Beg in 1528-1529. The door opens to a gap and
there is the south window of the cupola. The left side opens to the portico of the mosque.
Serefiye Mosque is the only mosque in the city center with a portico place. The cupola,
which was built by Emir Semseddin in 1533, is the continuation of this section. There
is a burial ground in the section between the cupola and the minaret. The imaret in the
northern section was built at the same time as the mosque, and the northeast section was
destroyed because of the overflow of the Kémiis stream. At the end of the imaret top cover
of the square prism pulpit, there is an ornament element between the double cornices. In
the south part, a panel with the inscription basmala in Kufic calligraphy was placed under
the cornice. There is the entrance door of the minaret in the western part. Passing from
square prism to octagonal transition segment is provided with triangulations. There are
eight blind arches in the transition segment and, on the walls on the inner surface of these,
panels with floral ornaments and the Kufic inscriptions are placed. In the transition to
the cylindrical body with blind arches, it is passed with Kufic calligraphy inscribed ar the
double cornice section. The body is divided into two by a plain double cornice. There are
drop motif decorations in the lower part. The decorations in the section that passes to the
balcony are made of limestone. The metal railing balcony was rebuilt with stone blocks
during recent restoration works. The cylindrical upper part of the minaret section with a
door opening to the southwest is plain. The minaret, which is covered with an octagonal
pyramid spire, has an end ornament with a single-stage metal knob [44].

3. Results
3.1. The Observed Damages in the Minarets

Observational analyzes were made to reveal the current structural situation for each
minaret. With these analyzes, information is given about the damages that occur in the
minarets today. In short, before proceeding to the detailed structural analysis processes,
structural analyses based on observation were made in order to provide information
about the current status of Five Minarets. The purpose of this analysis is to reveal the
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current state of the building as well as to provide information about the damage and
deformations that occur in the structure. Minarets have survived to the present day with
protection and interventions by the relevant public institutions and organizations. However,
partial damage occurred due to the high-temperature differences in the city and excessive
precipitation. Bitlis Stone, with its local name, was used in all of the minarets. The stones
obtained from the quarries in Bitlis were used in minarets after being subjected to the
cutting process. One of the general features of Bitlis stone is discoloration and color change
over time with the effects of natural conditions. Discoloration and color change were
partially observed in almost all minarets studied. The Bitlis city, where the minarets are
located, is one of the city centers with the highest snowfall in Turkey. Some of the minarets,
which were examined due to excessive precipitation, have calcifications in places due to
water effects. Some of the stones used in the building have occasional rupture and damage.
It has been observed that there are almost no consolidation effects over time since the
soil properties are good in the investigated structures. Although vegetative formations
were noticeable in different parts of the minarets, they did not cause great damage to the
minarets. It is seen that maintenance and restoration were conducted over time in all Five
Minarets. Conducting such maintenance and restoration over time is an important step
towards prolonging the life of the buildings and preserving the originality of the buildings.
In addition, the bullet traces of the occupation forces during the years of occupation are also
clearly visible. Neither random renovation nor restoration were made to the buildings. The
images of the damages and deformations observed in Five Minarets are shown in Figure 4.

Figure 4. Damages observed in Five Minarets: a. high temperature difference; b. discoloration and
color change; c. water effects; d. rupture damage; e. vegetation and f. bullet traces.

3.2. The Determination of the Bitlis Stone Properties Used in Minarets

It has been considered as a single type of the material, which is locally called Bitlis
Stone, and is used in all the minarets considered in the study. Modulus of elasticity (E),
Poisson ratio, and the weight per unit volume (y) values for Bitlis stone was taken as a
single value for all minarets. While determining these values, the unit volume and the
specific weight values were taken directly from the study by Isik et al. (2020) [50]. For the
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other two properties, the results were obtained by using the nondestructive test method.
The propagation changes of the ultrasonic pulse velocity (UPV) wave are analyzed and
applied without causing any deterioration in the material in the UPV method. This method,
which enables the investigation of material homogeneity, can be considered an important
method in the evaluation of concrete or natural stone structures [51]. In this method, an idea
of the strength of the specimen is obtained based on the propagation speed of ultrasonic
sound waves at certain frequencies in the specimen. Sound waves give an idea of cracks in
the sample. An ultrasonic pulse is applied to one side of the sample with an ultrasonic pulse
velocity tester, and pressure waves (P waves) are generated and recorded from the other
side of the specimen. The ultrasonic pulse velocity tester measures the time taken by the
pulse to proceed through the specimen. UPV equipment consists of a receiver, a transmitter,
and a digital display [52]. The propagation times of the waves read from the device display
were divided by the size of the specimen, and the propagation rates were determined for
each sample. UPV test was applied to cube specimens of 15 cm x 15 cm x 15 cm. The
results obtained for the specimens are shown in Table 1.

Table 1. Test results of Bitlis stone.

Specimen UPV (m/s) Vs (m/s) Poisson Modulus of Elasticity

Number Direction 2 Direction 3 Direction 2 Direction 3 Direction 2 Direction 3 kN/m?
1 1574.5 +93.9 1804.5 + 57.5 1032.9 + 62.33 1185.557 4+ 38.17  0.214295 + 0.002 0.2085 + 0.001 3755487 +4.77 4924239 +4.13
2 1751.0 +22.24 1805.5 + 13.6 1150.4 + 14.1 1184.95 + 8.63 0.208497 + 0.001 0.2125 + 0.001 4604603 + 1.21 4901648 + 1.05
3 1543.25 + 58.55 1687.5 + 36.06 1009.3 4 39.2 1105.313 4+ 24 0.226122 + 0.002 0.2202 + 0.001 3570909 + 2.82 4261941 + 2.44
4 1340.0 - 44.6 1449.25 + 27.31 875.02 £ 29.72 947.8095 + 18.19 0.232153 + 0.002 0.2261 + 0.001 2791537 £1.91 3259257 + 1.65
5 1573.75 + 41.84 1676.25 4+ 25.62 1024.5 4+ 27.92 1092915 £ 17.1 0.244454 + 0.002 0.2383 £ 0.001 3786705 4+ 2.05 4287804 + 1.77
6 1608.0 & 6.94 1625.00 + 4.25 1058.1 4 5.23 1070.875 4 3.2 0.202775 =+ 0.002 0.1971 £ 0.001 3930450 4 3.14 4007304 + 2.72

According to the fracture test performed on cube specimens of 15 x 15 x 15 cm
dimensions taken from natural stones known as Bitlis ignimbrites and used as building
stones and the elastic property examinations obtained separately in two directions, the
following results were obtained:

e  Specimen 1 has the highest fracture load (179.5 kN). The weight per unit volume was
calculated as 14.2 kN/m?3, average modulus of elasticity 4.34 x 10° (kN/m?), average
Poisson ratio 0.21, and average shear modulus 1.79 x 10° (kN /m?2);

e The fracture load of specimen 2 was obtained as 163.8 kN. The weight per unit volume
was calculated as 14.12 kN/m?, average modulus of elasticity 4.75 x 100 (kKN/ mz),
average Poisson ratio 0.21, and average shear modulus 1.96 x 10° (kKN/ m?);

e  The fracture load of specimen 3 was obtained as 146.4 kN. The weight per unit volume
was calculated as 14.02 kN/m?, average modulus of elasticity 3.92 x 100 (kKN/ mz),
average Poisson ratio 0.22, and average shear modulus 1.60 x 10° (kKN /m?2);

o The fracture load of specimen 4 was determined as 153.2 kN. The weight per unit vol-
ume was calculated as 14.51 kN/m?, average modulus of elasticity 3.03 x 100 (kKN/ m?),
average Poisson ratio 0.23, and average shear modulus 1.23 x 10° (kN /m?2);

e The fracture load of specimen 5 was obtained as 153.2 kN. The weight per unit volume
was calculated as 14.22 kKN /m3, average elastic modulus 4.04 x 100 (kKN/ m?), average
Poisson ratio 0.24, and average shear modulus 1.63 x 106 (kN /m?);

e The fracture load of specimen 6 was obtained as 153.2 kN. The unit volume weight
was calculated as 14.32 kN/m?, average modulus of elasticity 3.97 x 10 (kN/m?),
average Poisson ratio 0.20, and average shear modulus 1.65 x 10° (kN/m?).

Ignimbrites may be of different compositions due to their formation and may change
over short distances when an evaluation is made about the specimens in general. The
weight per unit volume of the six specimens examined is very close to each other and
does not show great compositional differences. Porosity values are also in the range of
25%—26%, and it is understood that they do not have a significant difference in terms of their
formation. However, strength properties show significant changes. Measurements of the
specimens taken from both directions showed that there were different strength values in
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both directions. Although the specimens have similar physical properties, the main reason
why they have different values in strength properties is considered to be meteorological
conditions. Particularly, the small amount of cracking in the direction where the specimen
is exposed to the natural environment may cause a decrease in material strength. However,
in general terms, it has sufficient strength conditions as a building block. Using the average
values of these results, the material properties that are the basis for structural analysis are
shown in Table 2.

Table 2. Material properties considered for Bitlis stone used in minarets.

. Modulus of Specific Weight ~ Weight per Unit . .
Material Type g qyicity (kN/m?) (kN/m®) Volume (t/m3)  oisson Ratio
Bitlis Stone 4006824 20 146 0.22

Modelling of masonry walls is extremely important in the evaluation and design
of historical and modern masonry structures. Masonry walls can be modelled using
three different modelling techniques such as detailed micro-modelling, simplified micro-
modelling, and macro-modelling. These models can be seen in Figure 5.

unit mortar nit joinf composite

==~ interface
umt/mortar

Figure 5. Modelling methods of masonry: (a) detailed micro modelling; (b) simplified micro mod-
elling; and (c) Macro modelling.

In detailed micro-modelling, the mechanical properties of the masonry unit and the
mortar forming the masonry wall are taken separately. In this approach, it is assumed that
cracks will occur at the interfaces between the masonry unit and the mortar. In simplified
micro-modelling, mass densification was made at each connection point consisting of
a mortar and two masonry unit-mortar interfaces, and it was accepted that cracks that
could occur in masonry could occur at the mean interface line, assuming the average
interface. Findings differ slightly from detailed micro-modelling, as the Poisson ratio of
the mortar is not taken into account here. However, this difference is so small that it can
be neglected [53-55].

The macro modeling technique is one of the masonry structural modeling techniques
and is widely used. While performing this type of modeling, analyses are carried out with-
out making any distinction between the binding material (mortar, etc.) used in the building
and the structural elements. In this modelling, the masonry unit and the properties of the
mortar are homogenized and considered as a masonry composite material. The mechanical
properties of this model are the values obtained as a result of the homogenization process.
Macro modelling is more convenient in practice because it requires less memory and time.
However, with macro modelling, stress distributions in masonry units and mortar can be
obtained accurately [55-58] In this respect, structural masonry elements are considered
composites, and an equivalent material model is used for all minarets models. Structural
analyses were carried out for the Five Minarets in Bitlis using this macro-modeling tech-
nique. The mortar and Bitlis stone used in the minarets were considered as a single material.
The sign criterion for the stress components of the elements used in the finite element model
of the structure is shown in Figure 6, in accordance with the assumptions stipulated by the
software [59] in which numerical modeling is made.
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Figure 6. The sign criterion for the stress components.

As stated in Figure 6, S11 is vertical stress in (x) direction, S22 is vertical stress in (y)
direction, S33 is vertical stress in (z) direction, and S12 = S21 constitute shear stresses in the
x-y plane. With TBEC-2018, which was updated in 2018 and entered into force on 1 January
2019, the biggest change was the use of site-specific design spectra. Turkey Earthquake
Maps Interactive Web Application has been developed to calculate design spectra and
site-specific earthquake parameters. With the help of this application, horizontal and
vertical design spectra can be obtained as well as earthquake parameters belonging to any
desired geographical location. By using the coordinate values obtained for each minaret,
design spectra and earthquake parameters were obtained with the help of this application.
While obtaining these values, the design ground motion level DD-2 was chosen as the
earthquake ground motion level. From the ground survey reports received from the
relevant institutions, the ZB soil class was taken into account for all five minarets as the
local soil class. As it can be seen from Table 3, the design spectra were obtained close to each
other since the seismic parameters for the minarets are close to each other. The horizontal
and vertical spectra obtained for the Ulu Mosque Minaret are shown in Figure 7 as an
example. In these curves, the horizontal axis represents period values, while the vertical
axes represent the horizontal and vertical elastic design spectral accelerations, respectively.

Table 3. The seismic parameters obtained for Five Minarets.

Parameter Ulu Gokmeydan  Meydan Kalealt1 Serefiye
Mosque Mosque Mosque Mosque Mosque
Local soil classes 7B 7B 7B ZB ZB
Short period map spectral acceleration coefficient (Sg) 0.614 0.614 0.614 0.614 0.614
Map spectral acceleration coefficient for a 1.0 s period (S;) 0.172 0.172 0.172 0.172 0.172
Peak ground acceleration (PGA) (g) 0.260 0.260 0.260 0.260 0.260
Peak ground velocity (PGV) (cm/sn) 15.081 15.123 15.082 15.084 15.079
Local soil effect coefficient for the short period region (Fs) 0.900 0.900 0.900 0.900 0.900
Local soil effect coefficient for 1.0 s period (F;) 0.800 0.800 0.800 0.800 0.800
Short period design spectral acceleration coefficient 0553 0553 0553 0553 0553
(unitless) (Sps)
Design spectral accelera.tlon coefficient for a 1.0 s period 0138 0138 0138 0138 0.138
(unitless) (Sp1)
Ta 0.050 0.050 0.050 0.050 0.050
Tp 0.249 0.249 0.249 0.249 0.249
TaDp 0.017 0.017 0.017 0.017 0.017
Tep 0.083 0.083 0.083 0.083 0.083

The earthquake parameters obtained for each minaret and used in structural analysis
with the help of the Interactive Web Earthquake application are shown in Table 3.

While the dimensions of Five Minarets are shown in Figure 8, the three-dimensional
models obtained from the software program are shown in Figure 9.
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Figure 7. Horizontal and vertical design spectra obtained for the minaret of the Ulu Mosque.
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Figure 8. Dimensions of Five Minarets.

Figure 9. Three-dimensional models obtained from the software program of Five Minarets.
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In the structural analysis of the minarets, the finite element method, where the cross-
section and material properties can be easily defined, was used. In finite element analysis,
the geometry of the structure or structural elements is determined by a finite number of
nodal points. The general structural properties of the minarets, the number of nodes, and
the number of shell elements modelled in the software are shown in Table 4.

Table 4. Characteristics and structural model properties of Five Minarets.

Minaret Ulu Mosque  Serefiye Mosque Meydan Mosque  Kalealt1 Mosque  Gokmeydan Mosque
Date of Construction 1492/93 1533 17th century 17-18th century 1924
Stone Vv v v v v
Material Brick
Earth
Single v v v Vv v
Balcony Double
Height (cm) 3048 2766 2450 1280 3490
Northwest of Northeast of Northwest of
. East of mosque
Location courtyard courtyard mosque next Southwest of mosque
. e . at annex
(at outside) (at inside) to portico
Footing Dimensions (m) 3.10 x 3.10 3.0x 3.0 3.75 x 3.75 2.15 x 2.15 2.90 x 2.90
Body Diameter (m) 3.1 2.7 3.1 1.8 2.6
Body wall thickness (m) 0.6 0.45 0.5 0.2 0.35
Height (m) 30.48 27.66 24.5 12.8 34.9
Number of nodes 6808 7096 7220 1558 2648
Number of Shell element 1710 1781 1812 393 666

Modal analysis is a dynamic analysis method that enables the determination of free
vibration periods, frequency values, mass participation rates, and mode shapes of the
structure. In order to determine the dynamic properties of the minarets, primarily modal
analyzes were carried out. In TBEC-2018, it was requested to be determined according
to the rule that the mass participation rates in the X and Y directions should not be less
than 95%. In this case, modal analyses were carried out by considering the first 34 modes
for the Ulu Mosque minaret; the first 24 modes for Gokmeydan mosque minaret; the first
44 modes for the Meydan Mosque minaret; the first 31 modes for the Kalealt1 mosque
minaret; and the first 43 modes for the Serefiye Mosque minaret. The values related to
the mass participation rates, natural vibration periods, and effective modes obtained by
considering the first five modes of Five Minarets as a result of the modal analysis are shown
in Table 5. Torsion in all minarets occurred in the fifth mode.

The dead-load, live-load, and earthquake-load are taken into account for stress calcula-
tions. The software program according to material properties made dead load calculations.
Horizontal and vertical elastic design spectra obtained from Turkey Earthquake Hazard
Maps Interactive Web Applications were used as design spectra. For the earthquake load,
load definition was made in three directions as EQx, EQy, and EQz. Structural analyses
were performed for different load combinations by using these values. The load combi-
nations envisaged in the TBEC-2018, which is currently used in Turkey, have been taken
into account. Load combinations have been selected in accordance with the definition
under the title of Combining Earthquake Effect with other Effects in TBEC-2018. Load
combinations are defined by the constant load effect, live load effect, earthquake effects
defined in perpendicular directions, and the vertical earthquake effect together with the
load coefficients. The stress diagrams for S11 (vertical stress in the x-direction) obtained
from different load combinations are shown in Figure 10.
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Figure 10. The maximum stress for Five Minarets (S11).

The maximum stress diagrams for the vertical stress in the y-direction (S22) obtained
from different load combinations are shown in Figure 11.
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Figure 11. The maximum stress for Five Minarets (522).

The diagrams of shear stress in the x-y directions (512) for five minarets under different
load combinations are shown in Figure 12.
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Figure 12. Maximum shear stress for Five Minarets (S12).

The comparison of the maximum tensile stresses for Five Minarets according to the
results of the structural analysis is given in Table 6.
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Table 5. Modal analysis results of Five Minarets.

Minaret Mode Period (s) UX (m) UY (m) YUX (%) YUY (%) RX (m) RY(m) YRX (%)  YRY (%)
1 0.7104 0.01394 0.55769 1.39 55.77 0.4139 0.01027 41.39 1.03
2 0.7077 0.55858 0.01379 57.25 57.15 0.0104 0.41305 4243 42.33
Ulu 3 0.1450 0.07872 0.09275 65.13 66.42 0.0648 0.05621 48.91 47.95
4 0.1423 0.10062 0.07766 75.19 74.19 0.0555 0.07397 54.46 55.35
5 0.0991 388 x10°¢ 1.82x10° 75.19 74.19 1.8x 1075 286 x 1077 54.46 55.35
1 1.7760 0.5089 6.00 x 1077 50.89 0.00 47 x 1077 0.49011 0.00 49.01
2 1.7410 4.89 x 1077 0.51229 50.89 51.23 0.4872 5.05 x 1077 48.72 49.01
Gokmeydan 3 0.3126 0.00581 0.21057 51.47 72.29 0.0925 0.00258 57.97 49.27
4 0.3103 0.22133 0.00575 73.60 72.86 0.0026 0.1001 58.23 59.28
5 0.1486 0.04561 0.00032 78.16 72.89 0.0003 0.05404 58.25 64.68
1 0.6206 0.01356 0.53314 1.36 53.31 0.4317 0.01086 43.17 1.09
2 0.6135 0.53401 0.01338 54.76 54.65 0.011 0.43069 4427 4416
Meydan 3 0.1201 0.2624 0.00205 81.00 54.86 0.0014 0.17858 44.40 62.01
4 0.1186 0.00214 0.2621 81.21 81.07 0.1711 0.00139 61.51 62.15
5 0.1054 0.00829 3.85 x 107° 82.04 81.07 24 %1073 0.00433 61.52 62.58
1 0.2861 0.00246 0.49748 0.25 49.75 0.4953 0.00252 49.53 0.25
2 0.2807 0.48622 0.00251 48.87 50.00 0.0025 0.49927 49.78 50.18
Kalealt: 3 0.0658 0.24789 6.76 x 1076 73.66 50.00 8.0 x 1077 0.08725 49.78 58.90
4 0.0603 3.99 x 10° 0.22776 73.66 72.78 0.0926 1.37 x 1077 59.04 58.90
5 0.0490 4.80 x 1075 0.00033 73.66 72.81 0.0003 0.00024 59.07 58.93
1 0.7953 0.53912 0.01179 53.91 1.18 0.0096 0.43307 0.96 4331
2 0.7824 0.01191 0.53782 55.10 54.96 0.4332 0.0095 44.28 44.26
Serefiye 3 0.1449 0.00015 0.26134 55.12 81.10 0.1848 9.16 x 1075 62.76 44.27
4 0.1400 0.24586 0.0002 79.70 81.12 0.0002 0.16751 62.78 61.02
5 0.1160 823 x 107 0.00301 79.71 81.42 0.0007 639 x 107° 62.85 61.02

Table 6. Comparison of the maximum tensile stresses obtained for Five Minarets.

Minaret Load Combination S11 (MPa) S22 (MPa)
Ulu Mosque 0.9G + EQX + 0.3EQY — 0.3EQZ 1.992 1.992
Gokmeydan Mosque G+ EQX 0.928 1.286
Meydan Mosque 0.9G + EQY — 0.3EQX 2.817 4.229
Kalealt1 Mosque 1.4G 1.467 1.102
Serefiye Mosque G + EQY + 0.3EQX + 0.3EQZ 3.575 5.761

The comparison of the maximum compressive stresses according to the analysis results
for Five Minarets is given in Table 7.

Table 7. Maximum compressive stresses obtained for Five Minarets.

Minaret Load Combination S11 (MPa) S22 (MPa)
Ulu Mosque 0.9G + EQX + 0.3EQY — 0.3EQZ 2.953 8.859
Gokmeydan Mosque G+ EQX 2.268 4.901
Meydan Mosque 0.9G + EQY — 0.3EQX 2.517 12.099
Kalealt1 Mosque 1.4G 0.967 1.280
Serefiye Mosque G + EQY + 0.3EQX + 0.3EQZ 4.062 14.460

The comparison of the maximum shear stress values obtained from the structural
analyzes for Five Minarets is given in Table 8.

Table 8. Comparison of the maximum shear stresses obtained for Five Minarets.

Minaret Load Combination S12 (MPa)
Ulu Mosque 0.9G + EQX + 0.3EQY — 0.3EQZ 1.652
Gokmeydan Mosque G+ EQX 1.327
Meydan Mosque G + EQY + 0.3EQX + 0.3EQZ 1.793
Kalealt: Mosque 14G 0.507
Serefiye Mosque G + EQY + 0.3EQX + 0.3EQZ 3.034
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According to the analysis results of Five Minarets, the maximum displacement of
connection elements in both negative and positive Ux (U;) directions is given in Table 9.

Table 9. Maximum displacements of Five Minarets in Ux direction.

Minaret Load Combination Type U (mm)

Ulu Mosque 0.9G + EQX + 0.3EQY — 0.3EQZ Negative 17.66536
Gokmeydan Mosque G+ EQX Positive 44.45398
Meydan Mosque 0.9G + EQX + 0.3EQY — 0.3EQZ Positive 14.28112
Kalealtt Mosque G+ EQX Negative 0.13602
Serefiye Mosque 0.9G + EQX + 0.3EQY — 0.3EQZ Positive 19.88931

According to the analysis results of Five Minarets, the maximum displacement of
connection elements in both negative and positive Uy (U,) directions is given in Table 10.

Table 10. Maximum displacements of Five Minarets in Uy direction.

Minaret Load Combination Type U, (mm)
Ulu Mosque G + EQY + 0.3EQX + 0.3EQZ Negative —17.93548
Gokmeydan Mosque G + EQY + 0.3EQX + 0.3EQZ Negative —40.81252
Meydan Mosque G + EQY + 0.3EQX + 0.3EQZ Negative —14.92157
Kalealt: Mosque G + EQY + 0.3EQX + 0.3EQZ Negative —0.23223
Serefiye Mosque G + EQY + 0.3EQX + 0.3EQZ Positive 19.13056

According to the analysis results of Five Minarets, the maximum displacement of
connection elements in both negative and positive Uz (Us3) directions is given in Table 11.

Table 11. Maximum displacements of Five Minarets in Uy direction.

Minaret Load Combination Type Us (mm)

Ulu Mosque 0.9G + EQX+0.3EQY — 0.3EQZ Negative —3.72910
Gokmeydan Mosque G + EQY + 0.3EQX + 0.3EQZ Negative —6.17395
Meydan Mosque G + EQY + 0.3EQX + 0.3EQZ Negative —4.44064
Kalealt1 Mosque G + EQY + 0.3EQX + 0.3EQZ Negative —0.39179
Serefiye Mosque G + EQY + 0.3EQX + 0.3EQZ Negative —5.48402

The highest period value was obtained for the Gokmeydan mosque minaret, which is
the highest minaret, while the lowest period value was obtained for the Kalealtt mosque
minaret. The variation of height directly affected the period values. The highest tensile
stress values were obtained for the minaret of the Serefiye Mosque, while the lowest values
were obtained for the minaret of the Gokmeydan Mosque. The differences in the structural
dimensions affected the tensile stresses. The highest values in terms of compressive stresses
were obtained for the minaret of the Serefiye Mosque, while the lowest values were obtained
for the minaret of the Kalealt1 Mosque. The highest shear stresses occurred in the minaret of
the Serefiye mosque, while the lowest shear stresses occurred in the minaret of the Kalealt1
mosque. The largest displacements were obtained for the Gokmeydan mosque minaret,
which is the highest minaret, while the smallest displacement values were obtained for the
Kalealti mosque minaret, which is the lowest one. All values obtained are considerably
smaller than the minimum compression, tensile, and shear stress values in TS EN 1467 [60],
which is used for natural stones and raw blocks in Turkey and includes natural stone
properties. Accordingly, the minimum safe compressive stress is 34 MPa [60]. Therefore,
the values found in all of the minarets were obtained below this value. In addition, the
minimum tensile strength in bending for blasted stones can be taken as 8 MPa [61] For
stone walls built in masonry, the safe shear stress (7s) can be calculated by Equation (1).
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176=010+050 1)

Here, o indicates the compressive strength of the material. The compressive strength
value, which was calculated as 34 MPa above, was substituted in Equation (1), and the
safe shear stress value was calculated as 17 MPa. The maximum compressive, shear, and
tensile stresses obtained from the analyses show thag these stresses can be safe to be carried
by the structure. This result is in accordance with the fact that the structure survived in
the process.

4. Conclusions

In the Bitlis stones, which formed the minarets under the influence of natural condi-
tions, partial mass loss, rupture, and wear were observed over time. It has been surveyed
that the vegetative cell formations formed on the minarets over time damaged the stones
and the joining elements that formed the minaret. In some minarets, traces of moisture
were observed, partly due to the harmful effects of water and the stone’s characteristics.
Many lead traces are still clearly observed on the minaret of the Ulu Mosque. Authorized
institutions are proceeding to fix these damages and protect the structure from further
damage in the future. Therefore, it was not possible to make a comparison between the
damage conditions on the minarets and the results obtained.

In this study, structural analyses for Five Minarets, which are the significant cultural
heritage of Bitlis province and have been the subject of songs, were carried out using
observational and finite element methods. The fact that these minarets are exposed to many
adverse effects over time makes these minarets’ construction technologies and earthquake
behavior more critical. Within the scope of this study, the seismic behavior of the minarets
was determined by using the design spectrum given in the Turkish Building Earthquake
Code (TBEC-2018), taking into account the different loading conditions for all five minarets.
For this purpose, the mechanical properties of Bitlis stone used in minarets were determined
for the first time within the scope of this thesis by using non-destructive test methods.
Structural analysis of the minarets was carried out using the obtained values using the
macro modeling method. S11, S22, and S12 stresses were founded for different loading
cases of each minaret. Periods and mode shapes and data about minarets are given. The
causes and results of the damage and destruction caused by the observational examinations
made in the field are presented. Mainly, the maximum stress occurred in the transition
zones of the minarets. It has been determined that the minaret can carry on these stresses.
It expressed the engineering knowledge and experience when the minarets were built. In
minarets, the effect of the cylindrical body and upper part of the minaret in the first mode
is more significant than the pulpit. The common elements in the transition zones where
cross-sectional changes occur in the minarets can be expressed as risky places. The fact
that the elements that formed the pulpits have more rigidity indicates that the degree of
damage will remain at lower values in this region. In this case, transition zones in minarets
can be expressed as risky zones.

Bitlis stone, which is used in all of the minarets, is weak strength and has high porosity
ratio, as well as the high-temperature difference in the city, the high and long-term snowfall
causes fragmentation and partial rupture of these stones. In a city where the winter season
is long, the freezing-thawing factor is one of the important reasons for decreasing the
strength of the stone. Therefore, Bitlis stone, which is the main structural element of
minarets, may lose its mechanical properties over time and affect its strength. In order
to solve this problem, institutions/organizations related to minarets should observe the
minarets structurally and ensure that the necessary engineering interventions are made in
a timely. In this respect, the relevant public institutions and organizations have preserved
the originality of the minarets by carrying out the necessary works and procedures. The
continuity of such works and transactions is very important in order to transfer the minarets
to the next generations.
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The fact that the structural dimensions such as total height, diameter, wall thickness,
and pulpit dimensions of the minaret had different values for Five Minarets caused the
analysis results to be different from each other. Therefore, compressive, tensile, shear
stresses, period, and displacement values differed.

Five Minarets are in Bitlis city center, they are close to each other, and the design
spectra obtained are close to each other because the local soil class has the same values. In
future studies, the effects of these variables on the behavior of masonry minaret structures
will be examined. In this subject, this paper can be used as a source. In the study, only
macro modeling was considered while performing structural analyses for each minaret.
The material properties of the elements that make up the minarets will be determined in
future studies. In addition, the analysis in the time history analyzes using micro modeling
technique will also contribute.

It is vital that the Five Minarets are the most important historical structures of Bitlis
city and be transferred to the next generations. For this purpose, these minarets should
be observed according to the structural monitoring system, and when necessary, their
maintenance work should be perfomed correctly. It is recommended that the necessary
applications be made by the relevant institutions and organizations at the point of inclusion
of Five Minarets in the UNESCO World heritage. This and similar studies will make
important contributions to make this process happen faster and on a scientific basis.
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Abstract: The seismic vulnerability assessment of existing reinforced concrete (RC) buildings is
a significant source of disaster mitigation plans and rescue services. Different countries evolved
various Rapid Visual Screening (RVS) techniques and methodologies to deal with the devastating
consequences of earthquakes on the structural characteristics of buildings and human casualties.
Artificial intelligence (AI) methods, such as machine learning (ML) algorithm-based methods, are
increasingly used in various scientific and technical applications. The investigation toward using
these techniques in civil engineering applications has shown encouraging results and reduced
human intervention, including uncertainties and biased judgment. In this study, several known non-
parametric algorithms are investigated toward RVS using a dataset employing different earthquakes.
Moreover, the methodology encourages the possibility of examining the buildings’ vulnerability
based on the factors related to the buildings” importance and exposure. In addition, a web-based
application built on Django is introduced. The interface is designed with the idea to ease the seismic
vulnerability investigation in real-time. The concept was validated using two case studies, and the
achieved results showed the proposed approach’s potential efficiency.

Keywords: rapid assessment; machine learning; seismic vulnerability; Django; damage classification

1. Introduction

Natural calamities can be unpredictable and may leave a cumbersome loss of life and
economy. The infrequent seismic events (intermediate to large) eventually end up claiming
lives and buildings or houses. The post-earthquake consequences are more evident in
the metropolitan regions compared to rural areas. The complexities and unorganized
distribution with inadequate design code implementation for mid-to-high-story buildings
lead to unfortunate fatalities. In the past, significant earthquakes worldwide have provoked
many human casualties and damages to structures. It reportedly killed 8519 persons and
maligned 80,000 buildings in Nepal’s territory [1]. City Bam, in southeastern Iran, was hit by
an earthquake measuring 6.3-6.6 on the Richter scale early Friday morning on 26 December
2003. It claimed 26,271 lives and 51,500 fatalities [2]. On 15 August 2007, an earthquake of
7.9 Richter caused enormous devastation in Peru and claimed 514 lives and 1090 injuries.
The dead-to-injured ratio was 32% [3]. On 12 May 2008, Sichuan, in China, faced one of the
deadliest earthquakes in the past 30 years with an 8.0 magnitude. The authorities confirmed
the death of 69,170 people, 17,426 missing, and 374,159 injuries [4]. Haiti was knocked by a
giant earthquake with a magnitude of 7.2 on the Richter scale on 12 January 2010. The event
aroused massive mortal and material casualties, with 212,000 dead, 512,000 wounded,
and 1,000,000 homeless [5]. Many studies and records infer that notable earthquake-related
fatalities occurred due to damages to buildings which caused approximately 75% of deaths
as a result of earthquakes in the past decades [6].
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It is not feasible to conduct a comprehensive analysis for every structure in an urban
metropolis. Thus, a fast screening technique to filter out and prioritize the building stocks
with high degrees of vulnerability, also known as Rapid Visual Screening or RVS, is felt to
be highly essential. RVS, recognized for its fundamental calculations, provides a quick and
reliable approach for assessing seismic risk. RVS was created in the 1980s by the Applied
Technology Council (USA) [7] to assist a wide range of people, including building authori-
ties, structural engineering consultants, inspectors, and property owners. This approach
was created to be the preliminary screening phase in a multi-step process of assessing
seismic risk. Ozcebe [8] provides a valuable overview of RVS. When screening out high-risk
construction stocks, this technique is fast, dependable, and efficient. For executing RVS,
a sheet with preset criteria is considered and a qualified assessor implements a prelimi-
nary walk-down assessment to determine the damage grade of buildings. The process is
followed by the evaluator taking note of physical characteristics such as overhangs and
floating columns. First, a Basic Score (BS) is calculated using a formula and then allocated
to the building following several international codes.

Throughout the last 25 years, many research projects have used artificial intelligence
(AI) capabilities in earthquake engineering, such as methods based on machine learning
(ML) and neuro-fuzzy [9-11]. The intrinsic capacity of ML to embed and deploy solutions
of issues with known input data in order to extract predictions for the solution of the
same kind of problems with unknown input data instantaneously led to the idea of using
them for the approximation of the seismic damage status of existing structures in real-time
following an earthquake.

The current study examines different ML methods for the rapid classifying of building
damage grades through the rapid screening of a building. With the input dataset, many
supervised learning approaches were investigated. The final classifier was created using
the highest-scoring algorithm. Furthermore, the study was focused on the critical factors
that cause probable loss following an earthquake. Despite the capabilities of Al approaches,
there is a significant gap in adopting the most efficient technique for evaluating the seis-
mic vulnerability of structures for which some possible reasons could be the substantial
knowledge, the required skills, and the proper place for the application of an Al-based
method [12].

2. Background of the Study

Earthquakes are the most devastating natural calamities that humans have
witnessed [13,14]. Every year earthquakes claim thousands of lives [15] and cause signifi-
cant loss in the economy (direct or indirect), massive fatalities, and suspension in occupancy
as well as in business, not only in developing but also in the developed and scientifically
well-established (particularly in earthquake engineering) countries [16,17].

In general, an estimation of any damage involves the complications of defining, assess-
ing, and modeling the associated factors along with controlling the uncertainty. Engineering
communities have the challenge of predicting the structures” expected damages and face
complexities, vagueness, and difficulties in their estimations [18], especially when it comes
to dealing with a large building stock. Hence, restricting the damage to existing reinforced
concrete (RC) buildings is emphasized, as they are more vulnerable than new buildings
constructed according to the latest codes. The pre-earthquake assessment of existing struc-
tures has been introduced within the general framework of seismic risk management and
aims to form a strategy for prioritizing buildings for further comprehensive analyses [19].
Although most new RC buildings fulfill the seismic safety criteria, many existing old RC
buildings are not compliant with the principles of modern seismic codes, lacking ductility
and sufficient seismic resistance, and hence their vulnerability analysis demands more
attention. Lessons learned from the performance of buildings during previous earthquakes
and research over the last three decades resulted in improved seismic design provisions
and building resiliency [20,21]. The majority of the existing buildings are operational and
require an assessment to analyze how safe they are to resist any seismic event in terms of
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life safety. A rapid and efficient risk-based seismic vulnerability assessment of existing
buildings can help with estimating damage grades, prioritization for further analyses,
saving time and costs, and assisting decision-makers with the provision of post-disaster
crisis management plans [22].

2.1. Rapid Visual Screening

RVS estimates the seismic vulnerability of structures in a given territory. It depends
on associations between the buildings’ evaluated seismic performance and architectural
typology (frame, shear wall, monolith, in-fill), material (steel, RC, masonry, wood, com-
posite), design methods implementation, and several other factors [23]. Additional inputs
to the analysis include the level of earthquake hazards. The predictions are based on
expert opinions, pushover analyses, compelling response studies, and the performance of
similar buildings in past seismic events. The RVS methods allow for quantifying structural
vulnerabilities more easily than analytical approaches [24] by filtering the weak structures
through faster implementation. There is no need for detailed calculations and multiple
scenarios. A scale-based or score-based system quantifies the likelihood of a building
collapse, while the scale or score represents the possible damages after an earthquake [25].

2.2. Machine Learning in Seismic Vulnerability Assessment

Al methods provide a device or computer with the ability to imitate human intelligence
(cognitive process), procure from events, adapt to the newest information, and perform
human-like activities. These techniques accomplish tasks intelligently and accurately
while keeping adaptive and productive for the entire system. Abundant literature is
available that attempted to integrate various branches of Al from several areas with an RVS
method. There is a broad set of techniques that come in the domain of artificial intelligence,
including Artificial Neural Networks (ANNs), ML, Fuzzy Logic (FL), and Multilayer
Feedforward Perceptron Networks (MFPNs). A comprehensive review of different Al
techniques developed in the literature for the application of RVS to existing buildings and
damage classification can be found in [26]. Morfidis and Kostinakis [27] applied an ANN
to explore the number and combination of seismic specifications and help forecast the
seismic damage caused to the RC buildings. The desired combination of parameters was
between five and fourteen, while the Housner Intensity stood the most important among
all. In 2018, Morfidis and Kostinakis conducted another study [28] using a model based
on an MFPN. Several algorithms trained the model and using the Maximum Inter-Story
Drift Ratio, the damage index of the earthquake was examined. In another study published
by Morfidis and Kostinakis [12], the seismic vulnerability was evaluated using an MFPN.
The model was trained via datasets obtained from a number of RC buildings in Greece
with heights of 3-30 m. The study aimed to exchange the knowledge base between a civil
engineer and an ANN expert.

In 2010, Tesfamariam and Liu [29] conducted a comparative study on different clas-
sification methods of the Neural Network (NN), namely Naive Bayes (NB), K-Nearest-
Neighbor (KNN), Fisher’s Linear Discriminant Analysis (FLDA), Partial Least Squares
Discriminant Analysis (PLS-DA), Multilayer Perceptron Neural Network (MLP-NN), Clas-
sification Tree (CT), Support Vector Machine (SVM), and Random Forest (RF). For different
damage states including none (O), light (L), moderate (M), severe (S), and collapse (C),
indicators 1, 2, 3, 4, and 5 were used, respectively. KNN and SVM performed optimally for
segregating buildings with “Immediate Occupancy” (IO) and “Life Safety” (LS). A team of
researchers (Zhang et al. [30]), in 2018, presented an analysis report on their approach based
on ML. The selected mechanism was the Classification and Regression Tree (CART) and RF
to sketch the response and damage patterns of buildings. They found an accuracy of 90% in
predicting response patterns and 86% for both CART and RE. The traditional architecture of
an ANN has each neuron connected to every other neuron, while a Convolutional Neural
Network (CNN) has the last layer fully connected.
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Harirchian et al. [21] utilized an optimized MLP-NN to study the earthquake percep-
tivity through six buildings” performance variables which can help in obtaining optimal
foresight of the damage state of RC buildings using an ANN. The MLP network was trained
and optimized, utilizing a database of 484 buildings damaged in the Diizce earthquake
in Turkey. The effectiveness of this recommended NN design was displayed through
the achieved results to build an introductory estimation procedure for the seismic risk
prioritization of buildings.

Another study conducted by Allali et al. [31] focused on an approach based on FL for
the post-earthquake damage evaluation of buildings. They proposed the creation of the
global damage level of buildings with different lateral load resisting components. More
than 27,000 buildings damaged in the destructive 2003 Boumerdes earthquake in Algeria
(My = 6.8) were considered in the review process. The survey included the structural and
non-structural components, and other factors such as soil conditions, etc., were overlooked.
The damage levels of components and global damage levels were indicated using a scale
system from “No damage” for D; up to “collapse” for Ds. The study applied a novel
purpose of weighted fuzzy rules to associate the components” damage levels to the global
damage levels. The outcomes showed an accuracy of 90%.

ML represents a branch of Al that uses the essential components of illustration, evalu-
ation, and optimization to generate forecasts using computational algorithms that improve
with time. From a natural hazard risk evaluation perspective, SVM approaches have been
frequently used [32-35]. Few researchers compared an SVM performance with other soft
computing techniques or used an integrated approach that included the characteristics
of two different methodologies. Gilan [36] used an SVM combined with a fuzzy evolu-
tionary function (EFF-SVR) to predict the concrete compressive strength and compared
their findings with ANFIS, fuzzy function with least square estimation (FF-LSE), ANN,
and enhanced FF-LSE. Simulation results and comparisons showed that the suggested
EFF-SVR technique outperformed other methods in terms of performance. In their research
investigations on compressive strength predictions for the no-slump concrete and concrete
with a significant volume of fly ash additive, Sobhani [37] and Sun [38] utilized SVM and
least square SVM (LS-SVM) models, respectively, and compared them with ANN models.
SVM and LS-SVM models were high-speed in both tests and helped overcome the ANN
model’s disadvantages of over-training and poor generalization skills.

Harirchian [35] used a supervised ML methodology on the post-damage data of
RC structures damaged by the 1999 Diizce earthquake in Turkey to develop a method
applicable to risk assessment and crisis management strategies. They used an SVM op-
timization model to assess the efficacy of the suggested technique in damage prediction.
The database contained 484 buildings, with 22 feature characteristics serving as inputs to
the suggested method. When all 22 characteristics were used as inputs to the technique,
their findings showed a 52% accuracy. The SVM technique has been used to estimate
seismic risk for large-scale data. In fact, constructing a dataset with various parameters
as inputs to an extensive computational model for many structures in an area rather than
individual buildings would be a complicated task which would render the procedure
computationally expensive. Zhang [39] fixed this problem by performing two case studies
with 11 and 20 building features, respectively, utilizing an SVM as a data mining technique.
For testing the performance and accuracy of the SVM in seismic vulnerability prediction in
terms of spectral yield and ultimate points using capacity curves acquired by a pushover
analysis [40-43] in individual as well as regional scales, samples were randomly selected
from Taiwan’s National Center for Research on Earthquake Engineering (NCREE) [44]
database of 5400 school buildings in Taiwan. Their results showed an average accuracy
of 64% on an individual scale, which could be raised to 74% by increasing the number
of samples used in the dataset’s training. A seismic risk assessment was completed on a
regional scale when the SVM approach was combined with the seismic-demand curves
based on building sites. Deep Neural Networks (DNN), also known as Deep Learning
(DL), have been effectively employed in a range of applications [45], attracting the in-
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terest of academics since DL outperformed alternative ML approaches such as kernel
machines [46-48].

Exposure models, or the inventory of people and facilities geographically separated at
the regional scale impacted by earthquakes, are among essential variables that make up the
fundamental inputs for a seismic risk assessment. Gonzalez [49] utilized a methodology
that included deep learning and a CNN method, which was applied to Google Street View
photos for image processing and categorizing individual buildings’ structural typologies,
which was then used for exposure models and a seismic risk assessment. A dataset from
9989 structures across eight typologies in Medellin, Colombia, was taken into consideration.
The results indicated that non-ductile structures are most vulnerable in an earthquake,
with an accuracy of 93% and a recall of 95%.

3. Data and Methodology
3.1. Input Data Source

Data are the observations of real-world phenomena, and they make the backbone of
ML models. Data present a small window into a restricted viewpoint of reality. The accu-
mulation of all of these observations provides a picture of the whole. However, it should
be noted that even when one has a massive dataset, the adequate number of data points for
some instances of interest might be pretty small.

The study presented in [50] incorporates cumulative data collected from RC buildings
shaken under the past four seismic events in Ecuador, Haiti, Nepal, and South Korea.
The data are archived in the open-access database of the DataCenterHub platform [51],
simultaneously with the data obtained from the studies by different research groups on that
platform [52-55]. Data from the individual earthquakes were not sufficient for predictive
models to work efficiently. Therefore, to supplement the data and create a global method,
the study consolidated all four datasets and merged them into one.

ML models require learning from data. ML algorithms acquire a mapping from input
variables to a target variable on a predictive modeling project. In this study, the input
dataset used for the predictive analysis consists of 526 data points corresponding to 8 inde-
pendent building features and 1 dependent set of variables. The dependent variables in
the dataset are the damage scales from 1 to 4 that have been assigned to the affected RC
buildings after seismic events. The predictive models need independent and dependent
variables in order to make predictions. In Table 1, the buildings’ featured parameters, their
relative units, and their category types have been presented. These features are the input
variables for the given dataset, whereas the target or dependent variable contains the four
damage scales, as shown in Table 2, for defining the damage and risk associated with the
corresponding RC building.

Table 1. RC buildings’ input feature collected for RVS study (based on the conducted study in [21]).

Features Unit Type

No. of Stories N(1,2,..) Integer

Total Floor Area m? Integer

Column’s Cross-Sectional Area 2 Integer

Concrete Wall Area (Y) m? Integer

Concrete Wall Area (X) m? Integer

Masonry Wall Area (Y) m? Integer

Masonry Wall Area (X) m? Integer
Captive Columns N (exist = yes = 1, absent = no = 0) Binomial

A feature depicts the numeric representation of raw data. The right features are
essential to the task at hand and should be easy for the model to ingest. Feature engineering
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expresses the most appropriate features for the given data, model, and task. The number
of features is also imperative. If there are not enough informative features, the model will
not achieve the final goal. In case of many features or trivial features, the model will be
more expensive and tricky to train. Something might go wrong in the training process
that impacts the model’s performance. Features and models sit between raw data and
the desired insights. Thus, in an ML workflow, not only the model but also features are
equally important.

Table 2. Damage scales associated with various risk factors.

Damage Scale Risk Association

1 No visible damage to the structure. Safe to reoccupy.

5 Low damage. Hairline to wide cracks in the structural elements. Spalling
of concrete may also be observed.
Significant loss. Failure of at least one element in the structure.

4 Severe damage. At least one floor slab or part of it loses its elevation.

3.2. Data Preprocessing

ML algorithms cannot fit solely on raw data. Instead, the data should be transformed
by preprocessing to meet the requirements of individual ML algorithms. Figure 1 shows
various steps followed in the study including merging four different datasets to form
one, processing the consolidated raw dataset for improvising it, and making the data
suitable for feeding into the predictive models. The study used various libraries available
in Python programming language to preprocess the data and create ML predictive models.
Data preprocessing is vast and can consist of numerous steps depending upon the data,
features, and the model requirements. Below, sub-sections elaborate on the preprocessing
steps carried on the raw dataset for implementation in the study.

Data from Haiti Data from Pohang Data from Nepal Data from Ecuador
Earthquake Earthquake Earthquake Earthquake

of Input Dataset \e

526 Data points

Data
Pre-processing

1. Feature correlation between independent and
dependent variables

2. Important feature extraction

3. Standardization

4. Normalization

5. LableEncoder for dependent variable

Data Cleaning Feature Extraction

1. Removing Outliers

2. Eliminating Missing data points

3. Making data distribution Gaussian

4. Balancing imbalanced data

5. Dataset splitting into training and test subsets

Final Input dataset
(to feed into the predictive models)

Figure 1. The workflow of data preprocessing for feeding data to predictive models.
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3.2.1. Data Preparation

Data cleaning regards recognizing and fixing errors in the dataset that may negatively

influence a predictive model. It is referred to all kinds of actions and activities which
identify and adjust errors in the data [56]. One of the most common forms of preprocessing
consists of a simple linear re-scaling of the input variables [57].

Outlier detection—An outlier is a data point that is unlike the other data points. They
are rare, discrete, or do not belong in some way. There is no definite technique to
distinguish and recognize outliers as usual because of the specifics of each dataset.
However, a domain expert can interpret the raw observations and verify if any given
data are outliers or not. Identifying outliers can be tricky even after a thorough
comprehension of the data. Proper attention should be taken not to eliminate or
replace values rashly, specifically when the sample size is small [58].

The input dataset for the study is medium size, so detecting the outliers on the basis of
extreme value analysis was possible. There were few data points which were not in the
range and distribution of attribute values. Those data points were eliminated to avoid
creating any unforeseen circumstance to control the predicting model inaccurately.
Missing data elimination—Major ML algorithms utilize numeric-type input data
values arranged in rows and columns in a given dataset. Missing values in a dataset
can create problems for the algorithms to function optimally. Therefore, it is a common
practice to identify the missing values and substitute them with a corresponding
numerical value. The method is known as missing data imputation or data imputing.
A known approach for data imputation is replacing all missing values for that column
with the respective column’s mean or median value. Scikit-learn library provides a
SimpleImputer with a mean or median strategy for missing value elimination. The in-
put dataset for this study is moderately tiny with only 526 values; however, there were
3 NaN (Not a Number) data points raising errors while processing the algorithms.
Therefore, using the conventional strategy, those NaN were replaced by the mean
value of their respective columns.

Gaussian data—ML models function better when the data have Gaussian distribution.
The Gaussian is a standard distribution with the familiar bell shape. Data fitting
techniques can modify each variable to make the distribution Gaussian, or if not
Gaussian, then more Gaussian-like. These transforms are most efficient when the data
population is nearly Gaussian, to begin with, and is skewed or affected by outliers.
Figure 2 shows the histogram for each feature input variable. Floor number has
Gaussian-like distribution of the data points, whereas most of the features are skewed
toward the left. The captive column obtained a binomial value (0 or 1); therefore,
the data distribution is discrete.

Figure 3 illustrates the data distribution for each feature input after employing Power-
Transformer class from Scikit-learn library. Total floor area and column area show a better
Gaussian bell shape, whereas masonry wall area NS and masonry wall area EW have
some skewness on the left side. Due to very few non-zero data points, the area of concrete
wall area NS and concrete wall area EW did not show any significant improvement.
Imbalanced Data—An imbalance in data distribution for each input feature creates
objections for predictive modeling. In real-world cases, the dataset contains irregular
data sharing several times, affecting the model prediction’s performance. Figure 4
depicts that the input dataset contains an asymmetric distribution of feature data
which resulted in imbalanced data in each output class. For example, damage class 4
has the highest number of samples, whereas damage class 1 has the least. This kind of
data distribution prevents the model from performing optimally. Synthetic Minority
Oversampling Technique (SMOTE) [59] generates synthetic data for the minority class,
therefore producing symmetry for majority of classes. Table 3 illustrates that, using
SMOTE, the imbalanced state of data distribution in the target variable is balanced.
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e Dataset splitting—The suitable approach for performing data preparation with a train—
test split evaluation is to fit the data preparation on the training set, then apply the
transform to the train and test sets. Therefore, the input dataset was split into (80-20%)
into the training set and testing set using function train-test-split from model-selection
module in Scikit-learn.

e Cross-Validation—As a good practice, ML models should evaluate the dataset using
k-fold cross-validation, particularly in small to medium-sized datasets. Cross-validation
aims to examine the model’s worth to predict unseen data, check issues such as model
overfitting, or biasedness to give an insight into the model behavior against an indepen-
dent dataset. The study implemented repeated stratified 10-fold cross-validation using
the function RepeatedStratifiedKFold from module ensemble in Scikit-learn.
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Figure 2. Distribution of data over each input variable.
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Figure 3. Distribution of data on each input variable after employing PowerTransformer.
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Figure 4. The damage class distribution of studied buildings.
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Output
Variable

Table 3. Balanced number of data in target variable with SMOTE [60].

Target Class Imbalanced Data Balanced Data
1 54 224
2 161 224
3 87 224
4 224 224

3.2.2. Feature Selection

Feature selection limits the number of independent variables in an input dataset
while creating a predictive model. Reducing the number of input variables helps in
terms of reducing the computational cost of modeling and also in order to increase the
model’s performance.

Figure 5 shows the application of statistical measures to draw a correlation between
independent and dependent variables as the basis to filter out feature selection. For the avail-
able dataset, where the independent/input variable was numerical and dependent/output
variable was categorical, ANOVA method was implemented to extract the essential features
out of all given parameters.

Input Variable

Numerical Data Categorical Data

Output
Variable

Numerical Data

Pearson's

i

Categorical Data

Categorical Data

Chi-Squared

‘ Numerical Data

L

Spearman'’s

> Mutual

Information

Figure 5. Types of statistical data.

3.2.3. Data Transformation

ML models are mapped from input variables to an output variable based on a suitable
pre-defined algorithm. Variations in the scales over independent variables may raise the
complexity of the problem to be modeled. Following approaches transform the data in a
proportionate scale to achieve the optimum output.

e  Standardization—Standardization of a dataset includes re-scaling the spread of values
such that the mean of observed values is 0 and the standard deviation is 1. The method
is offered by a function called StandardScaler available in the preprocessing module of
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Scikit-learn library. Deducing the mean value from the given data is known as center-
ing, and dividing the data by the standard deviation is known as scaling. The method
is also referred to as center-scaling.

e Normalization—Data points in any dataset may scale differently from variable to
variable. Often ML predictive models perform better if the variables are scaled in a
standard range, for example, in the range between 0 and 1. The scaling of all variables
in the range between 0 and 1 is known as Normalization. Class MinMaxScaler from
preprocessing module in Scikit-learn library normalizes the input variable.

e Label Encoder—ML predictive models assume all the provided input and output

variables to be numeric. Numerical data include data points that comprise numbers,
such as integer or floating-point values. Categorical data involve label values instead
of numerical. Categorical variables are frequently known as nominal. Scikit-learn
library also has this requirement which implies that all categorical data must be
transformed to numerical values.
For the dataset applied in this study, the target variable is in the categorical form: the
different damage classes assigned to the earthquake-affected RC buildings. With the
one-hot encoding method, the categorical output variable can be changed to an ordinal
numerical form. The ordinal encoding transform is available in the Scikit-learn library
via the Ordinal Encoder class.

3.3. Predictive Model Building

Designing an ML model involves several steps, as demonstrated in Figure 6. After pre-
processing, the input dataset (including the five feature input parameters) is split into
training and test subsets in a proportion of 80 and 20%, respectively. The training subsets
underwent cross-validation, which further divided the training set into smaller training
and validation subsets. In the study, there are ten subsets of the training data. There are six
popular ML classifiers implemented: SVM, DT, RE, NB, KNN, and GB. While nine training
subsets’ data were training each classifier, the validation set evaluated the classifier’s perfor-
mance by reviewing their precision for each output class. Unlike binary classification [61],
there is no positive or negative class in a multi-class classification problem, which means,
in the case of binary classification, the focus is on a positive class to detect; however, in a
multi-class classification problem, each sample needs to be categorized into 1 of N different
classes. Nevertheless, factors such as true positive (TP), true negative (TN), false positive
(FP), and false negative (FN) are available in multi-class classification help in calculating
the Precision, Recall, and F1-score, which are helpful in determining the performance of the
classifiers. Below, equation shows the details of each keyword:

e Precision = TP/(TP + FN)
e  Recall =TP/(TP+FN)
e Fl-score = 2 x ((Precision x Recall)/(Precision + recall))

To evaluate the classifier for general purposes, the model is exposed to the unseen test
data. The accuracy was computed based on the model’s predicting capability. The results
could also be visualized using different plots such as a confusion matrix.

3.3.1. Support Vector Machine

SVM was introduced through a statistical research learning theory [48]. A general-
ized case study [62] published using SVM showed that data are not linearly separable.
Gartner et al. [63] introduced the technique of handling multi-instance learning problems
using regular single-instance learners to summarize bag-level data combined with SVM.

The study implemented a GridSearchCV function from model_selection module in
the Scikit-learn library for implementing the SVM algorithm with all the possible hyper-
parameters. The optimal accuracy achieved by the grid was 52% for the training data
prediction and 57 % for the test data prediction using the hyperparameter values of C = 10,
gamma = 1, and kernel = RBE.
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Figure 6. Machine-learning-model building schematic flowchart.

3.3.2. Decision Tree Classifier

Developing a tree to classify samples from the training dataset is the goal of the decision
tree algorithm, which is also known as Classification and Regression Tree (CART) [64].
The tree can be considered as a division of the training dataset, with samples progressing
down the tree’s decision points until they reach the tree’s leaves, where they are assigned a
class label. It follows the approach of “divide-and-conquer” to a set of independent instances.

This research analyzed the given input dataset with the DT algorithm while using
entropy as purity criteria and made the tree with a maximum depth of three. The trained
model achieved 47% accuracy for the training set, while it evaluated the test data with an
accuracy of 42%.

3.3.3. Naive Bayes

Determining the conditional probability of a class label that is provided with a data
sample can be regarded as the problem of classification predictive modeling. The Bayes
Theorem [65] provides a systematic method for estimating this conditional probability,
but it is computationally expensive and requires many samples (a huge dataset). In the
current study, Gaussian NB fits well as the attributes contain continuous values, and it was
assumed that the data associated with each class have a Gaussian distribution. As a result,
the model achieved 43% accuracy for the training set and 42% accuracy for the test set.

3.3.4. K-Nearest Neighbor

Proposed by Evelyn Fix [66] in 1951 and further modified by Thomas Cover [67],
KNN is a simple non-parametric procedure in ML that is used for classification and
regression problems. It is assumed that the same class data will remain close to each other,
and the data will be assigned to a specific class with the most votes from their neighbors.
Because the classification is locally approximated, it is also known as lazy learning. For the
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present dataset, KNN performed fairly good where it scored 64% accuracy for the training
data, whereas for the test data, the accuracy was 45%.

3.3.5. Random Forest

RF is an ensemble classifier that originates from a significant advancement in DT
variance. Each tree uses bagging and feature randomization to construct an uncorrelated
forest of trees whose committee prediction is more accurate than that of any individual
tree. Leo Breiman [68] proposed the idea, which combined concepts from bagging [69]
and random feature selection by Ho [70,71] and Amit and Geman [72,73]. RF classifier
attained almost equal accuracy for the training and test subsets for the given dataset,
i.e., 45 and 37%, respectively.

3.3.6. Gradient Boost

GB follows ensemble learning by sequentially building simpler (weak) prediction
models, with each model attempting to identify the error issued over by the previous model.
Interestingly, because the loss function is optimized using a gradient descent, it is referred
to as GB. GB employs a short, simpler DT, which makes it GBDT. It combines many weak
learners to form one strong learner. Trees are linked in a series, and each tree attempts to
minimize the error of the previous tree. GBDT has efficiency, accuracy, and interpretability
features [74], and it is a popular ML ensemble algorithm. In addition, GBDT delivers
high performance in a variety of tasks, including multi-class classification [75,76], click
prediction [77], and learning to rank [78].

For the input dataset in this research, GBDT scored 78% on the training dataset and
51% on the test dataset. The outcome of the prediction is shown is Figure 7. The confusion
matrix represents the classifier’s outcome on test data. Overall, GBDT classifier evaluated
moderate numbers of true positives for class 2, class 3, and class 4, whereas, for class 1,
it achieved the highest numbers of correct predictions.

Gradient Boost - Confusion Matrix for Test data
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Figure 7. Gradient Boost Decision Tree—Confusion Matrix for Test Data. Class 1 obtained the
majority of correct predictions, whereas the rest of the classes have a modest number of accurate
data predictions.

3.4. Selection of ML Classifier

The models” accuracies were recorded to evaluate their performance on datasets
before and after the preprocessing steps. Before preprocessing, the dataset contained eight
parameters, including floor number, column’s cross-sectional area, total floor area, existence
of captive columns, masonry wall area in east-west, masonry wall area in north—south,
concrete wall area in east-west, and concrete wall area in north—south, respectively.
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Table 4 represents the accuracy (in %) scored by each of the trained classifiers on the
set of training and test data before and after preprocessing of the dataset. GBDT performed
good in comparison to all other classifiers.

Table 4. Accuracy scored by candidate classifiers with training and test subsets before and after
postprocessing of raw dataset.

ML Classifier Dataset (before Preprocessing) Dataset (after Preprocessing)
Training Set (in %) Test Set (in %) Training Set (in %) Test Set (in %)

Decision Tree 48 41 47 42
Gradient Boost Decision Tree 77 49 78 51
K-Nearest Neighbor 64 46 64 45
Naive Bayes 46 35 43 42
Random Forest 38 33 45 37
Support Vector Machine 57 45 52 47

Based on the performance of each candidate classifier on the test set, GBDT fits best
for further creation of the browser-based application for rapid screening of RC buildings.
Compared to other non-parametric models, ensemble models are robust and accurate
because of their architecture, as shown by the performance of GBDT. However, a single DT
is likely to overfit. Therefore, the classifier with a combination of DT models is preferred to
reduce the chances of overfitting. These combined models are more efficient in terms of
accuracy, as it can be seen for RE. To create an ensemble, RF employs a technique called
bagging to merge multiple DTs. Combining in parallel a number of DTs is called bagging,
while processing them in a series is referred to as boosting. Boosting is the process of
successively connecting weak learners to produce a strong learner. The weak learners
in the GBDT model are DTs. Each tree tries to decrease previous mistakes and boost the
accuracy and efficiency of the method. Figure 8 shows the working principle behind the
GBDT classifier, as stated above.

Random Forest Random Forest

|:> Residual Error |:> @ |:> Residual Error
Random Forest

Figure 8. Schematic diagram of Gradient Boost Decision Tree (GBDT) algorithm.

)=

3.5. Web-Development Using ML Model

One of the aims of this study is to incorporate the best-performing ML model in a
browser-based Ul The purpose is to evolve from the traditional RVS methods to develop
a fast, easily accessible, accurate, and scalable technique that can efficiently minimize the
seismic risk assessment and reduce any imprecision that comes with human interference.
Django is a free web framework based on Python language [79] that allows creating tested,
scalable [80], and reliable online applications. Adrian Holovaty and Simon Willison created
Django in 2003 for the Lawrence Journal-World newspaper, and it was freely distributed
under the BSD license in 2005.
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3.5.1. Design Approach

This section will introduce the design and implementation of the web application
based on Django as defined in the previous section. First, the models require to be trained
by the given input data. The data would be labeled in the case of supervised learning
models [81] and unlabeled for unsupervised learning models [82]. Nevertheless, most of
these models demand different amounts of data, depending on the algorithm, to reach a
desired level of accuracy. After the model has been trained and is ready to predict, it will
be given new and previously unseen data as input to make predictions about the target or
independent variable in the second phase. Once the model is trained, the next concern is to
utilize it in the web application to make predictions based on the unseen data that the user
will feed. The trained models have acquired the state of a set of attributes that need to be
kept in the application to predict the unseen data.

The GBDT is trained outside of the web application by the training dataset. Dataset
is cleaned before training phase by preprocessing, and the model’s performance has been
recorded in terms of accuracy by the test data. Figure 9 represents the correlation coefficient
of each attribute in the dataset for each given target class. Based on the outcome, the fol-
lowing five attributes have the highest predictive ability to predict the seismic vulnerability
of any RC building.
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Figure 9. Heatmap illustrating correlation coefficient between independent and dependent variables.

Figure 10 describes the flow of the process in Django architecture. The Django Schema
Model (or Model) defined the fields for the input attributes to save in the database. The right
side has the pre-trained ML model feed to the logic layer; controller or View. Based on the
provided rules from the ML model, the controller will perform and pass the data to the
appropriate Template. If there is no input data from the user, the Template will not show
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any prediction, but the data will be executed if there are valid data. The predicted damage
class of the building will be displayed in the Template.

ML pre-trained model

Gradient Boost
Decision Tree

Does Not

Exist Data Exist

Data
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HTML
View

Program in Execution

No Data To Show

HTML
View
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Figure 10. The flow of the web application based on the Django framework.

3.5.2. Project Structure

The project is divided into two main applications to separate concerns for different respon-
sibilities across the project. The web-interface created is not hosted online; however, Github
links are present to take a reference of the code and further contribute to it. The link for develop-
ing the classifiers is available at https:/ /github.com/vandanal145/MasterThesisProjectCode/
tree/feature/branch (accessed on 3 April 2022), and the Django code for the web-interface
is linked at https://github.com/vandana1145/MasterThesisProjectWeb/tree /master (ac-
cessed on 3 April 2022). Figure 11 shows the sample index page of the web application.
The web-based application developed for this research has the below main sections:

1.  Home Page: This application provides the basic home view of the project. The user
can see the blank input fields to fill the values of required attributes.

2. Predictor: The Submit button will have the functionality to use the ML model and to
generate predictions.

3. Database (DB): The database or DB button on the home page will connect to another
page where all the user-inserted inputs with their predicted values will be saved.
In case of no data, the database table will show a blank page.

Modern websites come with a web-based administration backend as standard. Trusted
site administrators can utilize the administrative interface or admin to create, update,
and publish content, manage site users, and conduct other administrative activities.

Django includes a built-in administration interface. Django’s admin allows authenti-
cating users automatically, showing and managing forms, and validating data. Django also
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has a user-friendly interface for managing model data. Figure 12 shows the screenshot for
the admin page. As an example, one admin is registered for the site.
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Figure 11. The home page with input fields and the submit button.
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Figure 12. Django admin page.

Once the model in Django is defined, the admin application interface can populate the
GBDT model table in the database. The admin application is accessible by reaching this
URL: “localhost: 8000/admin”. Figure 13 shows the “Pred results” in the admin panel.

Django administration

Home. Predict Pred resuitss.

AUTHENTICATION AND AUTHORIZATION

roups +add

Select pred results to change

users +add

PREDICT.

Predresuitss +Add

Opredresuitss

Figure 13. The table for predicted results available in the admin panel.

4. Results and Discussion

In past years, there have been substantial improvements in the design codes and
safety measures of modern buildings. However, existing RC buildings which do not satisfy
code-based design criteria are in danger of severe damages under future seismic events.
Consequently, an efficient, rapid, and reliable approach is of crucial importance to assess
the seismic vulnerability and risk levels of a large stock of such buildings in a reasonable
timeframe which can directly enhance post-disaster crisis management plans.

56



Buildings 2022, 12, 578

An ML model for estimating the post-earthquake structural safety assessment is
created by integrating ML methods with an input dataset comprising 526 data points
and four damage classification scales. The response and damage patterns are mapped to
their categorized structural safety states using ML techniques such as DT, GBDT, RF, NB,
KNN, and SVM. The predictor space is iteratively partitioned to capture the underlying
connection. The predictive models reported in this study, trained using ML techniques, can
make moderately accurate, sensitive, and specific predictions. When applied to response
patterns with unknown safety states, the highest prediction accuracy is 57% for GBDT.
A trained GBDT classifier was incorporated into a web tool based on the Django framework.

The proposed approach is applied to two case studies. Because there was no separate
exclusive dataset to examine the performance of the classifier, the test was performed
on several data points from available datasets of the Nepal [52] and Pohang [53] earth-
quakes. The tool was examined, and the obtained predictions were recorded as shown in
Tables 5 and 6 for the seismic data of the Nepal and Pohang earthquakes, respectively.

Table 5. Tested Predictions based on Nepal Earthquake Data.

Number of Data Correctly Predicted : o
Target Class Predicted Data Accuracy (in %)
1 7 2 28.57
2 7 4 57.14
3 7 2 28.57
4 7 5 71.40

Table 6. Tested Predictions based on Pohang Earthquake Data.

Number of Data Correctly Predicted .o
Target Class Predicted Data Accuracy (in %)
1 7 3 42.85
2 7 4 57.14
3 7 1 14.28
4 7 4 57.14

There were seven data points selected from each damage class for this study. In the
case of the Nepal earthquake, the tool predicted class 4 with a higher accuracy than other
damage classes. The only two true positives are for class 1 and class 3. Similarly, for the
Pohang earthquake, there were seven input points for each target class. Here, the classifier
predicted four true positives for class 2 and five true positives for class 4. Only one correct
prediction occurred for class 3.

Building damage assessment is time-consuming and challenging due to the geograph-
ical dispersion of effects in an earthquake-affected area. The proposed technology might
allow for quick evaluations of seismic damages. However, depending on the technique
employed for the assessment, forecasting the spatial distribution of building damage with
fair accuracy may vary.

The technique’s performance was estimated based on the case study results accom-
plished in the previous section. Therefore, one can interpret that the tool is fairly robust.
However, although the realized model predicts with more than 50% accuracy, the per-
formance has to be validated for utilization of the tool on a more extensive scale and
in real-time.

5. Conclusions

There are existing RC structures which do not satisfy the code-based design and
strength criteria and hence are not code-compliant. These structures are vulnerable to
significant damages in the case of the next moderate to severe seismic events. Several
factors contribute to seismic vulnerabilities of such buildings, including the application
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of obsolete building codes, poor design procedures, and non-standard construction tech-
niques. The majority of these old RC buildings are still in use; therefore, the application
of a rapid, efficient, and reliable seismic vulnerability assessment is of vital importance.
This study has tried to integrate some of the most modern soft computing techniques with
the traditional RVS methods to achieve a more enhanced rapid risk-based analysis method-
ology. The literature has demonstrated promising capabilities of soft computing techniques
in achieving high levels of performance for solving a variety of intricate problems. The ap-
plication of these methodologies to RVS techniques for the rapid vulnerability assessment
of existing buildings can substantially minimize the subjectivity of evaluators, uncertainties,
and vagueness and increase accuracy. Following an earthquake, the proposed framework
in this research may be used to make a quick probabilistic evaluation of whether a damaged
structure is safe to reoccupy. In addition, the model created by the ML algorithms may
be used to prioritize field inspections after an earthquake. Furthermore, the probabilistic
safety state forecasts might be employed in community resilience assessments to examine
and improve the life-cycle performance of individual buildings.

A web development framework was necessary in order to construct the web applica-
tion for the purpose of this study. Django was an appropriate choice because Python has
widely been applied to analyze and process the datasets for constructing ML models. There
are open-source and robust web development frameworks based on Python. A GBDT-
trained model was implemented into a web browser-based simple application using the
Django framework. The obtained results confirmed that the proposed approach for a rapid
and inexpensive vulnerability assessment can be conducted. Information on seismic zone
hazards is essential to extend the developed tool to other regions. Meanwhile, the more
data are available, the more satisfactorily the ML technique converges statistically.

Nevertheless, the results emphasize that ML could be an exciting alternative in making
a support tool for evaluating the vulnerability of buildings. Indeed, further investigations
by increasing and diversifying the type of construction in the learning state could strengthen
this last conclusion. Despite these limitations, this work has demonstrated the enormous
potential of Al methods for the identification of vulnerable structures, decreasing future
seismic hazards, and assisting decision-makers in post-disaster crisis management plans
with direct outputs of saving time and costs.

Future Recommendations

This study covered a literature review of existing RVS methods for the vulnerability
assessment of buildings and examined the integration of ML techniques with the traditional
RVS to enhance its capabilities. Moreover, a web-based application was designed using
the Django library of Python for the purpose of this research. Future investigations are
necessary to validate the application of the proposed web-based tool to extend its utilization
to other regions of the world, taking into account the seismicity characteristics and available
seismic data in a given zone. Several recommendations for future research are given below:

e Future studies should consider additional data taking into account the structural
system, scale, and damage classifications. In addition, the overall accuracy and
robustness of prediction models can be enhanced in future research by adding more
extensive datasets (e.g., numerous incidents) and additional site- (e.g., soil conditions)
and building-specific predictor variables.

e Concept drift [83] is an ML phenomenon that focuses on data changes, resulting in the
ML model’s testing performance to deteriorate over time. Finally, in the case of RVS,
a model’s incorrect forecast might be dangerous as, over time, its performance may
decrease. However, this effect can be checked by constantly updating the model and
periodically re-fitting the model with new data. Therefore, in the long term, the effect
of the concept drift needs to be addressed in any ML-based methodology.

e The web-based application is built in a test-driven development environment. The ap-
plication is based on the Django framework and uses an internal WSGI gateway
and an SQLite3 database. The server and database must be uploaded to the proper
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server and databases expressly developed for production environments. For heavy-
load traffic settings, open-source servers such as Apache and Nginx can be utilized.
Other open-source databases, such as MySQL, offer greater security and a broader
range of features in a production setting. These ideas will need further research and
experimentation, which will be left to future projects.

Author Contributions: Conceptualization, E.H. and V.K,; methodology, E.H. and V.K,; validation,
T.L. and E.H.; formal analysis, E.H., VK. and S.R.; investigation, E.H. and V.K.; resources, E.H.;
data curation, V.K. and E.H.; writing—original draft preparation, E.H. and V.K.; writing—review
and editing, E.-H., S.R. and V.K; visualization, E.H. and V.K,; supervision, E.H. and T.L.; project
administration, E.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We acknowledge the support of the German Research Foundation (DFG) and
the Bauhaus-Universitdt Weimar within the Open-Access Publishing Programme.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:
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CART Classification and Regression Tree

CT Classification Tree

CNN Convolution Neural Network

DB Database

DT Decision Tree

FEMA Federal Emergency Management Agency
FLDA Fisher’s Linear Discriminant Analysis
FL Fuzzy Logic

GB Gradient Boost

GBDT Gradient Boost Decision Tree

K Kernel

KNN K-Nearest Neighbor

ML Machine Learning

MISDR Maximum Inter-Story Drift Ratio
MFPN Multilayer Feedforward Perceptron Networks
MLP-NN  Multilayer Perceptron Neural Network

MVC Model-View-Controller

MVT Model-View-Template

NB Naive Bayes

NCREE National Center for Research on Earthquake Engineering
NN Neural Network

PLS-DA  Partial Least Squares Discriminant

RBF Radial basis function

RF Random Forest

RVS Rapid Visual Screening

RC Reinforced Concrete

SVM Support Vector Machine

SMOTE Synthetic Minority Oversampling Technique
Ul User Interface

WSGI Web Server Gateway Interface
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Abstract: Seismic fragility analysis of a mega-frame with vibration control substructure (MEVCS)
considering structural uncertainties is computationally expensive. Dual surrogate model (DSM) can
be used to improve computational efficiency, whereas the proper selection of design of experiments
(DoE) is a difficult work in the DSM-based seismic fragility analysis (DSM-SFA) method. To efficiently
assess the seismic fragility with sufficient accuracy, this paper proposes an improved DSM-SFA
method based on active learning (AL). In this method, the Kriging model is employed for surrogate
modeling to obtain the predicted error of approximation. An AL sampling strategy is presented to
update the DoE adaptively, and the refinement of the surrogate models can reduce the error of the
probability result computed by the Monte Carlo (MC) simulation. A numerical example was studied
to verify the effectiveness and feasibility of the improved procedure. This method was applied to
the fragility analysis of an MFVCS and a mega-frame structure (MFS). The finite element models
were established using OpenSeesPy and SAP2000 software, respectively, and the correctness of the
MEVCS model was verified. The results show that MFVCS is less vulnerable than MFS and has better

seismic performance.

Keywords: seismic fragility analysis; dual surrogate model; Kriging model; active learning; mega-frame
with vibration control substructure

1. Introduction

With the growth of the urban population, the demand for high-rise buildings is
increasing. Mega-frame structure (MFS) is a type of structure that appeared in response to
this demand. The megastructure of MFS consists of mega beams and mega columns. Solid
web tubes or trusses are adopted as mega columns, and large hollow rectangular members
or trusses are used as mega beams. The substructure is composed of ordinary beams and
columns. Vertical loads on the substructure are transferred to the mega beams. The lateral
stiffness of MFS depends on the stiffness of mega beams and columns. The substructures
can be designed in various forms [1]. To reduce the dynamic response, Feng et al. [2]
proposed an improved MFS called mega-frame with a vibration control substructure
(MFVCS) with reference to the vibration control principle of tuned mass damper (TMD).
MEFVCS is also known as a mega-sub controlled structure. In this new structure, dampers
or isolators were installed between the substructures and megastructures (Figure 1), and
the function of the substructure is similar to that of the additional mass in TMD [3]. Many
experiments and analyses showed that MFVCS has better response control ability than
MEFS [4-7]. Recent investigations have been devoted to further expanding and improving
the design theory of MFVCS. Kalehsar et al. [8] compared the along-wind and crosswind
responses of MEVCS and TMD, and investigated the influence of the mass ratio and stiffness
ratio of the megastructure to the substructure on wind-induced vibration control of MFVCS.
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megastructure

substructure

(a)

Fan et al. [9] calculated the failure path of MFVCS under random earthquake excitation
by using the weighted rank-sum ratio method, and analyzed the weak members of the
structure. Abdulhadi et al. [10] explored the appropriate stiffness ratio and mass ratio to
reduce the seismic response of MFVCS. Shahzad et al. [11] proposed a modified MFVCS
structure with isolators installed on mega columns.
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Figure 1. Configurations of MFVCS. (a) MFS. (b) MFVCS with isolators. (¢) MFVCS with dampers.

Since seismic design is an essential part of the design of MFVCS, seismic risk as-
sessment is an issue worthy of attention. Seismic fragility analysis is an effective tool
for this assessment, which provides an engineering indicator for decision-making in the
design of new structures and the retrofitting of existing structures [12]. Seismic fragility
analysis plays an important role in performance-based seismic engineering. There are
three main types of fragility analysis methods: the expert opinion method, seismic damage
investigation method, and analytical method [13]. The expert opinion method obtains the
analysis results by collecting the evaluation opinions of experts, which is influenced by
the expert experience. The seismic damage investigation method evaluates the fragility
according to the actual seismic damage data, which is not suitable for areas lacking survey
data. The analytical method uses numerical simulation to analyze the seismic risk, which is
more commonly used than the first two methods. The fragility curves obtained from the
fragility analysis can be used to assess the post-earthquake loss, which provides a basis for
the seismic design of structures. In the past study [14], the incremental dynamic analysis
(IDA) method was used to analyze the seismic fragility of MFVCS without considering the
influence of structural uncertainties on seismic risk. In fact, although the record-to-record
(RTR) variability is the main factor causing the variation of structural response [15,16],
structural uncertainties may also affect the fragility curves [17]. In addition, the vibration
control effect of MFVCS is related to the structural stiffness and damping device properties,
and there are certain uncertainties in these parameters. Therefore, it is more reasonable to
take the randomness of structural parameters into account in the seismic fragility analysis
of MFVCS. Monte Carlo (MC) simulation can directly incorporate structural uncertainties
into seismic fragility analysis, but needs a great number of calls to nonlinear time history
analysis (NLTHA). Due to the complexity of MEVCS, repeated finite element analysis (FEA)
will cause a huge computational burden.

Surrogate model approaches can give the approximations of structural responses and
are very popular in reducing the computational cost. The dual surrogate model (DSM)
framework is often used to describe the variability of optimization objectives in robust
optimization, which employs two surrogate models to predict the mean and standard
deviation of structural performance, respectively [18-21]. Towashiraporn [22] proposed the
DSM-based seismic fragility analysis (DSM-SFA) method, in which DSM was introduced

64



Buildings 2022, 12, 752

into seismic fragility analysis to tackle the RTR variability. DSM-SFA has been widely
used in studies of structures subjected to seismic excitation, including bridges [23], base-
isolated nuclear power plants [24], liquid storage tanks [25], and frame structures [26]. In
addition, DSM has also been used to deal with problems considering other loads with RTR
variabilities, such as wind [27], wave [28,29], and blast [30]. However, DSM-SFA has high
requirements for the selection of the DoE used to build the surrogate models. The need for
the number and distribution of experiment points is different for different structures, which
is difficult to know before surrogate modeling. The one-shot sampling commonly used in
the DSM framework may not obtain a suitable DoE, which will lead to the inaccuracy of
fragility curves and waste of computing time.

In recent years, active learning (AL) sampling has been introduced into reliability
analysis to improve the DoE [31,32]. The AL-based reliability analysis (AL-RA) methods
usually adopt the Kriging model as the surrogate model. Taking advantage of the model’s
ability to provide probability distributions of unknown values, the AL-RA methods select
new samples sequentially from the candidate set to obtain the DoE, instead of choosing
experiments by one-shot sampling. These methods can significantly reduce the calculation
burden of MC simulation without much compromise on the accuracy of results, and have
advantages in reliability analysis of large complex structures. However, the AL sampling
strategies in AL-RA generally cannot be used in DSM-SFA. On the one hand, the prediction
of each performance function in AL-RA is evaluated by one surrogate model, while two
surrogate models are needed in DSM-SFA to estimate the seismic demand. On the other
hand, reliability analysis is to calculate the failure probability of the structure, while seismic
fragility analysis aims at obtaining the fragility curves which can describe the conditional
failure probability corresponding to a given intensity measure (IM).

To accurately assess the seismic fragility of MFVCS in an efficient way, an improved
DSM-SFA method based on AL is proposed. In the paper, the DSM framework for fragility
analysis and the Kriging model are first reviewed. Then, the proposed method is described,
and its effectiveness is validated by using an example. Finally, the finite element model
of MFVCS is established and verified in OpenSeesPy, and the fragility analysis results of
MEVCS and MFS considering structural uncertainties are compared.

2. DSM for Seismic Fragility Analysis
2.1. DSM-SFA

In DSM-SFA, both structural uncertainties and RTR variability are taken into account.
Given the structural parameters s and IM value im, the engineering demand parameter
(EDP) D of the structure under seismic load is assumed to be a random variable [24]. The
mean and standard deviation of EDP vary with the structural parameters and IM. Usually,
the lognormal EDP assumption [14,33] is adopted in seismic fragility analysis. To consider
the RTR variability, multiple seismic records are required in structural analysis.

The surrogate model is constructed based on a DoE X = [x(l),x(z), .. .,x(m)] and
the outputs y = [y1),y@, ..., y(m }T, in which x denotes an n-dimensional vector of
input variables and y() denotes the function output of X0, Surrogate model approaches
commonly used in DSM-SFA include the Kriging model and polynomial response surface.

The input variable vector x of the surrogate models in DSM-SFA consists of the
structure parameters s and the IM variable im, i.e., x! = [sT, im]. To establish the model,
a group of experiments is first sampled in the space of x. At each experiment point, the
mean }y, p and standard deviation oy, p of the logarithms of EDP results can be computed
by carrying out NLTHA for all selected earthquakes. Then, the surrogate models of y, p
and 01, p can be constructed, respectively. The approximation of the unknown EDP is
obtained [26] by:

InD = ﬁlnD(x)_FN(O'&lan(x)) ¢))
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where i, p(x) and 61, p(x) are the predictions of yy, p and oy, p given by the surrogate
models, respectively, and N (0, [len p(x)) denotes a normally distributed variable whose
mean is 0 and variance is 02, (x).

Once the surrogate models of the standard deviation and mean are built, the failure
probability for a given IM can be calculated by MC simulation, in which D is used as a
substitute for the true response to avoid performing NLTHA. Generally, a set of perfor-
mance levels are considered in seismic fragility analysis, and each level corresponds to a
limit state. The fragility curve corresponding to a performance level can be obtained by
computing the failure probabilities for a series of IM values.

DSM-SFA requires much less computational time compared with the fragility analysis
approach based on MC simulation, because the surrogate models of mean and standard
deviation avoid repeated calls to FEA. However, since the DoE is usually obtained by
one-shot sampling, the number of the selected experiments may not be appropriate. In
addition, the generation of test samples used to verify the accuracy of the surrogate models
also incurs additional computational costs.

2.2. Kriging Model

The Kriging model is an interpolation model composed of a parametric part and a
nonparametric part [34], which is expressed as:

P
y(x) = £ (x)B +2(x) = ZZ Bifi(x) +2(x) 2
=1

where y(x) denotes the unknown function to be fitted, f(x) = [f1(x), f2(x), .. .,f,[,(x)}T is
the vector of given basis functions, B = [B1,B2,..-,B p]T is the vector of the regression
coefficients, and z(x) is a stationary Gaussian stochastic process with zero mean. The
covariance of z(x) is:

cov(z(x1),z(x1))) = ¢2R(x'), x1) (3)
where 02 represents the process variance, and R(x®,x0)) is the correlation function be-

tween the experiment points x()) and x(). The anisotropic squared-exponential correlation
function is usually adopted, which is described as:

. . n i )\ 2
R, x) = T expl—6e(x —xY’) @
k=1

where 6 is the k-th component of the undetermined parameters 6, and x,((“ is the k-th
component of x(),
2

At point x, the prediction §(x) and the predicted variance o (x) are given by:

Yy
9(x) = f1(x)B + 1T (x)R " (y — FB) ®)
and
02(x) = 02[1 — " ()R r(x) + u" (x) (F'R'F) "u(x)] ©)

where R represents the m X m correlation matrix with component R;; = R(x®,x0),

r= [R(xY,x), R(x?,x),...,R(x(m), x)]T is the correlation vector composed of the correla-
tion function values between x and the experiment points, F denotes the m x p matrix of
basis function values with component F; = f;(x(), u(x) = F'R 'r(x) — f(x), and p and
02 are the estimations of 3 and ¢?2.

(3 and 62 are calculated by:

B =(FR'F) FRy @)
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and 1
02 = —(y—Fp)'R™(y—FB) ®)

The parameters © can be determined by maximizing the log-likelihood function
expressed as:

InL(0) = 3 (mIn(62) + In |R)) ©)

Kriging model can be classed among the realm of Gaussian process methods [35].
The unknown function value in the Kriging model is considered to follow a normal
distribution as:

y(x) ~ N(9(x), 03 (x)) (10)
In this work, the ordinary Kriging model was adopted, where £ (x)g = f;.

3. Proposed Seismic Fragility Analysis Method
3.1. Surrogate Models for Estimating the EDP

To overcome the difficulty of controlling the accuracy of surrogate models in DSM-SFA,
the Kriging model is employed for surrogate modeling in the improved method. Although
the Kriging model has been applied in existing literature on fragility analysis [23,36], its
ability to analyze errors has not been utilized.

To be able to evaluate the error of the EDP approximation, Equation (1) is transformed into:

InD = iy p(x) + 0 61n p(x) 1

where v follows the standard normal distribution. It can be seen from Equation (10)

that HinD ~ N (,ﬁln D (X), ‘7%41“ D (X)) and oj,p ~ N (&ln D (X)r UglnD (X)) , where Tfinp (X) and
04, (x) are the predicted standard deviations of j, p and oy, p provided by the surrogate
models. Then, when s, im, and v are fixed, the unknown value of logarithmic EDP follows
the normal distribution and its predicted standard deviation can be obtained as:

Oy = /0%, , () +02- 02 (%) (12)

Based on a group of MC samples XM© = BME,xMC, L, x)C], the probability that the
EDP exceeds the h-th limit state for a given IM value im can be obtained by:

M N
Y Iz~ D|x]MC]

P[D > z,|IM = im] ~ = (13)

M
where zj, is the threshold of EDP corresponding to the h-th limit state D = zj,, and I(+) is an
indicator function used to count the number of negative values. If the input is negative, the
output of I(-) is 1; otherwise, it is equal to 0. Each sample in XM consists of the given im
and randomly generated s and v.

3.2. AL Sampling

To refine the surrogate models adaptively, an AL sampling strategy was presented.

The initial experiments were uniformly selected using the Latin hypercube sampling
(LHS) method [32] from the space of x between the lower and upper bounds of each
variable. The lower and upper bounds of the i-th element X; in x can be Ff] [®(4)], where
F1(-) denotes the inverse function of the probability distribution function of X;, and ®(-)
represents the probability distribution function of the standard normal distribution. The
bounds of im can be the IM range concerned in the problem.

In the improvement of DoE, a candidate sample set X® = [x{, xS, ...,x¢] needs to be
first generated in the space of variables containing v, s, and im. It is worth noting that
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there is no need to perform a time history analysis on the candidate points. Then, the
point Xpew which is most favorable for reducing the error of the result is selected from the
candidate samples in terms of the learning function value of each point, and the values of
Hin p and oy, p at this point are calculated. By adding xpew to the DoE as a new test point,
the surrogate models are updated once. The surrogate models can be gradually refined by
choosing new experiments sequentially in this way.

It can be seen that the prediction of the sign of z;, — D in Equation (13) depends on the
accuracy of D in the vicinity of the threshold z;,. Thus, more attention should be paid to the
accuracy of the predictions related to the limit states. The AL sampling strategy should be
able to improve this accuracy. U function [32,37] is a widely used learning function in AL
sampling. For the approximation of logarithmic EDP, the U function is described as:

]nz;, —lnﬁ}x (14)

U(X|Zh) = ’ o "|
InDIX

Considering that a point with an approximate seismic demand close to a threshold
and a large predicted error has a small U function value, the U function is used to identify
the points that can reduce the error of D near z;,. In seismic fragility analysis, the accuracy
of EDP approximation at multiple limit states needs to be considered. Consequently, the
minimum U (MU) value at a sample for all limit states is treated as the learning function
value of this sample, which is denoted as:

Q
MU(x) = min(U(x]z,)) 15)
=
where Q is the number of performance levels. The point Xpew with the minimum MU value
in the candidate set is taken as the new experiment, which is described as:

Xnew = arg min(MU(x)) (16)
xeX®

In the process of adding samples to DoE, the new experiment points will switch in the
areas near these limit states as the accuracy of the surrogate models changes, so that the
accuracy of EDP approximation in the vicinities of all thresholds will be improved together.

In AL-RA, if the U function value of a point is greater than 2, the probability of a
wrong prediction of the safety state for this point is less than 2.3%. It is usually taken as
the stopping condition of the AL-RA methods that the U function values of all candidate
points are greater than 2 [37]. With reference to this condition, the proportion of candidate
points with an MU value less than 2 is used in the proposed method as the indicator for the
decision to stop sampling, which is expressed as:

3 IIMU(xS) —2
Npmu<2 =1 [ (X/) ] a7)

Pmu<2 = p = ;

where Njji7<2 denotes the number of points whose MU value is less than 2 in the candidate
sample set. When pji7<7 is less than a certain tolerance ¢, the sampling of new experiments
can be stopped. ( is taken as 0.02 in this research.

The selection of candidate points is performed according to the probability distribution
of variables, similar to the selection of MC samples. In the generation of the candidate set,
im is regarded as a uniformly distributed variable. LHS is employed for sampling to avoid
excessive aggregation of candidate points. Based on a group of points H = [h;j] (n+1)xr

uniformly sampled in the space of (0, 1)"“, the candidate set can be obtained by the
transformation [17] as:

X = [Fiil(hij)}(n+1)><r (18)
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3.3. Computational Process of Seismic Fragility Analysis

The proposed seismic fragility analysis method can be implemented as the following process:
Step 1: Build a finite element model of the structure and choose a group of earthquake records.

Step 2: Select a DoE containing several experiments in the space of x = [s”, im]T using
LHS, and carry out NLTHA to compute the mean iy, p and standard deviation oy, p of the
logarithmic EDP for each experiment.

Step 3: Generate a candidate set consisting of 7 samples (r = 1000 in this work) in the
space of X = [sT,im, v]T using LHS according to Equation (18).

Step 4: Based on the DoE, establish the surrogate models of the mean pj,p and
standard deviation o, p using Kriging model.

Step 5: Find the point xpew with the minimum MU value from the candidate samples
in terms of Equation (16). If the stopping condition pajir<2 < ¢ (C is taken as 0.02) is
unsatisfied, calculate the values of yj, p and oy, p at the point xpew, add this point to the
DoE, and return to step 4; otherwise, go to the next step.

Step 6: Compute the failure probabilities of the structure for a series of IM values
using MC simulation with Equation (13), and plot the results as fragility curves.

The above process is drawn as a flowchart in Figure 2.

Build a finite element model and
choose a group of earthquake records

|

Select an initial DoE

| !

Adjust the intensity of the seismic
records at all experiments

Y

Perform time history analysis

|

Obtain the values of the mean u, p
and standard deviation oy, p

|

Generate a candidate set using LHS

|

| Construct the surrogate models of the
mean and standard deviation

l

Add Xpey to the Find the point X,y with the minimum
DoE MU value from the candidate set
No
Yes

Compute the failure probabilities
using MC simulation and plot the
fragility curves

Figure 2. Flowchart of seismic fragility analysis.
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3.4. Validation Example

To demonstrate the effectiveness and feasibility of the proposed method, a three-
dimensional five-storey steel frame was studied, and the results were compared with those
of the MC simulation and DSM-SFA methods. As the calculation time is mainly spent on
NLTHA, the calculation efficiency was evaluated by N, the number of calls to FEA, which
is equal to the number of experiments in DoE.

It was assumed that the site classification was II, and the seismic fortification intensity
was 8. According to the requirements of seismic records for time history analysis in
the current Chinese code for seismic design of buildings (GB50011-2010) [38], 12 records
corresponding to the site condition were selected, which are listed in Table 1. The design
spectrum from the seismic code and the response spectra of the selected earthquakes are
shown in Figure 3. The maximum inter-storey drift angle is a widely accepted parameter for
evaluating structural damage, and it was employed as EDP. The peak ground acceleration
(PGA) is a commonly used index to measure the ground motion intensity, and it was
adopted as IM in this study. Three performance levels, namely, immediate occupancy, life
safety, and collapse prevention, were considered. With reference to the control target of
the maximum inter-storey drift angle of steel structures corresponding to different failure
states in GB50011-2010, the thresholds of these three performance levels were taken as
z1 =1/200, zp = 1/100, and z3 = 1/50, respectively.

Table 1. Seismic records.

Arias Intensity

No. Event Year Station Name Magnitude
(m/s)
1 Parkfield 1966 Cholame—Shandon Array #12 0.1 6.19
2 San Fernando 1971 Whittier Narrows Dam 0.2 6.61
3 Tabas, Iran 1978 Boshrooyeh 0.3 7.35
4 Imperial Valley-06 1979 El Centro Array #13 0.3 6.53
5 Imperial Valley-06 1979 Niland Fire Station 0.2 6.53
6 Loma Prieta 1989 Salinas—John & Work 0.2 6.93
7 Landers 1992 Barstow 0.2 7.28
8 Northridge-01 1994 El Monte—Fairview Av 0.3 6.69
9 Northridge-01 1994 LA—Pico and Sentous 0.3 6.69
10 Iwate, Japan 2008 Oomagari Hanazono-cho, Daisen 0.2 6.9
11 Iwate, Japan 2008 Takanashi Daisen 0.4 6.9
12 Darfield, New Zealand 2010 MAYC 0.1 7
0.7
0.6 ,’*l —— Design spectrum
it i ---- Spectrum of record
550.5114
=]
20418
g p
= 0.3
Q
:E 0.21
0.1
0.0 "
0 1 2 3 4 5 6

Period (s)
Figure 3. Spectra of the earthquakes.

The finite element model of the structure was constructed in OpenSeesPy (Figure 4a).
The storey height was 3.8 m, and the span of each beam was 5 m. The density of steel was
7850 kg/m3. The cross-section information of beams and columns is shown in Figure 4b.
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The displacement-based beam-column element was adopted to model the beams and
columns. The stress-strain behavior of steel was simulated by the Steel02 material (uniax-
ial Giuffre-Menegotto-Pinto material with isotropic strain hardening), where the strain-
hardening ratio B was 0.02 and the three parameters controlling the transition of steel from
elastic stage to hardening stage were 18, 0.925 and 0.15, respectively [39]. The material
model is shown in Figure 5, where fs and Es represent the yield strength and initial elastic
modulus of steel. The vertical load of 7 kN/m? was uniformly distributed on each floor. The
slabs were modeled through a diaphragm constraint at each floor [40]. Rayleigh damping
model was used in dynamic analysis.

H16mm
Beam section

#16 mm

250 mm

Column section
(a) (b)

Figure 4. Five-storey steel frame. (a) Finite element model. (b) Cross-sections.

: >
strain

Figure 5. Stress-strain behavior of steel.

In the aspect of structural uncertainties, the randomness of structural damping ratio
¢ [41,42], yield strength fs, and initial elastic modulus Es were considered. The probability
distribution, mean, and coefficient of variation (CoV) of the structural parameters are listed

in Table 2.
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Table 2. Statistical properties of the structural parameters.

Variable Distribution Mean CoV
fs (Pa) Lognormal 3 x 108 0.1
Es (Pa) Lognormal 2 x 101 0.05

¢ Lognormal 0.05 0.4

The seismic fragility of the structure was analyzed using the proposed method, in
which 6 initial experiments were selected and 42 samples were added to the DoE by AL
sampling. In the process of AL sampling, the maximum inter-storey drift angle ¢ and the
approximation ¢ at the new samples are shown in Figure 6. It can be observed that the EDP
approximations of the new points are mainly located in the vicinities of the thresholds of
limit states. As the number of experiments in DoE increased, pyi7<2 decreased gradually.
To validate the accuracy and efficiency of the developed method, MC simulation and
DSM-SFA were used to calculate the fragility curves. The curves obtained by these three
approaches are shown in Figure 7.
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Figure 6. The seismic demand of the added samples.

In the calculation of MC simulation, the MC samples were selected by LHS, and the
number of samples was 1000. The failure probabilities of the structure were calculated for
PGAs 0f 0.02,0.1,0.2, ..., 1.0 g, respectively, and the number of calls to FEA to obtain the
fragility curves was 1000 x 11. The fragility curves plotted by the proposed procedure had
little difference from those by MC simulation, and the N value of the former was only 0.4%
of that of the latter. Since MC simulation is a very accurate reliability method, the closeness
of the two results verifies the accuracy of the proposed method.

In the calculation of the DSM-SFA method, the number of the experiments was made
equal to the N value in the calculation of the proposed method, and the Kriging model
was used for surrogate modeling. Although the numbers of calls to FEA in the analyses
of the two methods are the same, the fragility curves obtained by the DSM-SFA method
had obvious errors. This indicates that the proposed method needs less computation than
the DSM-SFA method to obtain sufficiently accurate results, which verifies its efficiency.
Compared with the traditional DSM framework for fragility analysis, this method gives
full play to the ability of the Kriging model to predict errors and avoids overreliance on
one-shot sampling.
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Figure 7. Fragility curves obtained using different approaches. (a) Immediate occupancy. (b) Life
safety. (c) Collapse prevention.

4. Seismic Fragility Analysis of MFVCS

In this section, the developed method was applied to MFVCS. The influence of struc-
tural uncertainties on the fragility curves of MFVCS was studied, and the fragility of
MEFVCS and MFS was compared.

4.1. Establishment of Finite Element Model

The components of MFVCS in this research were arranged with reference to the
experimental model in previous studies [43,44] and the configuration of the structure is
shown in Figure 8a. The structure has four mega storeys. The beam span and storey height
of the substructures were 5 and 4 m, respectively. The cross-section information of the
members is listed in Table 3. The yield strength and the elastic modulus of steel were
300 MPa and 200 GPa. The dead load (including the self-weight of the slab) and live load
on the slab surface were 4 and 2 kN/m?. Viscous dampers connected to the mega columns
were installed on the substructures of the second, third, and fourth mega storeys. In this
work, the damper constitutive law [45,46] is described in the form:

Fy(i1) = cq-[it]o - sgn(ir) (19)

where Fy4 represents the damper resisting force, cq4 denotes the damping coefficient,
represents the velocity exponent, i denotes the velocity between the damper’s end, and
sgn(-) is the sign extractor operator.
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Figure 8. Schematics of MFS and MFVCS. (a) MFVCS. (b) MEFS.

Table 3. Member section information.

Member Cross-Section (m)
Sub beam HO0.5 x 0.25 x 0.016 x 0.016
Sub column 0.5 x 0.5 x 0.02 x 0.02
Chord of mega beam HO0.5 x 0.25 x 0.016 x 0.016

0.5 x 0.5 x 0.02 x 0.02
[J0.2 x 0.2 x 0.01 x 0.01
[02.5 x 2.5 x 0.03 x 0.03

Vertical bar of mega beam
Diagonal brace of mega beam
Mega column

The finite element model of MFVCS was built in OpenSeesPy. The material model
of steel and the element used to model beams and columns were the same as those in the
previous section. The hysteretic response of the damper was simulated using the Maxwell
material model.

To verify the finite element model, another model was established in SAP2000 (Figure 9).
The modal analysis of two finite element models was carried out, and the information
of the first six natural vibration periods is listed in Table 4. The calculation results of the
two software were very close. Therefore, the finite element model in this study could be
considered correct and could be used for subsequent research.
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Figure 9. Finite element model of MFVCS. (a) Elevation View. (b) Plan View. (c) 3D View.
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Table 4. Modal analysis results.

Natural Vibration Period (s)

Order

OpenSeesPy SAP2000
1 4.35587 4.357356
2 4.34556 4.357356
3 2.90373 2.904145
4 1.52061 1.486444
5 1.51575 1.486444
6 1.2149 1.1628

4.2. Comparison of Results

In the fragility analysis of MFVCS, the uncertainties of material properties and damper
parameters [45] were taken into account. The statistical properties of random variables are
shown in Table 5. The same seismic records as those in the validation example were used
for NLTHA.

Table 5. Statistical properties of random variables.

Variable Distribution Mean CoV
fs, oum (Pa), yield strength of steel of mega column Lognormal 3 x 108 0.1
E,, oM (Pa), initial elastic modulus of steel of mega column Lognormal 2 x 101 0.05
fs, cs (Pa), yield strength of steel of sub column Lognormal 3 x 108 0.1
Es, cs (Pa), initial elastic modulus of steel of sub column Lognormal 2 x 101 0.05
«, velocity exponent Lognormal 0.3 0.2
cq (N-s/m), damping coefficient Lognormal 2.2 x 10* 0.2
£, damping ratio Lognormal 0.05 0.4

The seismic fragility of MFVCS was calculated using the proposed procedure in three
different cases, in which the numbers of initial experiments Ny were 6,9, and 12, respectively.
The values of ¢, ¢, and pp<2 of the new samples in the sampling process are plotted in
Figure 10. The fragility curves are plotted in Figure 11. The results of the three analyses
were in good agreement, which indicates that the proposed method can obtain the fragility

curves stably.
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75



Buildings 2022, 12, 752

1.0 0.8
07 —— Proposed method (N1=6)
08 B | ELLLE Proposed method (N1=9)
' 061 —.- Proposed method (N=12)
50.6 _‘E‘ 0.51 —=— IDA
3 204
£ 04 Ni- i
£o. Proposed method (N1=6) £03
------ Proposed method (N1=9) 02
02 — = Proposed method (N,=12) ’
—=— IDA 0.1
0.0 0.0
00 01 02 03 04 05 06 07 08 00 01 02 03 04 05 06 07 08
PGA (g) PGA (g)
(a) (b)
0207 — Proposed method (N1=6)
------ Proposed method (N1=9)
0.159 == Proposed method (N=12)
Z —=— DA
£0.10
e
~
0.05
0.00
0.0 0.2 0.4 0.6 0.8 1.0
PGA (g)
()

Figure 11. Fragility curves of MFVCS obtained using different approaches. (a) Immediate occupancy.
(b) Life safety. (c) Collapse prevention.

To study the effect of structural randomness on the seismic fragility of MFVCS, the
fragility curves were calculated by the IDA method neglecting model uncertainty. The CoV
of each parameter was treated as 0. The probability of EDP exceeding zj for a given IM
value im calculated by IDA [14] is:

Inz, — .
P[D > z,|IM = im] :1—@(“2”7”1“""") (20)
UlnD|z'm

The results are also drawn in Figure 11. For the immediate occupancy level, there is
not much difference between the results corresponding to considering and ignoring the
model uncertainty. For the collapse prevention level, the difference between the two results
is obvious. It shows that structural uncertainties can cause significant variation of the
fragility curve corresponding to the collapse prevention level of MFVCS.

The fragility of MFS was also analyzed by the proposed method. The component
arrangement of MFS is shown in Figure 8b. The member cross-sections were the same as
those of MFVCS. Due to the absence of dampers, the parameters of the damping device
were not considered in the fragility analysis. The statistical properties of other random
parameters were the same as those of MFVCS. The number of calls to FEA in the calculation
was 38. The fragility curves are shown in Figure 12. By comparing the curves of the two
structures, it can be found that the failure probability of MFS is obviously higher than
that of MFVCS under the same PGA, indicating that MFVCS is less vulnerable than MFS.
Therefore, compared with MFS, MFVCS has better seismic performance. Compared with
the previous studies on MFVCS based on IDA [14,47], this method can incorporate the
randomness of structural parameters into fragility analysis, which provides more accurate
reliability information for the seismic design of MFVCS.
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Figure 12. Fragility curves of MFS and MFVCS. (a) Immediate occupancy. (b) Life safety.
(c) Collapse prevention.

5. Conclusions

To save the computational time of the seismic fragility analysis of MEVCS considering
structural uncertainties, an improved DSM-SFA method was proposed in this paper. This
method modifies the way of estimating the seismic response in DSM-SFA, so that the
predicted error of the approximation can be obtained by the Kriging model. Based on
the ability to predict errors, an AL sampling strategy is presented to adaptively select an
appropriate DoE, thus improving the efficiency and accuracy of the DSM framework for
fragility analysis. The proposed method is generic in nature and can be used for other
structures under seismic load.

An example was analyzed by using different approaches to verify the effectiveness
and feasibility of the proposed procedure. It has been observed that the calculation cost
of this method is far less than that of MC simulation and the fragility curves of the two
methods are very close. With the same number of calls to FEA, the errors of the fragility
curves obtained by the DSM-SFA method are larger than those by the proposed method.
The results show that the developed method is efficient and accurate.

The finite element model of MFVCS was established, and the proposed procedure
was applied to its seismic fragility analysis. For the cases with different initial points, the
analysis results were in good agreement, which indicates that this method can obtain the
fragility curves stably. The comparison between the results of IDA and the developed
method reveals that structural uncertainties have an effect on the fragility curves, especially
the curve of the collapse prevention level. In addition, the fragility curves of MFS and
MFVCS were compared in this paper, which shows that the damage probability of MEVCS is
smaller than that of MFS under the same PGA and MFVCS has better seismic performance.
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The proposed procedure provides a foundation for our future study on reliability-
based design optimization of MFVCS considering the RTR variability of wind load.
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Abbreviation
Abbreviation Meaning
MFS mega-frame structure
MFVCS mega-frame with vibration control substructure
TMD tuned mass damper
DSM dual surrogate model
IDA incremental dynamic analysis
M intensity measure
EDP engineering demand parameter
AL active learning
DoE design of experiments
CoV coefficient of variation
FEA finite element analysis
LHS Latin hypercube sampling
PGA peak ground acceleration
NLTHA nonlinear time history analysis
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Abstract: Masonry structures began to be built with the existence of human beings and are an
inspiration for today’s structures. Monumental historical buildings built according to people’s
religious beliefs have special importance among such structures. Despite being exposed to many
natural disasters over time, such structures that have survived till today are an indispensable part of
the historical heritage. Within the scope of this study, structural analyses were carried out for the
historical Ulu Mosque’s minaret in Bitlis (Turkey), located in the Van Lake basin, using both on-site
measurements and finite element methods. Detailed historical and architectural features were given
for the minaret and the mosque. In addition to four different earthquake ground motion levels of 2%,
10%, 50% and 68%, structural analyses were deployed separately for seven different geographical
locations in the same seismic risk area. Moreover, time history analyses were conducted using the
acceleration records of the Van earthquake that occurred in the region. The minaret performance
levels were determined by using the displacement values obtained. The study examined the different
probabilities of exceedance and the changes in the regions with the same seismic risk. As a result
of each structural analysis, base shear forces, displacement, period and maximum stress values
were obtained for the minaret. The displacement, base shear force, and stress values increased as
the exceedance probability decreased. While the same seismic and structural analysis results were
obtained for the selected settlements in the same earthquake zone in this study, remarkable differences
were observed for these settlements using the geographical-location-specific design spectrum.

Keywords: architectural; historical heritage; seismic risk; probability of exceedance; minaret

1. Introduction

Cultural heritage is defined as an expression of lifestyles that are inherited from the
past generations, including traditions, practices, places, objects, artistic works, structures
and other values developed by any community [1]. Cultural heritage can be classified
as follows:

e Built environment (buildings, city scenes, archaeological remains).
e  Natural environment (rural landscapes, beaches and shorelines, agricultural heritage).
e  Other works (books and documents, objects, pictures) [2].

Historical monumental buildings built in different periods by following different
faiths are also evaluated within this scope. At the same time, such structures appear as
an indicator of societies’ belief types, engineering backgrounds, understanding of art and
economic status [3-7]. Such structures are invaluable cultural assets that strongly connect
the past and the future [8,9]. Minarets, which have an important meaning in Islamic belief,
are high, slender and elegant structures built in the form of towers in which the call to
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prayer is read. The behavior of such structures under the influence of horizontal loads
has a special importance due to their structural features. While minarets used to be built
with local stones and materials, they can also be built using different types of materials
such as concrete, reinforced concrete and steel, depending on the developments in building
technologies today. In general, the pulpit, transition segment, web (body), balcony, upper
part of web, spire and end ornaments are the components of minaret structures. The parts
of the Bitlis Ulu Mosque minaret, considered in the study, are shown in Figure 1.

Figure 1. Bitlis Ulu Mosque’s minaret parts.

Historical masonry minarets were generally built using local materials and craftsman-
ship without any engineering service. Even though such minarets have been exposed to
many natural disasters over time, they have managed to survive till today. At the same
time, such structures provide important information about the architecture, art, construc-
tion technologies and lifestyles of that day. Such structures, which are evaluated within
the scope of historical and cultural heritage, are invaluable. Each interdisciplinary study
to be deployed on such structures has a separate importance. Several studies have been
carried out in the field of civil and earthquake engineering related to masonry minarets.
Isik and Antep (2018) analyzed the earthquake behavior for the minaret of Kadi Mahmut
Mosque in the Ahlat district according to Turkey’s 2007 earthquake code and calculated the
resulting stress and displacement values [10]. Calik et al. (2012) investigated the static and
dynamic behaviors of the masonry minaret of the Merkez Haci Kasim Muhittin Mosque
in Trabzon with analytical and experimental methods in order to determine its structural
safety and to restore it [11]. Suliman et al. (2021) studied the behavior of the minaret of
the Carol I Mosque in Constanta, Romania, under seismic loads [12]. Isik et al. (2022)
carried out the structural analyses for the historical Five Minarets, one of the important
symbols of Bitlis, according to the Turkish Building Earthquake Code-2018 only. In their
studies, only one earthquake ground motion level and the location of the minaret were
considered in structural analyzes [13]. Cosgun and Tiirk (2012) investigated the dynamic
behavior of a historical masonry minaret in Istanbul and proposed a strengthening method
for the minaret [14]. Erdil et al. (2018) examined the behavior of the Van Ulu Mosque
under seismic loads and compared the stress and crack locations for the Van Ulu Mosque,
where the amount of damage increased as a result of the 2011 Van earthquakes [15]. Do-
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gangun et al. (2008) carried out structural analyses for three masonry minarets using the
1999 Kocaeli and Diizce earthquake ground motions data set on the dynamic behavior of
unreinforced masonry minarets. Modal analyses of the models showed that the structural
periods and the overall structural response were affected by the minaret height and the
spectral characteristics of the input motion [16]. Pekgokgoz et al. (2018) determined the
elasticity module of the Sanliurfa Ulu Mosque’s minaret building stone with ultrasonic
tests [17]. Livaoglu et al. (2018) revealed the effect of the change of geometric properties
on the dynamic behavior of seven different masonry minarets in Bursa [18]. Basaran et al.
(2016) conducted structural analyses of the minaret of the Hact Mahmut mosque using
the material properties obtained as a result of nondestructive and destructive tests [19].
Oliveira et al. (2012) compared the results of vibration tests and numerical modeling in his-
torical minarets with different characteristics [20]. Hejazi et al. (2016) performed structural
analyses for nine historical brick masonry minarets in Isfahan under the effects of weight,
temperature, wind and earthquake [21]. Tiirkeli (2020) deployed dynamic analyses for the
minaret of Iskender Pasha Mosque using the finite element method under the effects of
wind and earthquake [22]. Muvafik (2014) presented the field survey results together with
the seismic analyses of the masonry brick minaret of the historical Ulu Mosque, which was
damaged in the 23 October (Ercis) and 9 November (Edremit) 2011 Van earthquakes [23].
Karasin et al. (2016) stated the damages and solution proposals for the Bitlis Ulu Mosque
together with a site survey and structural analyses [24]. In these studies, besides structural
analyses under the influence of earthquake and wind forces, rehabilitation proposals are
also presented. These studies can also be considered as case studies on the modeling and
strengthening of masonry minarets with the finite element method and determining their
seismic behavior using different seismic analysis methods.

While determining the behavior of engineering structures under the influence of
earthquakes, seismic design regulations and the seismicity parameters of the geographical
locations where the structures built should be considered [25,26]. Seismic parameters
may vary with different probabilities of exceedance. Within the scope of this study, four
different probabilities of exceedance were considered for the selected masonry minaret.
While considering the probabilities, four different values included in the Turkish Building
Earthquake Code-2018 (TBEC-2018) [27], with a probability of exceedance in 50 years with
2%, 10%, 50% and 68% were taken into account. These obtained values were compared
with the standard earthquake ground motion level in the previous earthquake regulation
(TSDC-2007) [28] in the country.

Developments and innovations in the scientific literature make changes in seismic
design regulations inevitable [29,30]. Necessary updates and amendments were made to
both earthquake regulations and earthquake hazard maps on different dates in Turkey.
One of the important parameters that have changed with the current regulation has been
the earthquake ground motion levels. While there was only one ground motion level in
the previous regulation, there are four different ground motion levels with four different
probabilities to be exceeded in the current regulation [31,32]. Design spectra obtained
on a regional basis in the previous regulations have been replaced by site-specific design
spectra for the first time with the current regulation [33]. In short, the concept of earthquake
zone has been completely removed and the concept of earthquake hazard specific to a
geographical location has started [34-37]. Another variable considered in this study is
the effect of different geographical locations on the seismic behavior of masonry minarets.
Structural analyses were carried out separately by considering seven different settlements
located in the same region in the previous earthquake hazard map whose locations are in
seven different geographical regions in Turkey.

The main purpose of the study was to reveal the effects of different earthquake ground
motion levels and geographical-site-specific design spectra on a masonry minaret. For
this purpose, the historical Ulu Mosque’s minaret in the province of Bitlis (Turkey) was
chosen as a case study. Structural analyses were carried out by creating a finite element
model of the minaret using the macromodeling technique. First, analyses were carried
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out using the design spectra obtained for the different exceedance probabilities specified
in the current earthquake code for the province of Bitlis, where the minaret is located.
In order to make comparisons between the two earthquake codes, analyses were made
using the standard design spectrum given for the probability of exceedance in the previous
earthquake code. In the next stage of the study, considering the provinces of Cankiri,
Aydin, Amasya, Kocaeli, Siirt, Bitlis and Osmaniye, which are in the same earthquake zone
in the previous earthquake zone map, structural analyses were carried out for the same
ground motion level in the last two earthquake codes and the effect of geographical-site-
specific design spectra. At the same time, by using the acceleration records of the 2011
Van earthquake, which is the closest region to Bitlis, where the Ulu Mosque’s minaret
is located, analyses were performed in the time history domain and compared with the
values predicted in the last two regulations. In addition, seismic parameters and design
spectra were obtained for the settlements considered and comparisons were made. By
giving detailed information about the Ulu Mosque and its minaret, its current structural
status was determined based on site observations. The study aimed at revealing the two
important amendments in the current regulation used in Turkey from the response of the
selected masonry minaret.

Within the scope of this study, Ulu Mosque’s minaret, which is one of the five historical
minarets in Bitlis, was chosen as a sample masonry minaret. This study includes not only
the minaret of the Great Mosque, but also a very detailed architectural and structural
features of the mosque part. Structural analyzes were carried out taking into account not
only the latest earthquake code used in Turkey, but also the previous earthquake code. Thus,
it was possible to make a comparison between the last two earthquake codes of masonry
structures in Turkey. In addition, comparisons were made with the recent earthquake
acceleration values that occurred in the regions close to the minaret’s location and the
acceleration values predicted in the last two earthquake hazard maps in Turkey. With this,
we tried to reveal whether the earthquake hazard was adequately specified in the structural
analysis. Moreover, the novelty of this study was the structural analyzes according to
different probabilities of exceedance used for the first time in the current earthquake code.
In addition, it is one of the novelties in the study to perform structural analyzes by using
the geographical-location-specific design spectra that were used for the first time with the
current earthquake code in Turkey, taking into account five different geographical locations
in the same earthquake hazard zone in the previous earthquake hazard map. With this, the
effect of location-specific design spectra on masonry minarets was revealed. In addition,
performance levels were determined based on the detailed analyses deployed.

2. Ulu (Grand) Mosque and Its Minaret

Although Bitlis is located on a strategic transition corridor in the Eastern Anatolia
region of Turkey, it has been the cradle of many civilizations. There are many historical
and monumental buildings and artifacts belonging to different civilizations in the province.
One of the most important of them is the Bitlis Grand Mosque and its minaret. Different
images of the Ulu (Grand) Mosque and its minaret are shown in Figure 2.

Figure 2. The Ulu (Grand) Mosque and its minaret.
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Minarets are tall and slender structures in the form of towers, which are generally
built adjacent to mosques and in a separate area, in which the call to prayer is made. For
the scope of this study, the Ulu Mosque’s minaret, which is located in the province of Bitlis
built from unreinforced masonry, was chosen. Different images of the minaret are shown
in Figure 3.

Figure 3. The minaret of the Ulu Mosque.

Bitlis Ulu Mosque was built in the Gazibey neighborhood, southeast of Bitlis Castle,
on the edge of the Kémdis stream. The building, which forms a complex with a sanctuary
in the south, a courtyard with a portico in the middle and a minaret in the northwest outer
corner of the courtyard, is thought to have been a place of worship before it was built as a
mosque (Figures 4 and 5). The typology of the windows and their position on the wall are
important data supporting this argument.
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Figure 4. Bitlis Ulu (Grand) Mosque’s layout plan.
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Figure 5. Bitlis Ulu Mosque’s plan and section: (A) sanctuary; (B) portico court; (C) minaret.

There is no definite information about the construction date of the mosque. Sen reports
from Ibn-ul Esir in 2018 that it was built in the period of the first Islamic conquests, and
it was one of the mosques that was destroyed in the Byzantine period in 928 M [38]. The
mosque appears in the miniature of Bitlis, drawn by Matrak¢i Nasuh around 1535. It is
pictured with its minaret in the southeast of the inner castle, inside the outer castle walls.
The south fagade of the mosque is stylized with the protrusion of the sanctuary and the
window layout placed on the upper level (Figure 6) [39-42]. The Seljuk period work, which
is referred to as Cami-facade Kohne in the Serefname, also has this mosque.

Figure 6. Matrakc1 Nasuh Bitlis miniature and the Ulu (Grand) Mosque [39].

86



Buildings 2022, 12, 1200

There are data regarding the construction period of the part of the building used as a
place of worship. There are two written inscriptions, which are among the most important
of them, in the structure. These are the inscriptions on the right side of the door from the
middle of the north fagade and above the door at the west entrance. In the inscription
to the right of the middle door, there is information that the building was renovated by
Ebu'n-Nazr Muhammed bin El-Muzaffer bin Riistem in 1150. The inscription on the door
at the western entrance was translated by Arik (1971) and it is written that it was repaired
by Osman Aga in 1651 [43]. The building typology and early inscription clearly reveal
which period the existing building belongs to. This inscription is an old-dated one, which
coincides with the period when Dilmacogullar1 Principality ruled, and the principality
was under the influence of the Artuqids. The current state of the sanctuary section also
constitutes the first example of the Artuqid period’s cross-planned, domed and symmetrical
mosque scheme in front of the mihrab [43—47]. The other inscription is related with its
repair made during the Serefhans period.

On the exterior part of the rectangular prism-shaped structure, the mihrab protrusion
in the direction of the gibla and the conical dome on this section overflow. The mosque,
which has an east-west-oriented plan scheme, is divided into three transverse naves in this
direction. The spatial part of the structure is supported by five cross-like columns in two
horizontal rows. The roofing part of the mihrab is domed. The columns in this section were
kept wider and thrusting arches were added to support the dome. There are four windows
in the dome. Other sections are covered with east-west-oriented vaults. It is supported by
hidden arches and pendentives in the wall joints. The building originally had a flat roof,
but a metal hipped roof was added after restoration work. It has been raised 80 cm above
the exterior wall to hide the roof. The windows on the three facades of the building are just
below the ceiling level. Three windows in the east and west have circular arches, and two
windows in the south are rectangular. On the facade where the entrance is located, there
are three pointed arched doors in the middle, and two windows between the doors. Due
to the sloppy ground level, a gallery was built up to the outer ground level, enclosing the
western and southern facades of the building.

The sanctuary and the minaret appear as two separate structures, with approximately
11 m between them. During the restoration works initiated by Bitlis Regional Directorate of
Foundations in 2012, traces of a courtyard with a fountain in the middle and the portico
around it were unearthed. Yegin (2019) stated that the cruciform column parts were of the
same size and typology as those in the mosque, so this part was built at the same time as
the mosque [48,49]. The upper cover of the reconstructed portico was built with a pointed
barrel vault like the one in the sanctuary. In the section where the minaret and the portico
section meet, a load-bearing wall was also built.

The minaret, located in the northwest part of the courtyard with a portico, has three
entrance gates at different levels. It is written on the inscription on the eastern entrance
gate that it was built in the period of Serefhans in 1492 /1493 [43,49]. There are two more
inscriptions on the web of the body. The inscription on the western part of the lower part
of the body cannot be read because it was destroyed during the 1916 Russian occupation.
The inscription in the middle part of the body cannot be read due to similar reasons and
deterioration, albeit slight. Its base consists of a square prism lectern and a cube section
from the corners to a chamfered circular body. There are two rectangular gates at the
ground level and at the 4 m level on the south face. A wall was built in front of the lower
door during the restoration phase. The epitaph on the rectangular door on the upper level
in the western part is decorated with an archivolt. There is one crenelated window on the
southwest face of the lower part and one on the southeast face of the upper part of the
body. There are also bullet marks around these windows. From the body, which does not
have an ornamental element, to the balcony, a bracelet is used. Aring (1991) stated that the
cone section of the minaret was destroyed in 1975 because of a lightning strike [50]. These
sections were renovated as a plain honeycomb-octagonal prism cone with a cylindrical
body, such as that of the Meydan Minaret and the Serefiye Kiilliyesi Minaret (Figure 7).
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Within the scope of this study, the appearance and plans of the minaret of the Great Mosque,
one of the most important historical structures of Bitlis Province, are shown in Figure 8.

12462124

Figure 8. Bitlis Ulu Mosque’s minaret view and plans: (a) east elevation; (b) west elevation; (c) north
elevation; (d) south elevation; (e) plans.
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The Ulu Mosque and its minaret were built with a single balcony by local masters
and workers, using the Bitlis stone. The dimensions of the Ulu Mosque’s minaret are
3.10 x 3.10 m and it was built on a square foundation. It has a cylindrical body shape and
has a body diameter of 3.10 m. The body wall thickness of the minaret is 0.60 m. The
total height for this minaret was determined as 30.48 m. These features of the Bitlis Ulu
Mosque’s minaret are shown in Table 1.

Table 1. Bitlis Grand Mosque and minaret features.

Parameter Value
Date of construction 1492 or 1493
Material Bitlis stone
Balcony Single
Height 3048 cm
Footing dimensions 3.10 x 3.10 m
Body (web) diameter 3.10 m
Body wall thickness 0.60 m

3. Observation-Based Analysis on the Great Mosque and Minaret

In this part of the study, the current structural condition of the minaret and the mosque
has been evaluated based on site observations. The city center of Bitlis, where the minaret is
located, is prone to heavy snowfall in the region [51]. Day and night temperature differences
are quite high in the city center, especially in winter. For these reasons, all the buildings in
the province are under a freeze-thaw effect. In addition to the high groundwater level in
the city center, natural disasters such as many earthquakes, rock falls, landslides, floods
and avalanches are frequently experienced in and around Bitlis. Due to earthquakes and
other natural disasters, various types of damage have occurred to the Ulu Mosque and its
minaret over time. Moreover, environmental factors have also contributed significantly
to these damages. The mosque and minaret were built with the material known locally
as Bitlis stone. The minaret and the mosque were constantly monitored by the relevant
institutions and organizations over time, and necessary interventions were made in a timely
manner. The damages noted by the on-site observations of the mosque and minaret by the
authors are shown in Table 2.

The locations of the damages observed in different parts of the Bitlis Ulu Mosque are
shown in Figure 9.

Due to its location at the lowest elevation of the province, Ulu Mosque is also affected
by the high groundwater level. This effect is an important factor causing a moisture
problem with minor partial settlements in the structure. It is possible to see this effect in
the lower parts of almost all vertical load-bearing elements in the mosque. In addition,
calcifications are clearly observed on the exterior walls of the mosque due to rain and snow
waters. The mosque has recently been repaired and renovated. Negligible mass losses and
wall joint losses occurred on the outer walls of the mosque. There are plant formations in
some parts of the dome of the mosque. Precipitation water coming from the canals, which
were built to remove rain and snow water on the roof of the mosque, known as coratan
in its local name, creates a moisture effect in these parts by making a collision effect on
the walls of the exterior part. The fact that the mosque is very close to the Bitlis stream
bed causes groundwater to be influential inside the mosque. It can be said that the biggest
problem for the mosque today is the underground and precipitation waters. A drainage
system surrounding the structure can be suggested to prevent possible damage induced
by ground surface water that may cause partial settlements. No cracks or damage were
observed on the elements of the mosque load-bearing system. The visuals of the damages
observed in different parts of the Bitlis Ulu Mosque are shown in Figure 10.

Based on the visual inspections on the Ulu (Grand) Mosque’s minaret, the following
damages were observed as shown in Figure 11.
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Table 2. Damages observed in Bitlis Ulu (Grand) Mosque and its minaret.

Parameters Yes No
Time-dependent distortions X
Effect of natural conditions X
The status of whether the building is actively used or not X
Lack of maintenance X
Random repairs and alterations X
Has its originality been preserved? X
Deterioration of mosque and minaret facades X
Movement of the stones that make up the structure X
Fragmentation and rupture X
Calcification on surfaces X
Wear of joints X
Scratches in the foundation of the structure X
Algae and vegetative formations X
Repaired or not X
Is there a layer of germinated soil? X
Cracks and features X
Surface rot X
Darkening on the surface X
Loss of mass X
Are there any inconsistencies in the joints? X
Cracks due to rooting of plants X
Horizontal and vertical deformations X
Are the protective measures sufficient? X
Presence of water entering the structure X
Freeze-thaw effect X
The effect of construction in the surrounding area X
Discoloration X
Natural disaster effects X
A
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Figure 9. The locations of observed damages; (a) layout plan; (b) plan; (c) section.

Recently, the minaret of the Ulu Mosque has also undergone some repairs in order
to preserve its originality. It was determined that the most obvious damage observed on
the minaret was traces of bullets. There are numerous traces of bullets on the minaret.
Calcifications have been observed especially in the balcony part of the minaret due to
precipitation. There is mass loss and joint loss in very few parts. There are vegetal
formations in places of the cone part. There is a darkening on some stones that form the
minaret. The Bitlis Ulu Mosque and its minaret is one of the Five Minarets that are one of
the beauties of Bitlis Province. In this respect, the necessary interventions and repairs to
the mosque and minaret were made by the relevant institutions and organizations over
time. However, it is inevitable that there will be deteriorations and damages due to the
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characteristics of the Bitlis stone used, subjected to the excessive and long duration of
snowfall. It is known that the Bitlis stone, which was used in the construction of the
minaret and the mosque, causes erosion and destruction due to its soft spongy feature. This
situation is affected by temperature differences, frost and humid environments, causing
fragmentation and rupture. The water movement seen at the ground level of the building
induced by the ground water and rainwater must be prevented by installing a drainage
system. Moisture-induced deterioration is observed in the parts of the stone texture that
met water. Installing the necessary water insulation to the areas where water is a problem
at points of the building floor would limit the possible future damages.

Vegetation Moss is seen
over dome and vegetation
between the joints.

Underground Water: It is
seen in the middle of the
place due to the height of
the underground water
level originating from the
elevation and stream

Flowering and Surface
Loss: It can be seen on the
surfaces affected by water.

Drainage: The water
coming from the top due to
the elevation enters the
space from the bottom of
the outer walls.

Original Detail Problem:
Errors in the design of the
details related to the
discharge of water are seen
at points.

Vegetation: It is seen as moss
on the cone and vegetation
between the joints.

Flowering and Surface
Loss: It can be seen on
surfaces affected by water.

Vandalism: Bullet marks
targeting  the  minaret
during the 1916 Russian
War.

Figure 11. Damages observed on the minaret of the Ulu Mosque.
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4. Determination of Seismic Parameters for the Selected Settlements

Earthquake zone and hazard maps were prepared at different dates in Turkey. The last
two maps differ from the others in that they were prepared using a probabilistic approach.
The map of 1972 was prepared using the deterministic method and was amended in 1996
depending on scientific developments. The 1996 Turkey Earthquake Zones Map was
prepared by considering the 10% probability of exceedance within 50 years. In this map,
five different earthquake zones were taken into account, with the first degree being the most
dangerous. All values on the map were on a regional basis and required the use of the same
values in the same earthquake zone. In this map, seismicity parameters specific to each
geographical location were not considered. Using the recent developments in earthquake
and civil engineering, an up-to-date fault database and earthquake catalogues, the map
in 1996 was replaced by the Turkey Earthquake Hazard Map, which was completed in 2018.
With the current map, the earthquake hazard on a microscale was considered. The last two
earthquake maps used in Turkey considered in this study are shown in Figures 12 and 13,
respectively. The Turkey Earthquake Hazard Map Interactive Web Earthquake Application
(TEHMIWA) [52] was used in order to obtain the seismic parameters of any location with
the help of today’s technology along with the updated map.
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Figure 12. The current earthquake hazard map of Turkey [52].
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Figure 13. The previous earthquake zone and hazard maps used in Turkey [53].

Within the scope of this study, in order to reveal the effect of the transition from
regional to site-specific earthquake hazards on the seismic behavior of masonry minarets,
seven different settlements, each one from seven different geographical regions of Turkey,
with the same earthquake zone (1. °) on the previous map were taken into account. The
considered settlements are shown in Figure 14.

S0 100 150 200 km

Figure 14. Settlements considered in the study.

Kocaeli (Marmara region), Bitlis (Eastern Anatolia region), Aydin (Aegean region),
Siirt (Southeast Anatolia region), Amasya (Black Sea region), Cankir1 (Central Anatolia
region) and Osmaniye (Mediterranean region) provinces are located in the same earthquake
zone. A random geographic location was chosen from each of the centers. For these set-
tlements, earthquake parameters were obtained with the help of TEHMIWA, considering
four different ground motion levels with different exceedance probabilities. Different earth-
quake ground motion levels specified in TBEC-2018 are given in Table 3 to be considered
in this study. In the previous regulation, TSDC-2007, only the standard design ground
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motion level, which has a 10% probability of being exceeded in 50 years, used to be taken
into account.

Table 3. Earthquake ground motion levels [27].

Probability of Exceedance

Earthquake Level Repetition Period (Year) (in 50 Years) Description
DD-1 2475 0.02 Largest earthquake
’ ground motion
DD-2 475 0.10 Standard design earth-
’ quake ground motion
Frequent earthquake
oD & 050 ground motion
DD-4 43 0.68 Service earth-

quake movement

In order to make a comparative assessment, the local soil class ZB in TBEC-2018
determined in the site survey reports conducted by the relevant public institutions for the
location of the Bitlis Great Mosque’s minaret was taken into account. The peak ground
acceleration (PGA) and the peak ground velocity (PGV) values obtained for different
probability of exceedance for the selected settlements are shown in Table 4.

Table 4. PGA and PGV values for selected settlements for different ground motion levels.

Peak Ground Acceleration (g—PGA Peak Ground Velocity (cm/s)—PGV
Province Probability of Exceedance in 50 Years Probability of Exceedance in 50 Years
2% 10% 50% 68% 2% 10% 50% 68%
Cankir1 0.533 0.283 0.111 0.079 34.409 18.877 7.456 5.301
Aydin 1.090 0.593 0.214 0.149 69.915 36.949 11.618 7.948
Amasya 0.809 0.447 0.182 0.131 54.265 29.458 11.404 8.063
Kocaeli 1.132 0.673 0.275 0.142 96.795 56.699 16.345 7.891
Siirt 0.456 0.244 0.093 0.064 24.078 12.828 5.448 4.004
Bitlis 0.490 0.260 0.106 0.077 28.215 15.081 6.508 4.847
Osmaniye 0.598 0.310 0.115 0.079 36.886 18.251 6.542 4.539
Among the selected settlements, the highest PGA and PGV values were obtained for
Kocaeli, while the lowest values were obtained for the province of Siirt. The ratio of the
highest and lowest PGA values was obtained as 2.48 for DD-1. The comparison of the PGA
values and design spectral acceleration coefficients predicted in the last two regulations
and the maps according to the DD-2 ground motion level is also presented in Table 5.
Table 5. PGA and Spg values and comparison over the last two maps.
. -2007
Location S:i]zfczzogne TSDC-2007 PGA (g) TBEC-2018 PGA (g) PGA018/PGA207 Sps2007 Sps2018 Sbs2018/Sps2007
Cankir1 1 0.400 0.283 0.71 1.000 0.605 0.61
Aydin 1 0.400 0.593 1.48 1.000 1.308 1.31
Amasya 1 0.400 0.447 1.12 1.000 0.968 0.97
Kocaeli 1 0.400 0.673 1.68 1.000 1.482 1.48
Siirt 1 0.400 0.244 0.61 1.000 0.510 0.51
Bitlis 1 0.400 0.260 0.65 1.000 0.553 0.55
Osmaniye 1 0.400 0.310 0.78 1.000 0.651 0.65

PGA and Spg values for all settlements considered in this study for the same earth-
quake zone in the former map were completely represented with different values in the
current regulation. However, since the previous regulation and the map were prepared on
a regional basis, these two values were assumed to be the same. The fact that each location
had its own seismicity parameters indicated that it was more realistic to base the current
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regulation on a site-specific seismic hazard analysis. While PGA values increased for Aydin,
Amasya and Kocaeli within the selected settlements, lower values were obtained for other
provinces than the values predicted in the previous regulation. While the biggest increase
was observed in Kocaeli, the biggest decrease was in Siirt. This situation remained valid
for Spg as well. Another variable used within the scope of this study was the different
probability of exceedance levels. Other seismic parameters considered within the scope of
this study are given in Table 6.

Table 6. Comparison of earthquake parameters for different probability of exceedance levels.

Ground Motion Sg S1 Fg F1 Sps Sp1 Ta Tp Tap Tpp
DD-1 1.193 0.312 0.900 0.800 1.074 0.250 0.046 0.232 0.015 0.077
DD-2 0.614 0.172 0.900 0.800 0.553 0.138 0.050 0.249 0.017 0.083
DD-3 0.243 0.076 0.900 0.800 0.219 0.061 0.056 0.278 0.019 0.093
DD-4 0.176 0.055 0.900 0.800 0.158 0.044 0.056 0.278 0.019 0.093

There was no change in the local ground effect coefficients obtained for the different
probability of exceedance levels for the province of Bitlis. However, as the probability of
exceedance levels increased, the Sg, S1, Spg and Sp; values decreased. This is due to the fact
that very rare earthquakes have higher magnitudes. The design spectra, on the other hand,
were obtained by fitting a smoothed envelope curve to the response spectra calculated from
different ground motion acceleration records in order to take into account the maximum
earthquake effects that may occur, by taking into account the seismic characteristics and
local site conditions of any region [54,55]. The change in the design spectrum curves also
affected the displacement demands in the buildings. It is obvious that damage estimations
and building performances would deviate from the realistic values in buildings when
displacement demands are not met [56,57]. A comparison of the obtained horizontal and
vertical elastic design spectra is given in Figure 15.

Horizontal Design Elastic Spectra

Vertical Design Elastic Spectra

—Gankin — Gankin

—Aydin = Aydin
Amasya —— Amasya
Kocaeli Kocaeli
—siirt — siirt
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——
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Figure 15. Comparison of horizontal and vertical elastic design spectra.

Since the vertical elastic design spectrum was used for the first time with the current
regulation, it was not possible to compare it with the previous regulation. While a single
design spectrum was used for the settlements selected in the previous map, a design spec-
trum specific to each geographical location was used together with the current regulation.
A comparison of the obtained horizontal elastic design spectra revealed this difference. The
comparison of the horizontal and vertical elastic design spectra obtained by considering
the different probabilities of exceedance for the minaret is given in Figure 16.
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Figure 16. Comparison of horizontal and vertical elastic design spectra obtained for different proba-
bilities of exceedance.

The horizontal and vertical elastic design spectra with the largest amplitude for ground
motion levels with different recurrence periods were obtained for the largest earthquake
with a recurrence period of 2475 years. Table 7 shows the comparison of the earthquake
data that occurred recently around the province of Bitlis, where the minaret is located, and
the values obtained for the location of the minaret.

Table 7. Comparison of measured and obtained PGAs for minaret location.

Measured Values PGAs () PGAs7 (g)
Earthquake No. Date Location

PGA (g) DD-1 DD-2 DD-3 DD-4 DD-2
1 24 January 2020 Sivrice 0.298
2 23 October 2011 Van 0.182
3 9 November 2011 Van 0.251
4 8 March 2010 Elazig 0.068
5 1 May 2003 Bingol 0511 0.490 0.260 0.106 0.077 0.400
6 27 January 2003 Tunceli 0.011
7 13 March 1992 Erzincan 0.485
8 30 October 1983 Erzurum 0.175

It is seen that the PGA values measured for the Van earthquakes, which are the recent
earthquakes that have occurred in and around Bitlis, where the Ulu Mosque is located,
are lower than the values predicted by the current regulation. Except for the Bing6l (2003)
earthquake, the PGA values measured for all earthquakes were lower than the predictions
for DD-1. For DD-2, the values measured for the Bingdl (2003) earthquake as well as the
Sivrice (2020) and Erzincan (1992) earthquakes were larger than the predicted one. Bitlis
Province is approximately 200 km from Bingtl and 350 km from Erzincan and Sivrice.
In addition, the measured value of the 2011 Van earthquake at the earthquake station in
Bitlis is known to be 0.104 g. Therefore, the values obtained for the largest earthquake
affecting Bitlis recently were considerably lower than the PGA value foreseen in the last
two earthquake codes.

5. Structural Analyses

For the analysis and design of today’s modern engineering structures, many computer
software packages have been developed that facilitate data transfer and transfer the results
to application projects in an integrated manner. The load-bearing systems of masonry
buildings differ from today’s modern engineering structures. For this reason, the finite
element method is preferred in the structural analysis of such structures. The first step in
this method is to create a numerical model of the structure to be examined. Numerical
modeling can be defined as the reliable and compatible conversion of structural system
elements made of different materials and having a variable cross-section geometry into
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mathematical terms according to the fundamental principles of mechanics. The finite
element analysis of masonry structures is computationally a demanding process [58,59].

The realization of the analysis in the created structural model roughly consists of the
stages of creating the geometry, mesh production, physical setup, numerical solution and
obtaining the results. ABAQUS is software for both the modeling and analysis of mechani-
cal components and the visualization of the finite element analysis result. Preprocessing
and postprocessing stages can also be performed with all the components of modeling such
as monitoring the solution, intervening in the process and examining the results [60]. In
some cases, simple finite element models can be created by developing some approaches
and simplifications regarding the geometric properties of structures. Despite such minor
changes, FE models can be used to evaluate the seismic performance of such building
typologies [61]. The sign convention and directional assumptions of the elements used in
the structural models created using finite elements are shown in Figure 17, adhering to
the assumptions stipulated by the software program (ABAQUS 2022) [60] in which the
numerical modeling was made.

sl

Figure 17. Sign convention in the analyses.

As indicated in Figure 17: S11: vertical stress in (x) direction, S22: axial stress in
(y) direction, S33: axial stress in (z) direction, (S12 = S21): shear stresses in x—y plane. While
determining the material properties for the minaret, the following literature works were
followed Isik et al. (2020) [62] and Isik et al. (2022) [13]. The elastic modulus (E) and unit
weight (v) values of Bitlis stone were taken as a single value in all structures. The properties
of the material used are given in Table 8.

Table 8. Material properties [13,62].

Unit Volume Weight (kKN/m?) Elastic modulus, E (MPa) Poisson Ratio
Bitlis stone 14.60 4006 0.22

The modeling of masonry walls is extremely important in the evaluation and design of
historical and modern masonry structures. Masonry walls can be modeled using three dif-
ferent modeling techniques such as a detailed micro modeling, simplified micro modeling
and macro modeling. These models can be seen in Figure 18.

In this study, a finite element model of the minaret was created using the macro
modeling technique. The macro modeling technique is one of the commonly used masonry
structural modeling techniques in the literature. The historical masonry bell towers in
South-East Lombardy in Italy [63], historical fortified masonry palaces in Switzerland and
Northern Italy [64], Emir Bayindir Bridge in Turkey [65], San Pietro and San Benedetto
churches in Italy [66], Torre De la Vela in Spain [67], Gaskar brick minaret in Iran [68]
and five historical masonry minarets in Antalya (Turkey) [69] are some of the studies
examining the seismic behavior of different types of structures using this type of structural
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modeling technique. While doing this type of modeling, analyses are carried out without
making any distinction between the binding material (mortar, etc.) used in the building
and the structural elements. In this modeling, the masonry unit and the properties of the
mortar are homogenized and considered as masonry composite material. The mechanical
properties of this model are the values obtained as a result of the homogenization process.
Macro modeling is more convenient in practice because it requires less computational
cost. However, with macro modeling, stress distributions in masonry units and mortar can
be obtained accurately [70-72]. The Bitlis stone used in the minaret and the mortar that
connects them were considered as a single material, and the material properties of the Bitlis
stone were taken into account in the analyses for these two materials.

unit

joint composite

interface
unit/mortar

b C

Figure 18. Modeling methods of masonry: (a) detailed micro modeling; (b) simplified micro modeling;
(c) macro modeling.

5.1. Structural Analysis Results According to Different Probability of Exceedance Levels

While modeling with the ABAQUS program, stairs were taken into account and
drawn together with the outer wall to avoid possible problems in the meshing system
and intersection. The macro modelling presupposed that the masonry structure was a
homogenous continuum that could be discretized with a finite element mesh that did
not replicate the wall texture but rather met the criteria established by the method itself.
This modeling approach stroke a balance between accuracy and simplicity by aiming to
produce results at a global level and keeping computational work at a manageable level.
The minaret was analyzed with FE models consisting of ten-node quadratic tetrahedral
elements (C3D10) with four integration points chosen as the mesh type. In order to further
improve the outcomes, several mesh sizes were examined, beginning with the coarse
ones, until stable results were obtained. The masonry minaret consisted of a total of
19,663 elements and 39,557 nodes. The dimensions based on site measurements of the
minaret and the 3D models developed by software are shown in Figure 19.

A modal analysis is a dynamic analysis method that enables the determination of
free vibration periods, frequency values, mass participation rates and mode shapes of the
structure. In order to determine the dynamic properties of the minaret, first, modal analyses
were performed. The natural vibration periods of the minaret were added as a result of the
eigenvalue analysis. While performing the modal analysis, the first 10 modes formed in the
structure were taken into account. According to the modal analysis results of the model, its
effective modes, natural vibration periods and frequency values are shown in Table 9. The
calculated mass participation of the modes shows the contribution of the mode effects to
the overall dynamic response. The calculated mass participations of the first and second
modes have a significant proportion of the overall dynamic behavior of the structure. In
the selected minaret, the mass participation rates in the first two modes were around 44%.
It was seen that the mass participation rates in the X and Y directions were above 80% and
considering additional modes did not have much effect.
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Figure 19. Bitlis Ulu Mosque’s minaret and 3D minaret models developed by the software program.

Table 9. Modal analysis results of the minaret model.

Mass Mass Total Mass Total Mass
Mode Frequency (Hz) Period (s) Participation Participation Participation Participation

X) (%) (Y) (%) X) (%) ) (%)

1 1.499 0.667 0.01 43.68 0.01 43.68

2 1.515 0.660 43.32 0.01 43.33 43.68

3 6.418 0.156 0 23.26 43.34 66.94

4 6.482 0.154 24.07 0 67.41 66.94

5 11.758 0.085 0.04 0 67.45 66.94

6 14.005 0.071 0.00 8.45 67.45 75.39

7 14.245 0.070 8.90 0 76.35 75.39

8 17.026 0.059 0 0.03 76.35 75.42

9 23.818 0.042 0 547 76.36 80.90

10 24182 0.041 491 0 81.27 80.90

The first natural period value obtained for the Ulu Mosque’s minaret was checked by
averaging the four differential empirical period relations suggested in the literature. The
empirical relations considered are shown in Table 10. The natural period of the minaret
is in agreement with that of the literature. In addition, the obtained period value for the
Ulu Mosque’s minaret remains between the lowest and highest values obtained from the
empirical formulas taken into account.

The mode shapes obtained while performing the analysis in the software program of
the Bitlis Ulu Mosque’s minaret are also shown in Figure 20. As can be seen from Figure 20,
torsion occurred in the fifth mode.

Table 10. Suggested empirical formula for fundamental period.

Empirical Formula Period of the Sample Minaret Description References
T, = CHY7S Ty =0.646 s C; = 0.05 and H = total height [69,73,74]
H: total height; B: minimum base width
fi =Y. (H/B)~~* T, =0.88s of the minaret. Y = 8.03 and z = 0.86 [75]
for minarets
T, =0.0187 H Ty =0570's H: total height [76]
T; =0.0113 H1138 T; =0552s H: total height [771]
Mean Ty =0.662s
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Mode 1

Mode 2 ' Mode 3 ' Mode 4 Mode 5

Figure 20. Mode shapes fort the first five modes.

An Abaqus response spectrum analysis was used to estimate the peak response param-
eters (displacement, stress and base shear force) of the minaret. The stresses distribution in
the minaret is shown in Figure 21. Since the same design spectrum curve was used for seven
different settlements considered in the study and located in the same earthquake zone, the
same stresses would be obtained. The stress diagrams obtained for the largest earthquake
ground motion level (DD-1) with a 2% probability of exceedance in 50 years are shown
in Figure 22. The stress diagrams obtained for the standard design earthquake ground
motion level (DD-2) with a 10% probability of exceedance in 50 years and a recurrence
period of 475 years are shown in Figure 23. The stress diagrams obtained for the frequent
earthquake ground motion level (DD-3), which has a 50% probability of exceedance in
50 years, are shown in Figure 24. The stress diagrams obtained for the service earthquake
ground motion level (DD-4), which has a 68% probability of exceedance in 50 years, are
shown in Figure 25.
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Figure 21. Stress distribution according to TSDC—2007.
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Figure 22. Relative stresses for DD—1 ground motion level.
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Figure 23. Stresses for DD—2 ground motion level.
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Figure 24. Stresses for the DD—3 ground motion level.
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Figure 25. Stresses for DD—4 ground motion level.

The comparison of the maximum displacement, base shear force and stress values
obtained for the ground motion levels with different probabilities for the minaret of Bitlis
Ulu Mosque is given in Table 11.

Table 11. The highest values obtained according to different exceedance probabilities.

Ground

Displacement

Base Shear

Motion Level (mm) Force (N) §11 (MPa) $12 (MPa) §22 (MPa)
TSDC-2007 380.9 4.25 x 100 3.44 1.02 4.49
Bitlis DD-1 481.3 4.36 x 100 4.04 1.28 5.65
Bitlis DD-2 210.1 2.23 x 100 1.86 0.56 2.47
Bitlis DD-3 92.9 0.91 x 10° 0.80 0.25 1.09
Bitlis DD-4 67.2 0.66 x 10° 0.58 0.18 0.79

The largest displacement, base shear force and stress values were obtained for DD-1
and the lowest values were obtained for DD-4. Different values were obtained for the stan-
dard design ground motion level (DD-2) in both earthquake codes. For this ground motion
level, the largest displacement value for the previous regulation was 0.38 m, while it was
0.21 m with the current regulation. The stresses obtained for the 2007 regulation decreased
by approximately 45% compared to those of the current regulation. The displacement value
obtained for the DD-1 ground motion level increased by 129% compared to that of the DD-2
ground motion level. In the previous regulation, only one ground motion level (DD-2) was
taken into account, and since all selected settlements were located in the same earthquake
zone, the same displacement, base shear and same stresses were obtained. With the current
regulation, different values were obtained for all selected settlements. A comparison of the
obtained result values is shown in Figure 26.

Performance levels were also determined by using the displacement values obtained
in the study. For this purpose, the limit value assumptions specified in the Earthquake
Risk Management Guide for Historical Buildings (TYDRYK-2017) [78] were used and these
values are presented in Figure 27. It is stated that it is sufficient to use linear calculation
for the immediate occupancy (IO) performance level, and one of the linear or nonlinear
calculation methods for the life safety (LS) and collapse prevention (CP) performance levels.
If one of these calculation methods is selected, the minimum limit values that must be
provided are shown.
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Figure 26. Comparison of result values for different probabilities.
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Figure 27. Pushover curve and limit states.
The performance levels obtained for the DD-2 earthquake as the standard ground
motion level, which is predicted in TSDC-2007 and TBEC-2018, are shown in Table 12.
Table 12. Design earthquake drift check.
Code Displl\::::inlzz:mm) I\]/I)iffl:';;:;l Immediate Occupancy < 0.3% Life Safety < 0.7% Collapse Prevention < 1%
TSDC-2007 380.90 125 91.44 X 213.36 X 304.80 X
TBEC-2018 210.10 0.69 91.44 P4 21336 4 304.80 4

The values obtained for the standard design earthquake ground motion level (DD-2)
were taken into account as the maximum displacement values. The maximum drift (%) was
obtained by dividing the obtained maximum displacement value by the minaret height.
The target displacement values for the performance levels were obtained by multiplying the
marginal percentages of the minaret height under the unmitigated earthquake effect seen
in TYDRYK-2017 (Figure 27). Considering the displacement value obtained for TSDC-2007,
it was determined that it did not satisfy the limit states for three different performance
levels, but the value obtained for TBEC-2018 satisfies the life safety and collapse prevention
performance levels.
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5.2. Influence of the Site-Specific Design Spectrum

In this part of the study, the effect of the site-specific design spectrum, which is one of
the important changes between the last two earthquake codes, is examined. In the previous
regulation, site-specific seismicity effects were neglected by using the same design spectrum
for the same earthquake zone. The fact that each geographical location has unique seismic
parameters requires a differentiation of the design spectra. In order to show the difference,
the stresses occurring for Kocaeli Province, which has the highest PGA value among the
settlement units considered within the scope of the study, are shown in Figure 28, while
the stresses occurring in the minaret of the Ulu Mosque, which was chosen as an example
for Siirt with the lowest PGA value, are shown in Figure 29. During this comparison, no
changes were made in the structural characteristics, material properties and local soil class
of the minaret. The only variable was the design spectrum specific to each settlement. The
importance of using the site-specific design spectra is shown.
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The comparison of the result values obtained for all settlements considered in the
study is shown in Table 13. The comparison of the displacement values obtained for the
settlements is shown in Figure 30.

Table 13. Comparison of the results obtained for different settlements.

. Displacement  Base Shear S11 S12 522
Location F N)
(mm) orce (N/mm?) (N/mm?) (N/mm?)
Cankir1 264.1 2.53 x 10° 2.26 0.71 3.10
Aydin 439.7 511 x 10° 4.04 1.18 5.19
Amasya 398.1 3.98 x 10° 3.45 1.06 4.68
Kocaeli 546.2 5.93 x 10° 4.88 1.46 6.43
Siirt 181.6 2.02 x 10° 1.64 0.49 2.14
Bitlis 210.1 223 x 10° 1.86 0.56 2.47
Osmaniye 238.9 2.60 x 10° 2.14 0.64 2.81
TSDC-2007 380.9 425 x 10° 3.44 1.02 4.49

Displacement (mm)
TSDC-2007
Osmaniye I
Bitlis I
Siirt I
Kocaeli I—
Amasya

Aydin

Cankin I
0 100 200 300 400 500 600

Figure 30. Comparison of displacement values for each settlement.

With the current regulation, the design spectra obtained on a regional basis were
replaced by the geographical-site-specific design spectra. While the same values used to be
obtained for all the settlements in that earthquake zone, different values can be obtained
for the settlements within the region. This clearly shows that structural analyses should be
performed using site-specific seismic parameters. Using the design spectra stipulated in the
previous regulation, the same values were obtained within the same region, whereas each
geographic location has its unique seismic parameters and will be subjected to different
levels of shakings. The highest displacement, base shear force and stress values were
obtained for Kocaeli, which has the highest PGA value, while the lowest values were
obtained for the province of Siirt, which had the lowest PGA value. While higher values
were obtained for Aydin, Amasya and Kocaeli in the new regulation, lower values were
obtained for the other settlements. The comparison of the performance levels for the
settlements considered in the study is shown in Table 14.

105



Buildings 2022, 12, 1200

Table 14. Design earthquake drift controls.

Province N Y Lisay (9 <ors SOl Ftion
Cankari 264.1 0.87 91.44 X 213.36 X 304.8 4
Aydm 439.7 1.44 91.44 X 213.36 X 304.8 X
Amasya 398.1 1.31 91.44 X 213.36 X 304.8 X
Kocaeli 546.2 1.79 91.44 X 213.36 X 304.8 X
Siirt 181.6 0.6 91.44 X 213.36 V4 304.8 V4
Bitlis 210.1 0.69 91.44 X 213.36 V4 304.8 V4
Osmaniye 2389 0.78 91.44 P4 213.36 P4 304.8 <«
TSDC-2007 380.9 1.25 91.44 X 213.36 X 304.8 X

The values in Table 13 were obtained by taking into account the calculation principles
considered in Table 11. For the settlements located in the same earthquake zone, the
same values were obtained in the previous regulation, and it was determined that the
limit conditions foreseen for the three performance levels were exceeded. For Siirt, Bitlis,
Osmaniye and Cankair, it was concluded that the limit states were exceeded for the other
settlements, while the CP level was achieved.

5.3. Dynamic Time History Analysis

Time history analysis is the numerical analysis of the equation of motion, which is
created by considering the mass, damping and stiffness properties of the structure, under a
selected ground motion. In this part of the study, time history analyses were carried out
by using the acceleration records of the 2011 Van earthquake, which occurred recently in
the closest region to the Bitlis Ulu Mosque’s minaret. The Van Earthquake south-north
acceleration—time curve of this considered earthquake is shown in Figure 31. Solid elements
were used in the construction of the finite element model under the presumption that the
structure’s materials were homogeneous, and a linear elastic material model was used for
the time history analysis.
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Figure 31. 2011 Van earthquake south-north acceleration—time graph.

The displacement-time graph obtained as a result of the time history analysis is shown
in Figure 32 by using the 2011 Van earthquake south-north acceleration—time curve.

200
100

=

@ 0

£~ 0

8 E -100

® £

o™~ -200

2

(@]

Time (s)

Figure 32. Time history analysis (Van earthquake) (max = 169.64 mm).
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As a result of the 2011 Van earthquake acceleration record, it was obtained that the
minaret of the Ulu Mosque’s minaret had a maximum displacement of 0.17 m. This value
was lower than the displacement values of 0.38 m and 0.21 m determined for the last
two earthquake codes. Considering the displacement value obtained for the 2011 Van
earthquake, the performance levels are shown in Table 15.

Table 15. Analysis translation results and limit values for the 2011 Van earthquake.

Material Maximum  Maximum Immediate Occupancy . o Collapse Prevention
Type  Drift(mm)  Drift (%) (10) < 0.3% Life Safety (LS) < 0.7% (CP) <1%
TBEC-2018 169.64 0.56 91.44 X 213.36 < 304.80 <

The minaret performance level was obtained as life safety according to the largest
displacement value obtained by considering the 2011 Van earthquake acceleration record.

6. Conclusions

Within the scope of this study, ground motion levels with different exceedance proba-
bilities and different design spectra in masonry structures were chosen as variables. As a
case study, the minaret of the historical Ulu Mosque in the province of Bitlis (Turkey) was
chosen. This minaret is one of the Five Minarets, one of the symbolic structures of Bitlis
Province, and is an invaluable part of the historical heritage. For this minaret, a structural
model was created with the finite element method and analyses were carried out separately
for different settlements. Finally, the current situation of the mosque and minaret was
determined based on on-site measurements and observations, and solution suggestions
were discussed.

Using the seismicity parameters and predicted design spectra in the last two earth-
quake hazard maps and regulations in Turkey, the seismic behavior of this minaret under the
influence of earthquakes was compared. In recent years, with the use of site-specific design
spectra, the variation of the amplitude of the design spectra and the PGA value significantly
changed, resulting in different response estimations in many countries [36,57,79,80]. While
the same seismic and structural parameters were used for the selected seven different
settlements with the same seismic risk in the previous earthquake hazard map, completely
different seismic and structural parameters were used together with the current earthquake
hazard map and regulation for Turkey. As a result, the results of the structural analysis
differed completely. In the seismic parameters, along with the current map, increases in
some settlements and decreases in others were observed. This allowed for more realistic
earthquake hazard and structural analyses of the seismic and structural parameters to be
obtained according to the geographical location.

Both seismic and structural parameters for different ground motion levels were ob-
tained, which is one of the innovations in the current earthquake code and one of the
variables of this study. As the probability of exceedance increases, the earthquake effect
that the structure will be exposed to decreases and as a result, the displacement, base shear
force and stress values decrease.

Maximum stress levels occurred in the transition zones between the parts of the
minaret in different settlements and different probability of exceedance. The resulting
stress values were lower than the allowable stress values suggested in the literature for both
Bitlis stone and natural stones. This proved once again that the engineering knowledge and
experience at the time the minarets were built were very high. When necessary, monitoring
the Ulu Mosque and its minaret by the relevant institutions/organizations and the timely
engineering interventions minimized the destruction and damage that may occur to the
structure. From this point of view, the originality of this minaret has been preserved by the
necessary works and procedures until today. The continuity of monitoring and intervention
processes related to such structures, which are an important part of the historical and
cultural heritage, is very important for transferring such structures to the next generations.
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The maximum displacement value obtained by considering the 2011 Van earthquake,
located in the closest environment to Bitlis Province, was lower than the values predicted in
the last two regulations. This can be considered as an indication that the last two regulations
provide a certain level of safety.

It is known that Bitlis stone has low strength and is more damaged by abrasion due
to its soft spongy feature. This situation is affected by temperature differences, frost and
humid environments, causing fragmentation and rupture. The freeze-thaw effect, which is
cyclical especially in cold periods, is one of the most important factors in the deterioration
of the building blocks in the region. This poses a risk to the minaret and mosque. Therefore,
the loss and destruction of the Bitlis stone, which is the main element of the minaret, over
time due to the natural process may affect the load-bearing feature of the structure.

The surrounding of the monument should be considered together with the city infras-
tructure in order to drain the ground water from the building. Chemical and mechanical
cleaning should be done in the planted parts. After this stage, the damages caused by mois-
ture in the building should be monitored periodically by the relevant public institutions
and organizations.

The almost disappearance of traditional construction methods and building construc-
tion has similarly affected the number of qualified personnel who understand this business.
The use of contemporary materials and techniques is also required from time to time. As a
result of these two situations, faulty productions occur in the details of the repairs. In this
context, masters should be trained through local governments, and contemporary materials
and techniques should be reconsidered with original details.

Timely interventions by the relevant public institutions and organizations did not
allow us to obtain data on cracks or significant damage in the minaret. Therefore, the effect
of the resulting stresses on the minaret could not be clearly demonstrated. The continuity
of these processes is important for the structure.

Interventions on damage that may occur over time in a timely manner and in a way
that preserves the structure’s originality are important in terms of transferring our historical
heritage to the next generations. In this context, it is necessary to examine and monitor the
structural health of historical buildings. The best way to protect our cultural heritage is
to make necessary interventions in the light of experimental and numerical studies to be
carried out on historical buildings before they are damaged.

The minaret of Bitlis Ulu Mosque, one of the first mosques of the Anatolian Principali-
ties period, is a unique structure with multiple entrances at different elevations. The fact
that Bitlis contains traces of the occupation years has an important place in terms of the
memory of the city, but it is an important landmark of the city in terms of its location. This
study can be used as a source for the structural health of the minaret.

In future studies, similar structural analyses will be carried out by using the mi-
cromodeling technique and by determining the material properties in more detail using
experimental methods. The modal frequencies and mode shapes for the minaret of the
Ulu Mosque were determined by a numerical model. In addition, modal parameters can
be obtained by performing different techniques and field ambient vibration tests on the
minaret. This study can be a source for such studies.
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Abstract: In this study, reinforced concrete beams with insufficient shear capacity were strengthened
on both sides of the beam along the shear openings by a novel approach: Mechanical Steel Stitches
(MSS). This innovative method facilitates the application of strengthening the beams with a low-cost
solution. In this concept, six specimens were experimentally investigated under vertical load. While
one of the specimens was tested as a reference, the others were strengthened with MSS application
at different ratios (pyis), ranging from 0.2% to 1% at both the beams’ shear span. MSS were applied
with the angle of 90° considering stirrup logic. The diameter, anchorage depth and mechanical
properties of the MSSs were kept constant, and their effects on the strengthening of the beams in
terms of ductility, strength, stiffness, and energy dissipation capacities were investigated by changing
the spacing of the MSSs. The results revealed that increasing MSS ratio caused a dramatic positive
change in the behavior in terms of both strength and energy dissipation capacity. MSSs to be made at
appropriate intervals ((%1) MSS ratio or (d/5) MSS spacing) significantly improved the shear capacity.
However, a 43% loss in stiffness occurred with the increase in pyjs since the MSSs are applied to the
beams by drilling and anchoring from the outside.

Keywords: strengthening; steel; reinforced concrete; mechanical steel stitches; shear

1. Introduction

Reinforced concrete members are expected to have a sufficient level of the three most
important parameters, such as ductility, strength, and rigidity, to carry the loads safely.
Some of the existing reinforced concrete structures do not have enough of these parameters
for various reasons. For this reason, even under the influence of service loads, damages are
observed in the structures. The beam is usually the first element to experience damage in
a reinforced concrete building [1,2]. Damages in beams are observed as shear or bending
damage (in some cases, both). In order to prevent cracks caused by principal tensile stresses
in beams, transverse reinforcement (stirrup) is placed perpendicular to the cracks. No
matter how small the shear stress may be, in all construction regulations used today, it is
obligatory to use a minimum level of transverse reinforcement to prevent possible shear
damage. If there will be damage to the beams, it must first be bending damage. For this
purpose, the transverse reinforcements placed in sufficient amounts prevent shear fracture
and reach the bending capacity of the beam to ensure bending power depletion.

Structural elements may need to be strengthened during their service life due to de-
sign and application errors, time-related capacity losses due to corrosion and durability
problems, changing the purpose of use and being insufficient according to new regula-
tions [3,4]. In general, the low compressive strength of the concrete and the insufficient
stirrup reinforcement to meet the shear stress of the reinforced concrete elements are the
most common deficiencies in existing reinforced concrete structures [5]. For this reason,
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conventional and innovative strengthening methods have been investigated by many re-
searchers in the literature to increase the bearing capacity, bending and shear strength of the
structural members [6,7]. Reinforced concrete jacketing, wrapping with steel plate and fiber
reinforced polymers (FRP) etc., form conventional reinforcements. While methods such as
these have been examined, relatively new reinforcement methods such as reinforcement
with FRP have been examined by many researchers on beams due to the decrease in their
cost in recent years [8-11]. It is seen that some of the studies in the literature are for the
repair of damaged beams, and some of them are on the strengthening of undamaged beams.
Table 1 presents a review of current studies for pre-damaged and undamaged reinforced

concrete beams.

Table 1. Current studies on reinforced pre-damaged and undamaged beams.

Strengthening Type Pre-Damaged Beams Undamaged Beams
More and Kulkarni (2014) [13];
Wu et al. (2016) [14];
*
AFRP Raza et al. (2019) [12] Zhang and Wu (2019) [15];
Raval et al. (2020) [16];
) Duic et al. (2018) [20];
Maetal. (2017) [17]; Joyklad et al. (2019) [21];
BFRP * Ma et al. (2018) [18]; )
Qin et al. (2019) [19]; Pham et al. (2020) [22];
: ’ Shen et al. (2021) [23]
Gemi et al. (2019) [11];
Zaki et al. (2019) [32];
. Aksoylu et al. (2021) [33];
Prado etal. (2016) [24]; Al-Khafaji et al. (2021) [34];
Karzad et al. (2017) [25]; Kotynia et al. (2021) [35];
Karam et al. (2017) [26]; Abed et al. (2021) [36]; !
FRP CFRP * 53??3 9;2%12'0()2?21:]). 271 Al-Fakih et al. (2021) [37];
Yu et al‘ (2020) [29]f Jahami et al. (2021) [38];
v 1‘ (2021) [30],' Alhassan et al. (2021) [39];
Bu}fi. at‘ L (2020) [31] Samb et al. (2021) [40];
ahy et al. Mukhtar and Shehadah (2021) [41];
Mansour (2021) [42];
Gemi et al. (2022) [43];
Panigrahi et al. (2014) [46];
Boumaaza et al. (2017) [47];
Aksoylu (2021) [48];
- . Rahman (2021) [49];
GFRP * Siddika etal. (2019) [44]; Kumari ve Nayak (2021) [50];
Capozucca et al. (2021) [45]; Ali et al. (2021) [51];
Abbas et al. (2021) [52];
Miruthun et al. (2021) [53];
Al-Shalif et al. (2022) [54];
Aykag ve Ozbek (2011) [58];
Peng et al. (2017) [55]; Acar (2014) [59];
Steel Plate Kazem (2018) [56]; Aykag and Acar (2014) [60];

Mechanical Connections

Alam et al. (2020) [57]

Abdul-Razzaq et al. (2017) [61];
Demir et al. (2018) [62]

Osman et al. (2017) [63];
Xu et al. (2018) [64];

Xu et al. (2019) [65];
Alshlash et al. (2019) [66]

Hamoush and Ahmad (1997) [67];
Altin et al. (2004) [68];

Rizal et al. (2019) [69];

Chalioris et al. (2019) [70];
Aldhafairi et al. (2020) [71];

Di Trapani et al. (2020) [72];

Yuan et al. (2020) [73];
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Table 1. Cont.

Strengthening Type

Pre-Damaged Beams Undamaged Beams

Jacketing

Murthy et al. (2019) [74];
Hassan et al. (2021) [75];
Ganesh and Murthy (2021) [76]

Chandrakar ve Singh (2017) [77];
Rodrigues et al. (2018) [78]

* A: Aramid, B: Bazalt C: Carbon and G: Glass.

As seen in Table 1, there are many alternatives for strengthening beam members.
However, it is crucial and challenging to determine which damage type, damage level,
and strengthening/repair method will be more effective in practice. An inexperienced
engineer often has difficulty choosing an effective retrofit/repair method based on existing
or potential damage. Effective strengthening depends on the extent to which the chosen re-
inforcement has increased the structural parameters of the beam, such as ductility, strength
and rigidity, as well as the method being easy, applicable and economical.

A new strengthening method has emerged in the literature in recent years. This
method, which emerged as a Mechanical Steel Stitch (MSS) or Cracks Locking System
(CLS), is used to strengthen reinforced concrete beams that are insufficient in shear. When
the literature is examined comprehensively, it is seen that the first study aimed at repairing
bending cracks in small-scale unreinforced concrete beams was carried out by Hamoush
and Ahmad in 1997. The study is on a limited number of experimental studies and their
analytical confirmation. In this way, the study was created to represent a guide prepared
for the use of seams as a crack repair method in concrete structures. The study presents an
analytical method to determine the effectiveness of crack suturing as a repair tool.

For MS repair/reinforcement of pre-damaged beams, Alshlash et al. [66] carried out a
series of experimental studies. As a result of the experimental test, 50%, 65% and 85% of
pre-damaged shear beams were strengthened with MSSs, resulting in 17%, 43% and 50%
increases in shear capacity, respectively, compared to the reference beam. As a result, it was
stated that it would be among the main methods that can be used in practice in the future.
On top of that, Aksoylu [48] performed a series of experimental studies on undamaged
front beams using the similar beam geometry of Alshlash et al. [66]. The MSSs in the
study were placed systematically with 45° angles to prevent this damage, considering the
shear damage in the reference beam. The observation of ductile behavior at the end of the
experiment also proved that MSSs with 45° angles are effective reinforcement alternatives
that can be used directly for both strength increase and sufficient ductility.

In this study, the strengthening technique with MSSs, which was proposed as an
innovative strengthening alternative, was preferred because it is easy to apply, economical
and effective. However, unlike the two studies [48,66] in the literature, MSs were applied to
beams at 90° considering stirrup logic in this study. For this, six reinforced concrete MSSs,
one of which is a reference, were applied to reinforced concrete beams with insufficient
shear, considering the different volumetric ratios. With the study, the effectiveness of MSSs
in the case of applying the stirrup logic to the beams was investigated.

2. Materials and Method
2.1. Preparation of Shear Beam

Shear deficient reinforced concrete beams were tested in Konya Technical University
Construction and Earthquake Laboratory. The beams produced have a geometric scale of
1/2 and a cross-sectional area of 125 x 250 mm, and their length was 2500 mm. Details of the
beam are shown in Figure 1. Although concrete compressive strength targets 20-25 MPa,
the 28-day cylinder concrete compressive strength of the beams was calculated as 29 MPa
(between C25 and C30 grade). The splitting tensile strength was determined as 1.3 MPa.
B420c type ribbed 3¢$12 (p = 0.0117) longitudinal reinforcement was placed in the bending
zone of the beam and 2$8 (p” = 0.00347) longitudinal reinforcement was placed in the
compression zone. The reinforcement ratio considered in the design of the beams is higher
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than the minimum reinforcement ratio (pmin = 0.00306), according to the Turkish Reinforced
Concrete Building Code [79]. In addition, the longitudinal reinforcements were selected
in accordance with the under-balance ductile design. The transverse reinforcements were
applied as $5/350 mm. On the other hand, stirrup hooks were bent at 90°, which is
common and contrary to the regulation. Additionally, 25 mm placers are used in the beams.

250

2500

Figure 1. The reinforcement details of the specimens, dimensions in mm.

2.2. Strengthening Technic by Mechanical Steel Stitches (MSS)

In reinforcement applications, U-type mechanical steel stitches (MSS) were prepared
by using a $6 mm diameter cold-formed transmission steel. Each stitch length is 150 mm,
and the squares are designed as 60 mm (10¢). The points determined on the beam surface to
be applied were drilled to a depth of 60 mm with an 8 mm diameter drill ($8), and the holes
were filled with Dubell-F.1311 brand epoxy after cleaning with compressed air. Prepared
U-type MSSs were placed in the holes drilled on both sides of the beam. According to the
manufacturer’s recommendations, after the MSs were fixed to the beams with epoxy, they
were left to cure for one day at room temperature (25 °C). The MSSs applied to the shear
opening of the beams were applied at 90° in stirrup logic (Figure 2). MS with five different
placements was applied to the shear span of the beams (700 mm part). One is the reference
(S0), and the other five represent the specimens strengthened by the placement of MSSs
with different spacings (Figure 3).

The placed MSSs were applied considering the increasing volumetric ratio (o5 =

nXAD MS) Here n; number of stirrup arms, Ay; stirrup cross-sectional area, b,,; beam width
and s; MSS represents the application range. Details depending on the MSS diameter
(), spacing (s) and volumetric ratio (pps) for beams reinforced with MSSs applied with
different spacing are given in Table 2. All the MSSs made were placed perpendicular to
the expected crack, taking into account the crack mechanism of the SO beam at the end
of the experiment. MSSs transmit force with the friction force they create between the
surfaces to which they are attached. For this, the number and size of MSS are significant
for effective strengthening. Therefore, MSSs were prepared considering the remaining
height after deducting the rust, longitudinal reinforcement and transverse reinforcement
allowances of the MSS beam. MSS application has very important advantages compared to
other strengthening methods. First of all, since it is very easy to apply, fewer workers are
needed compared to other reinforcement alternatives, and this process can even be carried
out with a single worker. It is also the most cost-effective compared to other strengthening
methods.
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Figure 2. Strengthening beams with MSS.

Table 2. Details of specimens.

. MS Diameter MS Spacing (s)  MS Volumetric
Specimen (¢) (mm) MS Number (mm) Ratio (pys)

S0 - - - -

S1 6 4 220 0.0020
S2 6 5 165 0.0027
S3 6 6 130 0.0034
S4 6 7 110 0.0041
S5 6 15 45 0.0100

2.3. Test Setup

The reference and strengthened specimens were tested under vertical loads in a four-
point bending setup in the rigid steel loading frame shown in Figure 4. In Figure 5, the
pre-experimental views of each specimen are shown. The beams are simply supported
so that 100 mm of them fits on the supports. Since shear damage in the reference beam
was desired, the ay/d ratio (shear span to depth ratio (70/22.5) (mm/mm)) was chosen
as 3.11 [80,81]. In this way, the formation of shear damage was observed in reference SO0.
The load cell used for loading the beam has a capacity of 300 kN. A load-displacement
curve was obtained for each specimen by considering two displacement meters (LVDT)
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SO

S4

S5

located in the middle of the beam, and the load and the distance between them are 160 mm.
All records were recorded with the data collection system. As a result of splitting the load
from the vertical piston into two over the spreader beam, a single load transfer is achieved.
With vertical monotonic loading, 10 kN increments were continued until the end of the
experiments. The experiments continued with displacement control depending on the
behavior of the beams at the time of yielding. In the experiments, each monotonic loading
was waited for a short time to mark the cracks on the test.

000

g
-
-

B

208

250

_800 ¥ 900
MS 55 208 MSS
Ll 150 110 £ 110 § 110 R 110 R 110 R1110
=t Sl | B A 3e12 %
2500
300 900 &00
o al
208
L
@12
2500

Figure 3. Appearance of test specimens after strengthening in mm.

117



Buildings 2022, 12, 1501

Hydraulic jack
Capacity 300 kN

Loadcell ———»

Spreader beam

Figure 4. Four-point bending test setup in accordance with the standards used in the experiments.

Figure 5. Pre-experiment view of reference and reinforced beams.
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3. Experimental Results and Discussion

In the experimental study, vertical load-mid-point displacement graphs of each spec-
imen were drawn. By comparing the reference specimen (S0) with the strengthened
specimens (51, S2, S3, 54 and S5), deep discussions on MSS were reached. Comparisons
were made step by step with the systematic application of MSSs to the beam. Graphical
comparisons were made by considering the increasing volumetric ratio of MSS (pps) in
strengthening applications. This way, behavior changes and suggestions could be put for-
ward clearly. In the experiments, the number of MSS (4, 5, 6, 7 and 15) applied to the beams
was increased step by step. Each experiment was compared with previous experiments,
and a cumulative evaluation was made at the end. In other words, the number and range
of MSSs were determined by making evaluations before each reinforcement design. All MS
applications were performed along the shear span on both sides of the beam. Experimental
studies, respectively, are explained in detail and interpreted by comparison. Comparisons
are limited by the load carrying capacity, stiffness, ductility and energy dissipation capacity.
The test results of all specimens are summarized in Table 3. In addition, the comparison
of all specimens is shown in Figure 6. During the whole experiment, no peeling and
rupture damage was observed in the MSSs, and shear, bending and adherence damage
were observed in the concrete. This also showed that the anchor length (10¢ = 60 mm) of
the applied MSSs was sufficient. At the end of the experiment, comprehensive damage
analyzes were performed for each specimen.

Table 3. Experimental test results and observed damage.

First Crack Beam Damage Type
SPeliIl:'le“ Load Design Ancle Place Load Failure MSS Damage Type Special Cases
(kN) Type 8 (kN) Type
S0 30 Bending 90° Bending 73.00 Shear . Expe'rlment ended up.shear
zone failure on the left side
. 5 Bending No damage observed Experiment ended up shear
S1 10 Bending %0 zone 7459 Shear on MS failure on the left side
. 5 Bending No damage observed Experiment ended up shear
52 20 Bending %0 zone 7579 Shear on MS failure on the right side
. Experiment ended up
S3 20 Bending 90° Bending 76.90 Shear No damage observed bending failure on the
zone on MS ; .
right side
. Experiment ended up
S4 30 Bending 90° Bending 78.10 Shear No damage observed bending failure on the
zone on MS S X
right side
. Experiment ended up
S5 20 Bending  90° Bending 9574 Shear ~ TNodamageobserved g ilure on the
zone on MS

left side

3.1. Reference Specimen: SO

The SO specimen was tested as a reference beam with insufficient shear reinforcement.
The vertical load was applied in increments of 10 kN. The first cracks in the experiment
were observed in the middle span of the beam (in the bending region) and at the load
level of 30 kN. These first cracks represent linear elastic cracks at the minor level. With
the load reaching 60 kN, shear cracks observed in beam shear openings occurred below
the neutral axis (midpoint of the beam section). With the vertical load of 70 kN and the
current displacement of 8.3 mm, the shear cracks extended to the support point under
the spreader beam. Finally, when the SO specimen reached the maximum load level of
73 kN at 8.83 mm displacement, sudden and brittle shear damage occurred in the left shear
opening. This showed that the beam design with insufficient shear and the selected a, /d
ratio were sufficient. A damage analysis view of the beam is given in Figure 7. When the
damage analysis is examined, it is seen that typical shear damage occurs. Choosing the
stirrup spacing as 350 mm caused the cracks formed in the shear opening of the beam to
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extend along the beam height with increasing load. The absence of stirrups to limit the
propagation of cracks made the occurrence of shear damage inevitable.
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Figure 6. Comparison for load-displacement, S0-S5.
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Figure 7. SO specimen.

3.2. Strengthened Specimens: 51, 52, S3, S4 and S5

Specimen S1 was strengthened by epoxy application of 4 MSSs with a diameter of
6 mm, a length of 150 mm and an anchor length of 60 mm on one side of the shear opening
of the reference beam (S0). In other words, the S1 beam was strengthened by applying a
total of sixteen MSS to the beam shear openings. In the experiment, the first minor bending
cracks started to appear in the middle span of the beam at a load level of 10 kN. When
the load reached 30 kN, a displacement of 2.68 mm occurred in the middle region of the
beam. At this load, the minor cracks extended towards the neutral axis. Additionally, as
shown in Figure 8, the first capillary shear cracks occurred in the lower left part of MSS 2,
just below MSS 5, and finally in the middle of MSS 5 and 6. With the load reaching 40 kN,
a new crack occurred in the bending region. In addition, elongation was observed in the
shear crack between 5 and 6 MSS at this load value. After this load value, a new shear crack
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was observed between MSS 1-2 and MSS 6-7 in the shear zone at 50 kN load level. With
the load reaching 60 kN, no further elongation or new cracks were observed in the cracks
in the bending region. With the load reaching 74.59 kN and the displacement reaching
8.67 mm, shear damage occurred in the left shear opening of the beam, passing through
the middle of the MSS 2-3, and the experiment was terminated. Up to a certain value of the
load, the crack propagation, which reaches 6 MSS, is prevented by the mechanical stitches.
When the damage observed between MSS 2 and 3 in the left shear opening is examined, it
is understood that the cracks try to reach the beam pressure zone by the shortest route. As
a matter of fact, the angle of the shear damage in the reference sample with the horizontal
is less. Here, the presence of MSSs 1 and 2 caused a partial change in the location of the
shear damage. In addition, when compared to the SO specimen, there was an increase
of approximately 2.17% in the load-carrying capacity. This shows that the MSSs that are
located makes a very small contribution to the load-carrying capacity. Finally, as in the SO
specimen, sufficient ductility could not be achieved in the S1 specimen.

Shear damage

Shear ceracks

Figure 8. Damages at S1.

In the S2 specimen, the number of MSS was increased to 5. In this way, the distance
between the MSSs has been reduced to 165 mm. The total number of MSSs placed on the
beam shear zone is twenty. In the S2 specimen, the first microcracks were observed at
the 20 kN load level, that is, at the vertical displacement level of 1.65 mm. These cracks
represent elastic cracks. With the vertical load of 30 kN and the displacement value of
2.92 mm, the first shear cracks occurred between the MSSs 6-7 and 7-8. At this load value,
it was observed that the cracks in the middle region of the beam were elongated towards
the neutral axis, and new cracks were formed. Since the vertical load on the beam reached
50 kN and the displacement value reached 5.26 mm, shear cracks occurred between MSSs 1-
2 and 2-3. In addition, bending cracks observed in the middle of the beam at this load value
were limited to the neutral axis level. With the load reaching 60 kN and the displacement
6.23 mm, new shear cracks were observed between the MSSs 3-4 and 8-9. Finally, with the
load reaching 75.79 kN and the vertical displacement 8.07 mm, shear damage occurred in
the right shear opening and the experiment was terminated. It cannot be said that sufficient
MSS number and spacing are provided in terms of ductility in the S2 specimen, where shear
behavior was observed. However, the load-carrying capacity of the S2 specimen increased
by 3.8% and 1.6%, respectively, compared to the SO and S1 specimens. MSSs applied to
the S2 specimen did not significantly contribute to the bending stiffness of the beams.
This indicates that due to the fact that the shear capacity does not increase significantly,
it can respond to less rotational demand and that the longitudinal reinforcements in the
tension zone do not yield. The damage of the S2 specimen at the end of the test is shown in
Figure 9. When Figure 9 is examined, the failure has migrated between MSSs 8 and 9. The
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shear damage in S2 is quite similar to the damage in S1. Reducing the MS gap in the S2
specimen partially changed the path of the crack. However, if it is taken into account, the
occurrence of shear damage passing through the upper part of the MSS 8 and the lower
point of the MSS 9 showed that the cracks were directed to the damaged points by drilling
holes beforehand. This shows that there should be MSSs that prevent the propagation of
cracks. Since this situation is thought to be possible only by reducing the MSS interval, the
following test specimen was prepared.

Shear damage

Figure 9. Damages at S2.

Although the MSSs placed in the S2 increased the load carrying capacity slightly, the
S3 was created because they could not prevent shear damage. The total number of MSS
placed in the S3 sample is twenty-four. The distance between each MSS was set to 130 mm.
The aim here is to prevent the shear cracks to be formed by more MSS. For this, the first
three bending cracks were observed in the middle of the beam with monotonic increasing
loads and a load of 20 kN and a displacement of 1.95 mm (Figure 10). Cracks continued
to increase in the bending zone as the load reached 30 kN and the displacement reached
3.98 mm. In addition, the first shear crack occurred at this load value between the 1-2
and 2-3 numbered MSSs in the left shear span. With a load of 50 kN and a displacement
of 5.74 mm, minor shear cracks were observed at the lower points of MSSs 4, 7, 8 and
9. No propagation was observed in bending cracks at the neutral axis level at this load
level. This indicates that the shear capacity is more difficult. With a load of 70 kN and a
displacement of 7.34 mm, a minor shear crack started from the lower part of the MSS 4 and
along the height of the MSS. This crack did not propagate in subsequent loadings. At this
load level, the increase in minor shear cracks, especially in the right and left shear span,
indicates that the shearing capacity is approached. Finally, with the load of 76.90 kN and
the displacement of 9.53 mm, shear damage occurred with the propagation of the crack
between the MSS 9-10 in the left shear span. Particularly, the weak areas at the upper point
of MSS 9 and the lower point of MSS 10 accelerated the progression of the crack. In terms of
load carrying capacity, the S3 increased by 5.34%, 3.08% and 1.45%, respectively, compared
to SO, S1 and S2. The fact that sufficient ductility value could not be obtained with the
increase in load carrying capacity showed that the number of MSS should be increased.

Since the desired ductile behavior could not be obtained in the S3, the MSS spacing
was reduced to 110 mm. In this way, more MSS was applied to prevent possible shear
damage that may occur in the shear zone. In other words, shear damage was tried to be
prevented with seven MSSs placed on one side of the shear opening of the designed S4
specimen. In this way, the behavior change was investigated with a total of twenty-eight
MSSs applied to the beam. In this loading, the first crack similarly occurred in the bending
region at a load of 30 kN and a displacement of 3.63 mm. When the load is 40 kN and the
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displacement is 5.23 mm, the first shear crack was observed between MSS 3 and 4. When
the load is 60 kN and the displacement is 7.16 mm, a shear crack occurred between MSS
1-2, 2-3 and the lower right of the MSS 10. The crack, which started under the MSS 13 with
a vertical load of 70 kN and a displacement of 8 mm, progressed between MSS 11 and 12
and reached the upper cap (Figure 11). Finally, shear damage occurred when the vertical
displacement reached 10.17 mm and the vertical load reached 78.10 kN. The load carrying
capacity of the S4 increased by 6.98%, 4.69%, 3.03% and 1.56%, respectively, compared
to the SO, S1, S2 and S3. However, since the ductility ratio was calculated as 1.36, it can
also be said for S4 that sufficient ductility could not be obtained according to the literature.
Although the load carrying capacity of the S1, S2, S3 and S4 obtained by strengthening
the SO up to this stage was relatively increased, the inability to obtain ductile behavior
indicates that the MSSs do not work in the stirrup logic existing in the beam. The number
of stitches was applied as 4 (range 220 mm), 5 (range 165 mm), 6 (range 130 mm) and 7
(range 110 mm) on one side in the shear area until this stage, but it was thought that more
frequent MSS should be applied since shear damage could not be prevented. Since the
crack formed in the shear zone at each step reached the beam’s upper head between the
two MSS in the shortest way and caused the formation of shear damage.

Figure 10. Damages at S3.

Finally, the S5 was prepared in order to strengthen the SO beam. The difference
between S-5 from other reinforcement types was that the most frequent (range 45 mm) MSS
application was made along the shear opening. In this way, the behavior of MSSs placed
in the stirrup logic in the most common situation was clearly seen. For this, fifteen MSS
were applied to one side of the shear opening. In this way, the beam was strengthened
using a total of 60 MSS. Initial bending cracks were observed for the S5 specimen at a load
of 20 kN and a displacement of 2.56 mm. With the load of 30 kN and the displacement
of 4.43 mm, the elongation of the cracks in the bending region was observed. In addition,
at this load value, the first shear crack occurred in the right shear span of the beam, just
below the 26 numbered MSS. With the increase in the load, new cracks were formed in
the beam bending region with a load of 40 kN and a displacement of 6.16 mm and the
elongation in the existing cracks continued. This was evaluated as a sign that the applied
MSSs increased the shear capacity and forced the bending region of the beam. In addition,
a shear crack was observed under the MSS 7 in the left shear opening at this load value.
With the load reaching 50 kN and the displacement 7.94 mm, new cracks were formed in
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the bending region and elongation was observed in the existing cracks. When the load
reached 60 kN and 9.47 mm, the cracks in the bending zone reached the neutral axis level.
In addition, a shear crack was observed just below MSSs 1 and 22. With the increase in
the vertical load, the 19-20-21 MSSs with 70 kN load and 11.27 mm displacement tried to
prevent the propagation of shear cracks. At this load, new bending cracks also formed
and moved towards the neutral axis. This showed that bending reinforcements started
to yield at this load value. When the load reached 80 kN and the displacement reached
13.69 mm, the crack reaching MSS 19 advanced towards MSS 18. The propagation of cracks
in the right shear span indicates that the shear capacity was forced. In addition, the fact
that it continues to elongate in the cracks in the bending region at this load value shows
that the longitudinal reinforcements are also forced. As the load reached 90 kN and the
displacement reached 16.45 mm, the propagation of the cracks in the bending zone stopped.
The crack reaching the number 18 MSS progressed and advanced to the bottom of the
spreader beam right support. In addition, shear cracks were observed under MSSs 7 and
8 in the left shear opening at this load value. Finally, with the load reaching 95.74 kN
and the displacement 17.89 mm, the load carrying capacity suddenly decreased and the
experiment was terminated. It was observed in Figure 12 that cracks progressed on a
horizontal line in the upper and lower parts of the MSSs in the left shear span. Due to
the application of the applied MSSs between the lower and upper reinforcement, cracks
developed from the weakest link. The MSSs present in the left shear span prevented the
cracks from expanding and causing shear damage. Therefore, the support area, which
was not reinforced, was broken by remaining weaker. When the specimen was examined,
the test was terminated by the fracture of the weaker shell concrete than the point where
the longitudinal reinforcements in the support area just ended. As a result, it can be said
that the applied MSSs prevent the beam from direct shear damage. Considering the load
carrying capacity, the S5 showed an increase of 31.15%, 28.33%, 26.30%, 24.49% and 22.58%,
respectively, compared to the SO, S1, S2, S3 and 54 specimens.
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Figure 11. Damages at S4.
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Figure 12. Damages at S5.

The energy dissipation capacities of each specimen are given in Figures 13 and 14
and Tables 4 and 5. When compared in terms of elastic energy dissipation, the S5 speci-
men showed an increase of 142.30%, 133.33%, 142.30%, 110% and 103.22%, respectively,
compared to the S0, S1, S2, S3 and S4 specimens. This shows that the energy dissipation
temporarily stored in the linear elastic behavior of the S5 specimen is the highest com-
pared to other strengthening methods. In other words, it shows that the elastic energy
dissipation capacity of the S5 specimen is better under sudden vertical load effects. The
energy dissipated after damage to the building elements, especially under forced effects
such as earthquakes, is known as plastic energy. In this respect, the S5 specimen has a
higher plastic energy dissipation capacity. In other words, the S5 specimen has 8.62 times,
3.17 times, 3.85 times, 4.52 times and 3.85 times more plastic energy dissipation capacity
than S0, S1, S2, S3 and S4 specimens, respectively. Although the S5 specimen has the
highest plastic energy dissipation capacity among the reinforcement alternatives, it can
be said that this is not at a sufficient level when evaluated with ductility, especially the
high plastic energy dissipation capacity in S5 is due to the frequency of applied MSS. If this
situation is considered to be applied to the beams in the stirrup logic, it should be applied
at maximum 45 mm intervals. It should be noted that otherwise, direct shear damage to
the beam will occur.
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Table 4. Experimental results for load and displacement values.

Rate of Displacement Stiffness at Displacement At Yield
s T§st Prnax (KN) Increase at at Maximum Maximum Py (0.85Pmax) at Yield, &, (0.§5Pmax) Sy Duch‘llty
pecimens Max Load Load (mm) Load (Pmax) (kN) (mm) Stiffness (mm) Ratio
(%) (KN/mm) (KN/mm)

S0 73.00 1.00 8.83 8.26 62.00 6.62 9.36 9.83 1.49

S1 74.59 217 8.67 8.60 63.40 7.02 9.02 10.06 143

S2 75.79 3.82 8.07 9.39 64.42 6.45 9.98 9.49 1.47

S3 76.90 5.34 9.53 8.06 65.36 7.87 8.30 10.02 1.27

S4 78.10 6.98 10.17 7.68 66.38 8.07 8.22 11.02 1.36

S5 95.74 31.15 17.89 5.35 81.38 14.00 5.81 25.66 1.83

Table 5. Experimental test results for energy dissipation capacities.
Maximum Energy i . .
. . P Energy Dissipation Plastik Energy Total Energy Failure -
Test Specimens Dlsp&a\;el;nem Dls;flpa:i((}r)\ at at 0.85P, . (KJ) Dissipation (k) Dissipation (kJ) Type Ductility Level
‘max

SO 10.26 0.47 0.26 0.21 0.56 Shear Deficient

S1 15.84 0.70 0.27 0.57 0.84 Shear Deficient

S2 12.21 0.37 0.26 0.47 0.73 Shear Deficient

S3 12.09 0.41 0.30 0.40 0.71 Shear Deficient

S4 14.01 0.47 0.31 0.47 0.794 Shear Deficient

S5 30.77 0.98 0.63 1.81 245 Shear Deficient

4. Conclusions

There are many different strategies (including the use of external steel reinforcement,
section enlargement, internal steel or FRP reinforcement, supplemental members, FRP
plates and strips, both steel and FRP NSMR, and external pre-stressing) in the conventional
strengthening or retrofitting of existing reinforced concrete buildings. The strategies chosen
vary in relation to the expected behavior of the existing reinforced concrete member. In this
study, U-shaped Mechanical Steel Stitches (MSS) have been tested for the first time in the
literature, especially for reinforced concrete beams where brittle fracture is expected under
shear. The performance of MSSs applied over the cracks of damaged reinforced concrete
elements, which were previously conducted in the literature, was tested on undamaged
reinforced concrete beams in this study. In the experimental study carried out on six
reinforced concrete beams, while the mechanical properties of the existing beam and MS
were kept constant, the only variable was the application range (spacing) of MSSs. The
findings obtained from the experimental study are as follows;

(1) Asexpected, shear failure occurred in the reference SO beam. On the other hand, shear
failure could not be prevented in S1, S2, S3 and 54 beams, where the MSS spacing
gradually changes between d and d/2. It has been observed that the cracks formed in
the range of 45°-60°. In the S5 specimen, where the MSS range was d/5 ((1%) MSS
ratio), crack formation did not occur with this angle. Therefore, it can be concluded
that tightening the spacing of MS would be helpful in preventing the shear fracture of
the beams.

(2) Since the MSs are attached to the existing reinforced concrete beam with anchors,
some losses in section due to the drilling have occurred in the stiffness of the existing
beams. For example, a 38% loss in initial stiffness occurred in S5 compared to SO. This
situation slightly increased the amount of deflection occurring in the span of the beam.
Especially in MSS application, micro-cracks formed during the drilling of existing
beams merged due to the close proximity of the holes, and a damage mechanism
similar to an adherence crack was observed.

(3)  While the capacity increase in S1, S2, S3 and S4 beams was limited compared to SO,
a gain of nearly 31% occurred in the S-5 beam. However, a load carrying capacity
increase depending on the d/s amount (s is spacing between MS) was not observed
in the experiments. This situation is also related to the formation of cracks in the d to
d/2 range without coinciding with the MSSs.

(4) The energy consumed (absorbed) by the beams S1, S2, S3 and S4 increased gradually
compared to the reference beam S0. In addition, with the considerable increase in
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strength, the energy consumption of the S5 beam increased approximately 4 times
compared to the SO beam. The increase in displacement due to the decrease in stiffness
of the S-5 beam had an effect on this increase.

(5) Experimental results show that the RC beams strengthened with different MSS con-
figurations as S1, S2, S3, and S4 have a modest increase in failure load. It would also
seem that in terms of ductility the arrangement of the pins up to a spacing of 110 mm
is negligible. On the other hand, the S5 MSS configuration allows a considerable
increase in the ultimate load. Therefore, it is concluded that a certain level of spacing
is quite critical in this novel external strengthening method.

(6) It has been seen that the method proposed in this study can be used for strengthening
purposes, especially in the RC members under the effect of shear, when traditional
strengthening methods are not suitable in terms of cost, application, and time. There-
fore, the outcomes of this study will be frontiers for new studies to be carried out for
the optimum design of MSSs, which is not in the existing codes and is a fairly new
retrofit/strengthening alternative for the literature.

(7)  In this study, MSSs applied angle, MS diameter, anchorage depth and mechanical
properties were kept constant. Therefore, the effect of these parameters on the behavior
of beams reinforced with MS should be investigated in future studies. Similarly, the
mechanical properties of the beams, stirrups and longitudinal reinforcement amounts,
beam’ geometric shapes, loading patterns, etc., are also waiting as an important
research topic in MSS-reinforced beams.

(8) In addition to the above-mentioned positive features, it is quite possible that MSSs
will be exposed to corrosion over time due to their properties. For this, it is very
important that the outside of the material is covered with a corrosion inhibitor in the
strengthening to be made. In addition, in future studies, MSS applications can also be
made with FRP materials. In this way, the corrosion situation is eliminated.
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Abstract: Determining the earthquake hazard of any settlement is one of the primary studies for
reducing earthquake damage. Therefore, earthquake hazard maps used for this purpose must be
renewed over time. Turkey Earthquake Hazard Map has been used instead of Turkey Earthquake
Zones Map since 2019. A probabilistic seismic hazard was performed by using these last two maps
and different attenuation relationships for Bitlis Province (Eastern Turkey) were located in the Lake
Van Basin, which has a high seismic risk. The earthquake parameters were determined by considering
all districts and neighborhoods in the province. Probabilistic seismic hazard analyses were carried
out for these settlements using seismic sources and four different attenuation relationships. The
obtained values are compared with the design spectrum stated in the last two earthquake maps. Sig-
nificant differences exist between the design spectrum obtained according to the different exceedance
probabilities. In this study, adaptive pushover analyses of sample-reinforced concrete buildings
were performed using the design ground motion level. Structural analyses were carried out using
three different design spectra, as given in the last two seismic design codes and the mean spectrum
obtained from attenuation relationships. Different design spectra significantly change the target
displacements predicted for the performance levels of the buildings.

Keywords: Eastern Turkey; seismic risk; adaptive pushover; design spectra; Bitlis

1. Introduction

The main priority for reducing earthquake damage depends on the reliable deter-
mination of the seismic hazard. Risk is the combination of the probability or frequency
of a defined threat and the magnitude of the consequences of the occurrence. In other
words, the level of risk is proportional to the hazard’s intensity (or magnitude) and the
vulnerability of the affected elements [1,2]. After each earthquake, significant loss and
damage to life and properties emphasize the necessity to demonstrate the seismic hazard
reliably. Therefore, determining the seismic risk of any region is an integral part of modern
pre-earthquake disaster management [3-7]. This is also important for the seismic sensitivity
assessment and retrofit decision making of structures [8,9].

The assessment of seismic risk is recognized as an early and emerging new discipline
that was introduced as a logical continuation of seismic hazard research that Luis Esteva
(1967, 1968) [10,11] and Allin Cornell [12] carried out. As stated in an elementary definition
of this discipline, outlined by the EERI Committee on Seismic Risk in 1984, “seismic risk is
the probability that social and economic consequences of earthquakes will equal or exceed
specified values at a site, at various sites or in an area during a specified exposure time” [13].
Opinions in the literature on initial earthquake risk assessment differ greatly. For example,
Luis Esteva (1967, 1968) and Allin Cornell (1968) were the first to initiate seismic risk
analysis in 1968. On the other hand, Whitman et al. pointed to several previous assessments
of earthquake loss estimations, such as the NOAA1 study for San Francisco [14], and state
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that earthquake loss studies follow this for more than thirty US regions [15]. On the other
hand, long before these studies, John Freeman’s Earthquake Damage and Earthquake
Insurance [16], accepted as an earthquake damage prediction today, was published [17].
Afterwards, earthquake damage prediction was mostly regarded as part of the insurance
sector until the publication of Cornell’s work in 1968 [2]. After that, seismic hazard and
risk analyses for different parts of the world were out using different methods, such as
the Philippines [18], Bangladesh [19], Iran [20], Korean Peninsula [21], Pakistan [22,23],
Croatia [5,24,25], Brazil [26], Italy [27], Argentina [28], Bosnia-Herzegovina [29], Malaysia
and Singapore [30] and Turkey [31,32]. In addition, Turkey has smaller-scale studies for
different provinces in the Eastern Anatolia region, such as Bingol [33] and Van [34-36].

Seismicity is based on geological, tectonic and statistical data. Macro seismic data
regarding the earthquake origin time, location, epicenter, source parameters and magnitude
are the most important parameters in determining the seismic hazard of any region. Further-
more, the seismicity of a region is an indicator of a future earthquake in that region [37-39].
Therefore, the data from destructive earthquakes significantly contribute to determining
seismic hazard zones more realistically and developing fundamental principles for the
design of earthquake-resistant structures. Thus, Turkey’s demand for renewal in seismic
hazard maps and principles for designing earthquake-resistant structures, especially af-
ter the 2011 Van earthquakes, emerged. Thanks to the studies performed, both seismic
hazard maps and seismic design codes were updated in 2018 and started to be used in
2019 [31,40-42].

In this study, Bitlis province was selected as it is located in Lake Van Basin in Eastern
Turkey. Lake Van Basin is one of Turkey’s current and intensive seismic activity regions.
Specifically, the earthquakes, whose epicenter was Van province located in this basin, and
the losses that come after the earthquakes have, once again, revealed the seismic risk of the
basin. Figure 1 displays the districts of the Bitlis province and its geographical location.

\ Adilcevaz

Ahlat

TURKEY =

Mutki

BITLIS

Hizan

Figure 1. Location of Bitlis and its districts.

Bitlis is a historical city surrounded by mountains, located on the strait passages
connecting Eastern Anatolia to South-Eastern Anatolia, located between 41°33/-43° and
37°54/-38°58'. Bitlis is in a position worth examining due to the seismicity in Bitlis and
especially its close surroundings and the earthquakes that occurred in the past. This study
conducted a probabilistic seismic hazard analysis for Bitlis province, considering the seismic
sources and attenuation relationships. The results are compared to the design spectra in
the last two seismic design codes. In addition, structural analyses were performed by
using the mean design spectrum obtained from the used attenuation relationships and the
last two design spectra. The study is important regarding the site-specific seismic hazard
analysis and comparing the last two earthquake hazard values for Bitlis. Furthermore,
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different design spectra were tried to reveal at what level the earthquake hazard changes
affect the building performance. Therefore, in light of current data and studies, the region’s
seismicity, the earthquake hazard and their behaviour under the effect of earthquakes
should be reviewed.

2. Tectonics and Seismicity of Bitlis

It is a known fact that local geological soil conditions directly affect and alter seismic
activity characteristics and may damage existing structures on these soils [43,44]. In the
center of Bitlis and its vicinity, the metamorphic rocks of Bitlis massif, upper cretaceous
mélange in the Ahlat-Adilcevaz area, Eocene aged Ahlat conglomerate, Miocene aged
Adilcevaz Limestone, polio-quaternary volcanism and alluvium outcrop are present. Rock
assemblages are in the Van Lake Basin formed in the Paleozoic Era—present time period
and alluvial sediment outcrop. Generally, the metamorphic rocks of the Bitlik Massif in are
the south of the basin, volcanic and volcanoclastic rocks that are products of young Nemrut
and Siiphan are in the west and north areas, volcanic rocks and ophiolite components of
the Yiiksekova Complex are in the east of the basin, young-present streams and lacustrine
sediments and carbonates outcrop [45-51]. The Bitlis Massif contains ophiolites of the old
ocean floor and rock assemblages containing different metamorphic facies [52].

The Eastern Anatolia Region, located on the Alpine-Himalayan seismic belt, one of the
most important seismic belts in the world, is seismically active. This area where these two
faults in the nature of intra-continental transform faults limit the Anatolian plate and cross
fault systems developed among them are a region with the highest density of active faults
in Turkey. Eastern Anatolia is under continental shortening and thickening effects due to
the continental collision between the Arabian and Eurasian plates [53-57]. In addition, the
volcanism in the region was developed by this collision [49,58]. This active continental
collision forces the Anatolian Plate to move counterclockwise to the west, along the North
Anatolian Fault Zone (NAFZ) and East Anatolian Fault Zone (EAFZ), two major strike-slip
fault zones (Figure 2) [59,60]. Sinistral-slip NAFZ and dextral-slip EAFZ join the Karliova
Triple Junction (KTJ]) located in Eastern Anatolia [61]. Many fault lines in Turkey have
developed due to this active continental collision [59,62-66]. Both Bitlis-Zagros Suture Belt
and Karliova Triple Junction are close to Bitlis province.

Lake Van, which is a product of the tectonic pressure led by the collision of the Arabian
and Eurasian Plates [59,67,68] and partially remained in the province of Bitlis, is in a tectonic
structure that has undergone intense deformation in Eastern Anatolia [69,70]. With its
volume of 607 km® and a maximum depth of 451 m, Lake Van is the fourth largest lake
in the world among inland lakes in terms of water content, after the Caspian Sea, the
Aral Sea and Lake Issyk-Kul [71]. Therefore, earthquake activity is very high around Lake
Van [72,73]. In addition, a major and destructive earthquake that may occur in the Lake
Van Basin can closely affect the Bitlis city center and districts in this basin. Table 1 shows
some major and destructive earthquakes around Bitlis in the instrumental period. The
M > 5.0 earthquakes in and around Bitlis between 1900 and 2017 are shown in Figure 3.

Table 1. Some significant earthquakes in and around Bitlis [78,79].

Date Location M Earthquake Losses

1903 Malazgirt (Mus) 6.7 600 casualties and 450 building damage
1941 Van 59 192 casualties and 600 building damage
1946 Varto (Mus) 5.9 839 casualties and 3000 building damage
1949 Karhiova(Bingol) 6.7 450 casualties and 3500 building damage
1966 Varto (Mus) 6.9 2396 casualties and 20,007 building damage
1971 Bingol 6.7 878 casualties and 9111 building damage
1975 Lice (Diyarbakir) 6.6 2385 casualties and 8149 building damage
1976 Muradiye (Van) 7.5 3840 casualties and 9232 building damage
2003 Bingol 6.4 176 casualties and 6000 building damage
2004 Agn 51 17 casualties and 1000 building damage
2011 Tabanli (Van) 7.2 644 casualties and 17,005 building damage
2011 Edremit (Van) 5.6 40 casualties
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Figure 3. M > 5.0 earthquakes surroundings Bitlis between 1900 and 2017 [80].

3. Current Seismic Parameters of Bitlis

The fact that December 27, 1939, Erzincan, December 20, 1942, Niksar—Erbaa, June
20, 1943, Adapazari-Hendek, November 26, 1943, Tosya-Ladik and February 1, 1944, Bolu-
Gerede earthquakes occurred at close time intervals and led to huge economic losses and
casualties triggered the efforts to reduce earthquake losses in Turkey [81,82]. Turkey’s first
official earthquake zonation map was prepared in 1945 following these earthquakes [83,84].
The historical development in these maps is shown in Table 2.

Table 2. The published official maps of earthquake zones in Turkey.

Year Name Method

1945 Map of earthquake zones Based on damage data
1947 Map of earthquake zones Based on damage data
1963 Turkey Earthquake Zones Map Based on deterministic approach
1972 Turkey Earthquake Zones Map Based on deterministic approach
1996 Turkey Earthquake Zones Map Based on probabilistic approach
2018 Turkish Earthquake Hazard Map  Based on probabilistic approach
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In the seismic hazard models used in the creation of the earthquake hazard map
published in 1996, the errors resulting from the use of the attenuation relationship obtained
from Western US measurements were ignored due to lack of data in the earthquake cata-
logue, uncertainties in the geographical boundaries of earthquake source faults and lack of
local data [85]. The Seismic Zoning Map of Turkey, which entered into force in 1996, was
renewed by the Disaster & Emergency Management Authority, Presidential of Earthquake
Department and published in 2018 and became effective as of January 1, 2019. The new
map was prepared in cooperation with the public and universities through the project
titled Updating Turkey Earthquake Hazard Maps, which was supported by the AFAD
National Earthquake Research Programme (UDAP). The new map was prepared with
much more detailed data, considering the most up-to-date earthquake source parameters,
earthquake catalogues and next-generation mathematical models. Unlike the previous
map, the new map includes peak ground acceleration values rather than earthquake zones
and the concept was removed [86-88].

In the studies of determining the source zone forming the basis for creating the earth-
quake hazard map that entered into force in 2019, a total of 105 seismic sources was
identified by taking into account the active fault database of Turkey [89] and the earth-
quake catalogue [90]. The highest earthquake magnitudes of these seismic sources were
determined after statistical analysis of instrumental and historical earthquake catalogues.
In addition, the ground motion databases of Turkey, Greece, Italy, and California, which
have similar seismotectonic structures, were compiled, and a broad, strong ground mo-
tion database was created. Moreover, four ground motion prediction equations that best
represent this database were used in probabilistic seismic hazard analysis with a different
emphasis [91]. An updated earthquake hazard map of Turkey is given in Figure 4.

Figure 4. Updated Turkish Earthquake Hazard Map.

Turkish Earthquake Hazard Maps have started to be used with the Turkish Building
Earthquake Code (TBEC-2018). Thanks to these maps, earthquake and earthquake-building
parameters of any geographical location can be determined. These values can be ob-
tained practically using the Turkey Earthquake Hazard Maps Interactive Web Application
(TEHMIWA). Ground motion levels for four different exceedance probabilities were identi-
fied in the TBEC-2018 (Table 3).

The peak ground acceleration (PGA) and peak ground velocity (PGV) obtained for
different probabilities of exceedance of all neighborhoods in Bitlis province are shown
in Table 4.
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Table 3. Earthquake ground motion levels [40].

Repetition Period Probability of Exceedance .
Earthquake Level P (Year) (int}SIO Years) Description
DD-1 2475 2% Largest earthquake ground motion
DD-2 475 10% Standard design earthquake ground motion
DD-3 72 50% Frequent earthquake ground motion
DD-4 43 68% Service earthquake movement
Table 4. PGA and PGV values for all neighbourhoods in the city center of Bitlis.
Peak Ground Acceleration (g) Peak Ground Velocity (cm/s)-PGV
Neighbourhood Probability of Exceedance in 50 Years Probability of Exceedance in 50 Years
2% 10% 50% 68% 2% 10% 50% 68%
Atattirk 0.490 0.260 0.107 0.077 28.306 15.149 6.547 4.878
Bes Minare 0.493 0.261 0.107 0.078 28.503 15.276 6.620 4.936
Gazi Bey 0.490 0.260 0.106 0.077 28.249 15.104 6.525 4.861
Hersan 0.489 0.260 0.106 0.076 28.132 15.016 6.475 4.821
Hiisrev Pasa 0.491 0.260 0.107 0.077 28.403 15.211 6.585 4.909
Inénii 0.490 0.260 0.106 0.077 28.213 15.078 6.509 4.848
Mustakbaba 0.490 0.260 0.106 0.077 28.214 15.080 6.505 4.843
Saray 0.490 0.260 0.106 0.077 28.176 15.050 6.487 4.828
Sekiz Agustos 0.490 0.259 0.106 0.077 28.148 15.025 6.484 4.830
Semsi Bitlis 0.490 0.260 0.106 0.077 28.197 15.066 6.501 4.841
Tas 0.490 0.260 0.107 0.077 28.308 15.153 6.545 4.874
Yiikselis 0.491 0.261 0.107 0.077 28.397 15.222 6.573 4.892
Zeydan 0.490 0.260 0.106 0.077 28.260 15.116 6.523 4.856
There are seven districts (Adilcevaz, Ahlat, Gliroymak, Hizan, Mutki and Tatvan) in
Bitlis province, including the central district. The southern side of the Nemrut volcanic
mount in the province of Bitlis is located 10 km from the Tatvan district and about 24 km
from Bitlis central district. Mount Stiphan, which is approximately 85 km away from Bitlis
city center and part of which is located within the boundaries of Adilcevaz district, is the
highest mountain of volcanic origin (4058 m) in Turkey after the Mount of Greater Agri
(Ararat). Table 5 compares PGA and PGV values measured by different earthquake ground
motion levels for seven districts of Bitlis province.
Table 5. PGA and PGV values for different probabilities of exceedance for Bitlis districts.
Peak Ground Acceleration (g)-PGA Peak Ground Velocity (cm/s)-PGV
District Probability of Exceedance in 50 Years Probability of Exceedance in 50 Years
2% 10% 50% 68% 2% 10% 50% 68%
Adilcevaz 0.578 0.303 0.121 0.086 37.108 18.625 7.399 5.345
Ahlat 1.038 0.570 0.203 0.128 62.602 32.921 11.090 7.075
Giiroymak 0.549 0.296 0.118 0085 32.817 17.744 7.485 5.405
Hizan 0.522 0.281 0.110 0.078 28.693 14.955 6.239 4.588
Merkez 0.490 0.260 0.106 0.078 28.193 15.063 6.500 4.841
Mutki 0.522 0.280 0.109 0.078 30.507 16.212 6.770 4.964
Tatvan 0.502 0.265 0.109 0.079 29.017 15.512 6.731 5.042

Turkish Earthquake Hazard Map Interactive Web Application (TEHMIWA) has be-
come available for the computation of earthquake parameters used in structural analyses
for any geographic location since the beginning of 2019 [86,88]. The seismic hazard maps
obtained for Bitlis and its districts for the earthquake ground motion level (DD-1) that
is a 2% probability of exceedance (repetition period 2475 years) in 50 years is given in
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Figure 5A, for 10% is given in Figure 5B, for 50% is given in Figure 5C and for 68% is given
in Figure 5D by using TEHMIWA.

Figure 5. Seismic hazard maps for different probabilities of exceedance; (A) 2%, (B) 10%, (C) 50%,
(D) 68%.

In order to make comparisons for design spectra, the ZB class was chosen as the local
ground condition from the local soil class given in TBEC-2018. The features of this soil class
are given in Table 6.

Table 6. Local soil class type ZB [40].

Upper Average at 30 m
i Soil Type
Local Soil Class yp (V)30 [m/s] [Pu(ll\slglosi)ggm] (cu)30 [kPal
7B Slightly weathered, 760-1500 _ —

medium tough rocks

Figures 6 and 7 compare horizontal and vertical elastic design spectra obtained when
the DD-2 ground motion level of Bitlis districts and local soil profile belongs to the ZB soil
type. The vertical elastic design spectrum first started to be used with TBEC-2018.

According to TSDC-2007 and TBEC-2018, the spectral acceleration coefficients and
dominant ground periods of the design earthquake (DD-2) with a 10% probability of
exceedance in 50 years are shown in Table 7. DD-2 ground motion level was chosen because
it is included in the last two seismic design codes.
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Figure 6. Comparison of horizontal elastic design spectra (DD-2/ZB).
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Figure 7. Comparison of vertical elastic design spectra (DD-2/ZB).
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Table 7. The comparison of spectral acceleration coefficients with ground type ZB.

DD-2 Spectral Acceleration Coefficients Horizontal Vertical
All Ground Types ZB ZB ZB ZB ZB
Distri TSDC-2007 TBEC-2018 TSDC-2007 TBEC-2018 TSDC-2007 TBEC-2018
istrict Sps  040Sps  Sps  040Sps Tn Ty Ta  Tg Tap Tap Tap  Tep
Adilcevaz 1 0.4 0.638 0.255 0.15 0.40 0.050  0.249 = 0.017  0.083
Ahlat 1 0.4 1.227 0.491 0.15 0.40 0.043 0214 £Zo 0.014  0.071
Giiroymak 0.75 0.3 0.634 0.254 0.15 0.40 0.050  0.250 L3 g 0.017  0.083
Hizan 1 0.4 0.597 0.239 0.15 0.40 0.045 0223 2 g 2 0.015  0.074
Merkez 1 0.4 0.552 0.221 0.15 0.40 0.050  0.249 A5 = 0.017  0.083
Mutki 1 0.4 0.593 0237  0.15 0.40 0.049  0.247 £ &-E 0.016  0.082
Tatvan 0.75 0.3 0.559 0.224 0.15 0.40 0.050  0.249 =a 0.017  0.083

4. Seismic Hazard Analyses

The threat posed by earthquakes on human activities in many parts of the world is a
sufficient reason for carefully considering earthquakes in design structures and facilities.
Seismic hazard analysis is the first step in earthquake risk assessment. Seismic hazard
analysis involves quantitatively estimating ground-shaking hazards in a particular area.
The main purpose of the seismic hazard analysis is to measure the parameters related to
seismic ground motion (acceleration, velocity, displacement) for calculating the seismic
loading conditions that the ground and engineering structures will be exposed to in the
future [92,93]. In this study, Probabilistic Seismic Hazard Analysis (PSHA) for Bitlis city
center was made using EZ-FRISK v7.43 software developed by Robin McGuire. In the
calculations, two data sets were used to select earthquake sources. First, a study was
conducted by considering regional data in the EZ-FRISK program database valid for
Greece, Turkey, Lebanon, Syria and Israel. In this context, the areal earthquake sources of
GT Area 26 (North Anatolian Fault), GT Area 31 (Bitlis Thrust Belt-East), GT Area 32 (Bitlis
Thrust Belt-West) and GT Area 33 (Van-North) were taken into account in the analysis
(Figure 8). Secondly, Bitlis’s fault groups and surroundings were defined as areal sources.
Since there are many fault and fault groups in the region and the fault parameters cannot
be defined, the necessity of defining areal sources as earthquake sources has emerged.
The study defined fault groups as Kavakbas, Bitlis Thrust-North, Bitlis Thrust, Van East,
Suphan, Ahlat, and Malazgirt zones (Figure 9).

4 GTAArea29
Gl

GT Area 26

s GT Area 31
= ) T dewa 3

Figure 8. Areal earthquake sources in the database of EZ-FRISK software for Bitlis.
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Figure 9. Definition of fault groups as areal earthquake source in Bitlis and its vicinity.

These areal earthquake sources are used to measure the change in spectral accelerations
at periods for the earthquakes with a 50%, 10% and 2% probability of exceedance in 50 years.
The strong ground motion acceleration records for the Eastern Anatolia region are very
limited. The Abrahamson-Silva (1997) [94] and Campbell (2003) NGA Ground-Motion
Relations [95], which is valid for shallow earthquakes around the world, the Graizer-Kalkan
(2009) [96], which is valid in active tectonic zones around the world and Idriss (2008) [97]
attenuation relations, which is developed for strike-slip shallow earthquakes, were used in
the study. The software program obtained peak ground acceleration values as a function of
the return periods. Uniform probability response spectra were obtained for the selected
return periods. Figure 10 shows the response spectra for the Ahlat district with the highest
risk of earthquake hazard, which has a 50% probability of exceedance in 50 years and a
72-year return period. A comparison of response spectra with a probability of exceedance
in 50 years and a recurrence period of 475 years for Ahlat is shown in Figure 11.
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Figure 10. Comparison of response spectra with a return period of 72 years for Ahlat district.
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Figure 11. Comparison of response spectra with a return period of 475 years for Ahlat district.

A comparison of response spectra with a probability of exceedance in 50 years and a
recurrence period of 2475 years for Ahlat is shown in Figure 12.
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Figure 12. Comparison of response spectra with a return period of 2475 years for Ahlat district.

5. Structural Analysis

Structural analyses were carried out using academic licensed Seismostruct software.

Static pushover analysis has been widely used to determine the seismic behavior of
structures. Various pushover analysis methods have been developed, including modal
pushover, adaptive pushover, and cyclic pushover, where some of the weaknesses of the
traditional pushover method are eliminated [98]. In this study, the static adaptive pushover
analysis method was used. In this method, the effect of the frequency content and deforma-
tion of the ground motion on the structure’s dynamic behavior is considered to determine
the structure’s capacity under horizontal loads. Furthermore, in this method, analysis
was carried out taking into account the mode shapes and participation factors obtained
from the eigenvalue analyses performed at each step. As a result, load distributions and
strain profiles can be obtained for the structure with the help of the method. In conven-
tional pushover analysis, the input functionality and load control types are similar to static
adaptive pushover analysis [99-105]. This procedure can be expressed under four main
headings: (i) definition of nominal load vector and inertia mass, (ii) computation of load
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factor, (iii) calculation of normalized scaling vector, and (iv) update of loading displacement
vector [106]. The flow chart of the adaptive pushover analyses is given in Figure 13.

End
g2
o
z + No
Apply Lo:d Vector Nonlinear Solution for next Bonvergance Update frequency
New Pattern X Load Factor load step
Yes

Eigenvalue analysis ol Static condensation

Elimination of restrained Extraction of M and K
nl SDOF “ matrix

v

Modal combination

» Load pattern normalization

Re-application

Figure 13. Flow chart of the adaptive pushover method (modified from [107]).

A seven-story RC building with the same structural characteristics was chosen as an
example to reveal the structural analysis result differences for the settlements on the same
fault zone. The analyses were performed in only one direction, since the RC building was
chosen symmetrically in both directions. Five equal spans of 5 m length are considered in
both the X and Y directions. A seven-story RC building with a total length of 2500 cm in
both X and Y directions was chosen as the structural model. The blueprint of the selected
RC building is given in Figure 14.
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Figure 14. The blueprint of sample RC building.

Permanent and incremental loads were applied to the structure of the software. In-
cremental load values were selected as displacement. Permanent load values of 5.00 kN
were taken into consideration. The target displacement was selected as 0.42 m. All these
values were the same in all structural models used in this study. The three-dimensional
model obtained in the software for the structure and the loads that were applied are given
in Figure 14. The Menegotto-Pinto steel model (stl_mp) for all reinforcement in structural
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elements and Mander et al. nonlinear concrete model (con_ma) for concrete were selected
as material model.

Each story had an equal height and was taken as 3 m. The material class used for all
load-bearing elements of the structure was selected as C25-S420. All columns were selected
as 0.40 x 0.50 m and beams were selected as 0.25 x 0.60 m. The transverse reinforcements
used in both elements were selected as $10/10. The reinforcements used in the columns
were selected as 4¢20 at the corners and 4¢16 on the top, bottom and left-right sides. The
reinforcements used in the beams were selected as 4$16 on the lower side, 514 on the
upper side and 2¢12 on the side. The damping ratio was taken as % 5 in all structural
models. The ZB class was chosen as the ground class. The importance of structure was
taken into consideration in Class II. The slabs were selected as rigid diaphragms. The 2D
and 3D structural models are shown in Figure 15.

Figure 15. 2D and 3D models of the sample RC building.

Structural characteristics taken into account while creating the sample reinforced
concrete building model are shown in Table 8.

Table 8. The structural characteristics of sample RC building.

Parameter Value
Concrete grade C25
Reinforcement grade 5420
Story height 3.0m
Beams 250 x 600 mm
Height of floor 120 mm
Cover thickness 25 mm
Columns 400 x 500 mm
Corners 4920
Longitudinal Reinforcement Top bottom side 4P16
Left right side 4916
Transverse reinforcement ®10/100
Steel material Model Menegotto-Pinto steel model (stl_mp)

Concrete material model

Mander et al. nonlinear concrete model

(con_ma)
Constraint type Rigid diaphragm
Permanent Load 5kN/m
Target Displacement 0.42m
Ground Type ZB
Importance Class i
Damping ratio 5%

The force-based plastic-hinged frame members (infrmFBPH) are selected for structural
elements in the sample RC building model. These elements model the spread inelasticity
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based on force and only limit the plasticity to a finite length. In total, 100 fiber elements are
defined for the selected sections. This value is sufficient for such sections. Plastic-hinge
length (Lp/L) was chosen as 16.67%.

The sample RC building was analyzed using the three different horizontal design
spectrum curves, such as mean, TSDC-2007 and TBEC-2018, obtained for Ahlat. As a result
of the analysis, the base shear forces were calculated for each spectrum. The displacement
values were obtained for three different points on the idealized curve. The first value refers
to displacement at the moment of yield, the second value refers to the intermediate (din¢)
displacement and the third value refers to the target displacement. Elastic stiffness (K_elas)
and effective stiffness (K_eff) values were calculated separately for all models. Three
different performance criteria were obtained for damage estimation. These are considered
as near collapse (NC), significant damage (SD) and damage limitation (DL). All these values
are calculated separately for different design spectra. The comparison of all values obtained
in the X direction as a result of structural analyses is shown in Table 9.

Table 9. Comparison of the result values obtained for X direction.

Spectrum Type

Base Shear (kN)  Displacement (m)  K_elas (kN/m)  K-eff (kN/m) DL (m) SD (m) NC (m)

Mean

TSDC-2007

TBEC-2018

8981.73

8973.51

8980.65

0.1019
0.2091 202,200.17 88,118.27 0.2162 0.2773 0.4807
0.4181
0.1039
0.2098 202,200.17 88,065.00 0.1018 0.1304 0.2263
0.4191
0.1021
0.2093 202,200.17 87,944.03 0.1468 0.1884 0.3226
0.4182

The stiffness value of any structural reinforced-concrete element differs from the esti-
mated stiffness value under the impact of earthquake. Therefore, the concept of effective
cross-sectional stiffness has emerged in the analysis and design of RC structural members.
The stiffness of the cracked sections of RC structural systems is taken into account to
determine its performance under earthquake loads. The effective stiffness of the cracked
sections is obtained using the predicted stiffness reduction coefficients of the elastic stiff-
ness value [108-110]. In this study, elastic stiffness (K_elas) and effective stiffness (K_eff)
values were directly obtained by using the stiffness reduction coefficients estimated in the
software used.

6. Conclusions

During the update of earthquake hazard maps in 2018, the province of Bitlis and
its districts located in the Eastern Anatolia Region were considered a region with a high
earthquake risk in Turkey. PGA and PGV values were obtained for different probabilities
of exceedance. According to the values obtained within the scope of this study, PGA
values in 50 years for the province were found as follows: 0.49-1.04 g for 2% probability of
exceedance; 0.26-0.57 g for 10% probability of exceedance; 0.010-0.20 g for 50% probability
of exceedance; and 0.08-0.13 g for 68% probability of exceedance, respectively. The study
obtained horizontal and vertical elastic design spectra for each district by choosing the
same local soil class. The order of magnitude of PGA values has also remained valid for
design spectrum. Computation of design spectrum on a point basis indicates that the
earthquake behaviour of structures can be calculated more realistically.

This study is important regarding the joint implementation of the Turkey Building
Earthquake Code that entered into force in 2019 and the Turkey Earthquake Hazard Maps
presented with this code. Changes were observed in the result values obtained for all
neighborhoods and districts in Bitlis province. It was concluded that the reason for these
differences is due to factors, such as site-specific seismicity characteristics, fault groups and
their characteristics, the distance of the selected geographical locations to the fault/fault
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groups and earthquake history of the region. The results indicate that obtaining design
spectra by considering the site-specific earthquake hazard stipulated in the new earthquake
code is remarkable. Furthermore, earthquake data will give applicable and practical results
thanks to the transition from macro-zoning to micro-zoning.

Since the structural properties were kept constant in the sample RC building model
considered in all settlements, the base shear force, elastic and effective stiffness values and
period values were approximately equal. However, the differentiation in the design spec-
trum significantly changed the target displacements predicted for the expected performance
levels of the structure. This reveals once again that the design spectrum significantly affects
the target displacements expected from the buildings and, thus, the building performance
level under impact of earthquake. While the greatest displacement values were obtained
for the design spectrum obtained by considering the average of the attenuation relations,
the lowest values were obtained using the design spectrum stipulated in the previous code.
By comparing the stipulated values in the last two codes, it is concluded that the requests
for displacement requests in the last regulation were greater.
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Abstract: In this study, earthquake performance of the structures was tested which were modeled
according to the minimum criteria of simplified analysis approach proposed in TBEC-2019. For this
purpose, 144 reinforced-concrete building models were designed according to parameters such as
earthquake design class, building height (number of storey), number of spans, soil type and three
different simplified formulas suggested in the code. The level of structural performance of buildings
models was determined by the linear (L) and nonlinear performance analysis (NL) methods that
given in TBEC-2019. The base shear force, top displacements and over-strength factor (Q) of each
structural model were obtained, and performance analysis was performed by comparatively. As a
result of the structural analyses, it was seen that some of the buildings model designed according
to minimum column sectional criteria given in simplified methods could not meet the suggested
seismic performance level. While the number of structural models that provide the controlled damage
(CD) level in the L analysis method is 44 (30.55%), it is 107 (74.3%) in the NL analysis method. The
insufficient performance was obtained in both L and NL methods in models which have over-strength
values below 3. It has been observed that multi-criteria of building performance are not met with
the weakening of local soil conditions. It was also seen that the L method chosen in the performance
analysis gave more conservative results with this study.
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1. Introduction

Turkey is located in a region with high seismicity due to its geographical location.
Many “sub-standard buildings” in Turkey have not received sufficient or, in some cases,
any engineering services and have been built without professional supervision. In sub-
standard buildings, there are critical problems such as faulty construction techniques or
quality issues relating to use of inappropriate building materials. Earthquakes that caused
significant loss of life and property were experienced in Turkey in the 20th century and
the first quarter of the 21st century [1-12]. The 1939 Erzincan earthquake (M, 7.2) and the
1999 Marmara earthquake (M, 7.4) are the two most destructive earthquakes that occurred
in the 20th century [13]. In the first quarter of the 21st century, many earthquakes caused
significant losses, such as 2002 Sultandag1 Afyon (M, 6.5), 2003 Bingol (M, 6.4), 2011 Van
(My, 7.2), 2020 Elaz1g (M, 6.5) and 2020 izmir (M, 6.6) [14,15]. In particular, the 1000 km
long North Anatolian Fault line and the 400 km long East Anatolian Fault line within the
borders of Turkey, surround the country in east-west and southeast-northeast axes. Severe
earthquakes occur at certain repetitions on these fault lines. In addition, a significant part
of the existing building stock in Turkey is reinforced concrete, and does not have sufficient
earthquake performance due to the reasons mentioned above, which have been mentioned

Buildings 2022, 12, 1722. https:/ /doi.org/10.3390/buildings12101722

https:/ /www.mdpi.com/journal/buildings
151



Buildings 2022, 12, 1722

Deformation-based design
(-Non-Linear Analysis) ———
(-Performance Analysis)

frequently in the literature [16-20]. Continuous improvement studies have been carried
out to reduce the destructive effects of earthquakes on structures in Turkey.

Many seismic design codes have been put into effect in Turkey since the 1940s. The
codes have been updated on average every eight years since 1940, and 10 codes have
entered into force in the last 80 years [21,22]. In 2007, the “Regulation on Buildings to
be Constructed in Earthquake Zones (TEC-2007)” [23] came into force, so the nonlinear
calculation method in existing reinforced concrete buildings and the Turkish Buildings
Earthquake Code in 2019 (hereafter, TBEC-2019) [24] became the most up-to-date. Changes
in codes over time and earthquake load calculation methods are shown schematically in
Figure 1 and Table 1. These codes contain quite comprehensive and innovative information
as of the date of their publication.

New Building
|
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Strength-based design-Linear Analysis
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(-Mode Combination method)
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Figure 1. Earthquake codes and analysis methods.

Table 1. Earthquake Code Analysis Methods.

TEC-1975 TEC-1998 TEC-2007 TBEC-2019
Force-Based Eq.Static Anly. Eq.Static Anly./  Eq.Static Anly./
Seismic Analysis . /Modal Anly/ Modal Anly/ Modal Anly/
of New RC FqStatic Anly. Time History Time History Time History
Buildings Anly. Anly. Anly.
Deformation NL Resp.Hist.
Based Seismic . . . Anly/
Analysis of New NL Static
RC Buildings Pushover Anly.
I . NL Resp.Hist.
Szlfsg(‘; ?:aggs - - NL Static Anly/
Buil ding S Pushover Anly. NL Static
& Pushover Anly.

Finally, in the current code, the TBEC-2019, radical changes have been made compared
to the previous code (TEC-2007). New earthquake hazard maps have been updated in
the current code. In addition, map spectral acceleration coefficients (Ss, S1), spectral
acceleration coefficient (Spg), earthquake design classes (EDC, in Turkish DTS), local ground
effect coefficients (Fs, F1), and building height classes (BHL in Turkish BYS) started to be
used for design and calculations. New concepts such as building usage classes (BUC in
Turkish BKS), building performance levels, design according to strength (DGT), evaluation
and design according to deformation (in Turkish SGDT), over-strength factor () in Turkish
D) and effective section stiffness are defined in the current code.
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It is seen that studies on linear (L) and nonlinear (NL) behavior of buildings related to
the TBEC-2019 are sufficient when the literature is examined. Studies are generally in the
form of a comparison between the last two seismic design codes. Base shear forces, building
displacements, periods and acceleration spectrum were investigated with the L comparisons
made with NL analyses. Moreover, studies were carried out to determine the performance of
buildings. L using the equivalent earthquake load method or mode superposition method
as analysis by Aksoylu and Arslan [25], Ozmen and Sayin [26], Korkmaz [27], Basaran and
Hicyilmaz [28], Dogan [29], Aksoylu and Arslan [30,31], Bayrakci and Baran [32], Basaran [33],
Isik and Velioglu [34], conducted research for frame and frame + shear walled buildings.
In addition, Karaca et al. [35] compared five reinforced concrete buildings located in the
city centre of Nigde and designed according to the TBEC-2019 in the context of structural
design according to the last two codes. As a result of the structural analyses, it has been
observed that more concrete will need to be used in a building to be designed according to
the 2018 earthquake code, but there is a tendency to decrease the amount of reinforcement
in general. Unsal et al. [36] investigated the effect of building height on base shear force
and top displacement according to the TEC-2007 and TBEC-2019 codes. They observed
that if the base shear force values obtained according to the last two codes are close, the
maximum displacement obtained based on the TBEC-2018 is much larger than the maximum
displacement obtained based on the TEC-2007. Studies have also been carried out on static
pushover analysis for nonlinear analysis [37] and time history analysis. Giillii [38], Coban
and Ceribast [39], Aydemir and Jakayev [40] carried out studies using time history analysis.
Furthermore, Kasap [41], Ozer and Yiiksel [42], Isik [43], Colakoglu [44], used static pushover
analysis, while Dalyan and Sahin [45], investigated building performances by using modal
pushover analysis. Kap et al. (2019) [46] determined the capacities of the load-bearing
elements in an existing school building, which was exposed to the 1999 Marmara and Diizce
earthquakes, by performing an earthquake performance analysis according to the TBEC-2019.
Aksoylu et al. [47] investigated reinforced concrete frame-type buildings of different elevations
using ETABS, according to linear equivalent seismic load method for the TEC-2007, TBEC-2019
and ASCE 7-16. As a result of the study, the closest results for the three codes occurred on
the softest soils. Kiirkgti [48] designed a 20-storey reinforced concrete structure according to
the TBEC-2019 and determined the earthquake performance with the calculation method in
the time history. In the study conducted by Akgora [49], a 30-storey RC high-rise building
was examined according to the TBEC-2019. As a result of analyses, it was determined that
the plastic deformation and rotation values obtained for the sections met the limits given in
the TBEC-2019. Capa [50] determined the earthquake performances of the three, five and
seven storey buildings, which he took into account together with the linear and nonlinear
calculation methods given in the TBEC-2019, and compared the obtained results with each
other. Severcan and Sinani [51] determined the earthquake performance of an existing eight
storey RC building using static pushover analysis according to the TEC-2007 and Eurocode-8
(2004). As a result of the evaluation, it has been seen that the performance levels of the
elements are close to each other, especially in the vertical bearing elements, but the TEC-2007
is on the safer side compared to Eurocode-8. Ulutas (2019) [52], compared the 2007 and
2018 earthquake codes in terms of sectional damage limits. As a result of the examination, it
was concluded that the TBEC-2019 is safer in terms of earthquake safety than the TEC-2007
earthquake code. Sar1 [53] determined the earthquake performance of an existing residential
building according to the TBEC-2019 and TEC-2007 by static pushover analysis. According
to both codes, the type of residence examined determined that the building met the target
performance level. Ayaz [54] investigated the nonlinear behavior of a building strengthened
according to the TEC-2007 and TBEC-2019. It was determined that the building met the
requirements of the TBEC-2019 by conducting performance analyses according to DD-1 and
DD-3 earthquake ground motion levels. Sesetyan et al. [55] carried out seismic hazard analysis
for the Marmara Region according to new data. Sianka et al. [56] conducted seismic analysis
for the Marmara Region, and they determined a good agreement with the updated Turkish
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Earthquake Hazard Map. It is seen that these studies are generally focused on mid-rise or
high-rise buildings.

If the RC building stock is divided into low-, mid- and high-rise according to the height
of the structural system (Figure 2), some buildings should be made low-rise, especially
due to architectural constraints and seismic zone. In low-rise buildings, having a regular
load-carrier system may be preferred due to simpler design details. However, the design
of low-rise buildings according to earthquake effects is easier than medium and high-
rise buildings. It is also easier for these buildings to show the theoretically expected
performance in a real earthquake. For this reason, there are very limited studies on low-rise
RC buildings. Although easier to design, Erberik [57] stated that the recent devastating
earthquakes in Turkey have shown that low-rise buildings are very sensitive to seismic
effects. Particularly, the low-rise building design should be at a level that can easily meet the
seismic actions (especially shear forces and displacements demanded by the earthquake).
Therefore, consideration of seismic effects is as critical in the design of low-rise buildings
as in the design of mid- and high-rise buildings. In addition, skyscrapers (which are taller
than 70 m in a high seismic hazard zone, 91 m in a moderate seismic hazard zone and 105 m
in a low seismic hazard zone), that occupy a very small place in the building stock but need
to receive very important engineering services, are generally buildings with 30 storeys
and above and are considered as part of the high-rise category. The design criteria for
skyscrapers are completely different. Three-stage earthquake calculations are required
for such buildings in the TBEC-2019. Performance analysis is conducted for DD-2 in the
first stage (preliminary design stage), DD-3 and DD-4 in the second stage (evaluation of
immediate occupancy), and DD-1 in the third stage (evaluation of near collapse or collapse
prevention). The performance target expected from the structure at each stage is different.
The first two stages are force based; the last stage is deformation-based analysis. In the last
stage, 11 different ground motion records are used for time history analyses. Time history
analysis is a step-by-step analysis of the dynamic response of a structure to a specified
loading that may vary with time.
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Figure 2. Schematic representation of buildings according to their heights.
One of the most remarkable innovations with the TBEC-2019 is the presence of a new
section in which the analysis procedure for the design of simple low-rise structures, which

will be carried out without detailed earthquake load calculations, is explained. These
simplifying approaches, new to the TBEC-2019, are described by Tlki et al. [58,59]. In
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the document prepared by the National Institute of Building Sciences for Development
of Simplified Seismic Design Procedures in 2010 (NIBSDSSDP, 2010) [60] “The project’s
engineers are aware of the complexity of the existing regulation rules. Especially it was
initiated to respond to concerns that earthquake resistant structure design for buildings
reduces the effectiveness and reliability of the buildings” [59]. Additionally, in this doc-
ument (NIBSDSSDP, 2010) it is recommended to continue work on the development of
simplified design rules for earthquake resistance. Apart from that, ASCE 7-10 (2010) [61],
and FEMA 450-2003 [62], separate simple shear walls or frame systems into simplified
alternative structural design criteria [58,59]. A simplified calculation of the earthquake base
shear force is given in these codes. In addition, after the base shear force is distributed to
the storeys, the distribution of these shear forces to the load-carrier member is made by
considering the relative lateral stiffness of the elements separately for flexible and rigid
diaphragm behaviors. The document ISO/TC 71/SC5-2010 [63], “Guidelines for Simplified
Seismic Assessment and Rehabilitation of Concrete Buildings” has given alternative simple
approaches to find load-bearing element capacities and has made a suggestion for the
simple calculation of lateral displacement ratios of buildings. The document also defines
limits for lateral displacement ratios for different types of load-carrier systems. With these
developments, simplified design rules for regular and straightforward cast-in-place RC
buildings have been addressed in the TBEC-2019. Studies in the related literature are
quite limited. To the authors” knowledge, only Balun et al. [64] has taken into account
the simplifying design method in the TBEC-2019; the base shear forces of a structure for
two different DTS were compared using the ETABS v18 program. Local soil classes and
building height are determined as a variable within the boundaries of this section. As a
result of the analysis, it was stated that the earthquake design class, local soil class and the
number of storeys of the building made a difference between the simplified earthquake
load calculation and the standard earthquake calculation. As a result, it is stated that only
the shear forces obtained from the simplified calculation are on the safe side by obtaining
higher values than the sole shear forces obtained by the standard method.

As can be seen from the comprehensive literature review above, although this issue
concerns Turkish building stock, it is an area that has not been evaluated much. The
question of whether the complex procedure in the earthquake codes is necessary in the
design of simple structures can always be asked. Based on this problem, a simplified
design process for low-rise buildings and minimum codes for calculations were proposed
in the TBEC-2019, unlike other codes in the world. The main motivation for this study
was this question: will the earthquake performance be sufficient for the buildings that
were modeled according to the minimum criteria of the simplified design rules for low-rise
RC buildings? Therefore, in this study, the authors wanted to investigate whether the
earthquake performance of buildings designed with a simple method would be sufficient,
especially since there is a very detailed calculation procedure in determining the earthquake
performance. In particular, the relationship between the over-strength coefficient (Q), in
Turkish D) of the buildings and structural performance was examined, and how the over-
strength coefficients change when low-rise buildings are designed according to minimum
conditions was also investigated.

The determination of the behavior of RC structures can sometimes be difficult, because
the earthquake load and behavior of RC are quite complex, especially under earthquake
loading. For this reason, there are many assumptions in earthquake codes to facilitate
these calculations, even though these assumptions sometimes contain important errors
in mid- and high-rise buildings, having complex geometry. They can give predictable
results in simple planned and relatively low-rise buildings. The TBEC-2019 has proposed
a series of analysis procedures in which RC sections can be determined without making
detailed earthquake calculations, for RC structures with simple geometry and limited
building height. However, there is no study in the literature that indicates whether these
provisions in the TBEC-2019 ensure that the structure has sufficient strength and ductility
in terms of earthquake performance. Therefore, this study contains originality in terms of
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the subject it deals with. In this study, the simplifying rules given in the TBEC-2019 were
examined through created structural models according to a set of parameter groups [65].
For this purpose, 144 RC building models with different parameters such as DTS, building
height (Hy), number of spans, and soil type were used with the simplified formulas in
the relevant part of the code, using ProtaStructure [66] (a software that gives the same
results as SAP2000 v23.3.1 (2012) [67]. Then, the level of the structural performance of these
designed buildings was determined by linear (L) and nonlinear analysis (NL). At the end of
this study, the base shear force of the structures for earthquake calculation was performed,
and the structural performance and over-strength were obtained by comparing with the
capacity of the structures. As a result of a detailed performance analysis, the performance
levels of the structural models for L and NL were determined, according to the damage
levels of the structural elements. As a result, the findings were evaluated in the context of
structural-earthquake engineering and suggestions were made.

2. Design Procedure of TBEC-2019/Section 17

Earthquake-resistant structure design is a very complicated and multi-unknown prob-
lem. Design engineers prefer application-oriented calculations that can be terminated with
simple computations rather than a multiplicity of calculations [68]. Notably, the “Simplified
Design Rules for Regular Cast-in-situ Reinforced Concrete Buildings” section in the TBEC-
2019 includes simple formulas and approaches that engineers can use in building design.
In the relevant section of the code, it is foreseen that simplified design rules can be used in
the design of buildings with a simple and symmetrical floor plan, without irregularities
in the plan, and vertically, that adversely affect the earthquake performance, and with
limited building height. The simplified design rules facilitate the structural design stages
for engineers, as they offer a more practical solution for RC buildings, which are designed
quite simply and constitute an essential part of the building stock in Turkey.

In the TBEC-2019, the structural design is created according to DTS, Sps, BOC, and
BHL in the relevant section. DTSs are determined based on Spg and BHL. According to
this, the DTS values of the buildings are calculated for the appropriate location from the
web application of the Turkey Seismic Hazard Maps [69]. A building’s DTS value takes
one of the numbers 1, 2, 3 and 4 from the highest to the lowest according to Sps and the
building importance coefficient values [70]. In addition, the building has the status of being
1a, 2a, 3a, and 4a depending on the building occupancy class: BOC =1, 2 and 3. Here, the
index “a” indicates the importance of the structure. Therefore, while classes DTS 1 and 1a
represent an ordinary and significant building located in a critical earthquake zone, 4 and
4a are structures built in the area with the lowest earthquake risk. BHL takes BHL 1 to BHL
8, depending on the building’s total height (Hyn) and DTS. BHL 1 represents the highest
and BHL 8 the lowest height structures in this classification.

The TBEC-2019/Section 17 is valid only for RC buildings with a BOC value of 3,
and the structures in which the simplified calculation can be applied are dimensionally
limited. In order to apply the design rules in the TBEC-2019, the limit values of the D,
BOC, BHL, and building floor plan model that the building model must have, as well as
the general rules, dimensioning of the building elements, and the lower limit values of
the reinforcement of the elements are explained in this section. The relevant section in the
TBEC-2019 requires that the buildings in which the design rules will be used have a floor
plan close to rectangular. In addition, the section requires that there be no discontinuity
or off-axis shift in the axes of the load-carrier system and that there should be at least two
spans in each direction of the load-carrier system. In addition, specific approaches for
dimensioning vertical load-bearing members in the simplified design of cast-in-situ RC
buildings are given according to the DTS value. Building heights are limited for workplaces
and residences as BHL > 6 for DTS = 1 and 2 and BHL > 7 for DTS = 3 and 4. In addition,
framed buildings with high acceptable ductility levels and frame + shear wall buildings are
expressed in terms of DTS. The cross-sectional areas of the columns are limited according
to the choice of the load-bearing system, considering the axial compressive stresses and
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sufficient shear strength (Figure 2). It has been stated that the (g + q) value, which is the
sum of the average distributed dead load and average distributed live load values to be
used in determining the cross-sectional areas of the vertical bearing members, cannot be
taken less than 15 kN/m?, and the (g + 0.3q) value cannot be taken less than 13 kN/ m?2.
However, the distributed dead load values should also include the weight of the lateral
beam, vertical load-bearing elements (column and shear wall), and non-bearing elements
(infill walls) along with the slab loads. The live load acting on the roof of the building
should also include the reduced snow load with a load factor of 0.3. The smallest square
column cross-section should be 30 cm x 30 cm. It is stated that the ratio of the long side to
the short side of the columns should not be more than 2. The minimum width should be 30
cm for beam cross-sections, and the minimum height should be 50 cm.

The TBEC-2019 proposes three different formulas for sizing columns (Figure 2). For
buildings with high ductility levels whose structural system consists of frames, the A
value in the first and second formulas represents the cross-sectional area of the column
taken into account, and for the column whose ¥£A; value is considered, the sum of the
area shares accumulated along with all floors. The value of X(I;/H;?) in the third formula
represents the sum of the values in the direction taken into account on the ground floor
(column cross-section moment of inertia / the square of the storey height), and the value of
LA, represents the sum of the storey areas of the building. The simplified design rules of
the TBEC-2019 for reinforced concrete buildings are summarized in Figure 3.

Use of Shear Walls Use of Shear Walls
with High Duetility with High Ductility Use of Frames with
Level and Frames with Level and Frames with High Ductility Level

High Ductility Level High Ductilty Level

The cross-sectional area of > cross-sectional area of The cross-sectional area of

each column to fimit the axial 2 mn to limit the each column to kmit the

compression siresses inthe xial compression stresses axial compression stresses
cohumns in the columns: in the columns;

A, 000012 (gt0) FA 442000012 (g19) TAx A, 000014 (g FA,

The cross-sectional area of The cross-sectional area The cross-sectional area of
each column so that the of each columm so that each column so that the
colmns have sufficient shear the columns have columns have sufficient
strength: sufficient shear strength: shear strength:
0001 Sps A, >0.0001
(2H03Q)Y A, (g10.39)F A

In order for the building In order for the building
dc. o

load-c; stem to have
sufficient shear stren;
base:

Figure 3. Simplified calculation procedure in TBEC-2019.

According to the relevant section of the TBEC-2019, it is stated that if the column
is square, the longitudinal reinforcement ratio (p;) should not be less than 1%, and the
transverse reinforcement ratio (pg, = Agn/Sp) in the middle of the column should not be
less than 0.165%. These ratios can be at least 1.5% and 0.25% in rectangular cross-section
columns, respectively. In addition, in beam support sections where columns or shear walls
join beams, the beam upper and lower longitudinal reinforcement ratios (p = As/by.d)
vary from 0.6% and 0.4%, respectively, to the transverse reinforcement ratio in the beam
middle region (pw = Agw /bw.s) should not be less than 0.25%. The beam height should
not be less than 1/11 of the spanning in buildings whose carrier system consists of frames
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and 1/12 of the spanning in buildings whose carrier system consists of shear walls and
frames. It is also desirable that the beam height should not be more than 1/4 of the simple
supported beamed span. If the slab-on-beam system is used in the building, the slab
thickness should be at least 15 cm. The code states that in buildings to be designed with
simplified design rules, a concrete grade with strength lower than 25 MPa or higher than
50 MPa and reinforcing steel other than S420 or B420c classes, cannot be used. In Figure 4,
the geometric boundaries given in the TBEC-2019 are summarized through an example.
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Figure 4. Building height limits according to building floor model plan limit values and earthquake
design classes.

3. Numerical Analyses

Models with different parameters have been prepared to examine and control the
behavior of the designed structures using the simple calculations in the related section of
the TBEC-2019. A total of 144 building models were designed, depending on five different
parameters: building models DTS, number of storeys, soil type, span length, and column
cross-section calculation formula. Earthquake performance levels of the models were
determined according to L and NL analysis methods in the Prota-Structure 2021 program.
Prota-Structure is used for structural analyses. The analyses result of this program are the
same as the results of SAP2000. It has been reported in the relevant sources [71,72] that it
is precisely the same as SAP2000 v.23.3.1. While designing the building models, DTS =3
and 4 were chosen. In the TBEC-2019, since the heights of the buildings are limited to be
BHL > 6 for D =1 and 2 and BHL > 7 for D = 3 and4, the building models have equal floor
heights meeting the BHL > 7 limit, and 3.5 m has been chosen, and three storeys (10.5 m),
four storeys (14 m), five storeys (17.5 m). In the study, four different soil classes given in the
TBEC-2019 were considered as ZA, ZB, ZC and ZD, from weak to vigorous, respectively. In
selecting soil classes, ZE and ZF type soils, which are very weak soil classes with a high
probability of liquefaction, were not considered because they require special designs.

The relevant section states that there should be at least two spans in both directions of
the floor plan and that the spans should be at least 3 m and at most 7.5 m. Therefore, in
the study, two different building floor plans were designed, three spans in both directions
(6.66 m with equal span lengths) and four spans in both directions (5 m with equal span
lengths), respectively. The regulation stipulated that the longest side of the floor plan
should be 30 m at most. The building floor plan is square in both models in the study,
and 20 x 20 m long was chosen. In the relevant section, it is requested that the carrier
system typically consist of frames with high ductility levels or non-void walls with high
ductility levels and frames with high ductility levels together. In the study, the structural
system type of the models was chosen as the frame system with high ductility level, and
the models were designed using three different column cross-section calculation formulas
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The cross-sectional area of each
column to limit the axial

compression stresses in the
columns;

A520.00014 (g+q) TAG

given in Figures 3 and 5, which are stipulated by the regulation for frames with high
ductility level of the structural system type. The concrete grade was chosen in the models
as C35 (characteristic compressive strength, fy = 35 MPa) and the reinforcement class as
B420c (characteristic yield strength, fy = 420 MPa). The parameters taken into account in
the design of the models are given in Table 2 in detail.

A ~ i X 175m

20m

Use of Frames with

High Ductility Level

The cross-sectional area of each The cross-sectional area of each
column so that the columns column for the structural system

have sufficient shear strength: to have sufficient lateral rigidity:
A >0.00022 Sps (2+03q) (L /H? )2 4.44x1077 Spg

Figure 5. Flow chart of the formulas used in the building floor plan.

Table 2. Parameters used in building models design.

. Number of Storeys and Equations Used in Calculation of
Plan Type/Span (m) DTS Soil Type Building Height (Hy) Column Cross-Sectional Area
R PR Sae (T) EQUATION 1
; l; Ag > 0.00014 (g + q) YA
| 9 DTS-3 ZA sagp
| | 7B 3-Storey
] zC
T E]
6.6 m zb : EQUATION 2
P See(T) A >0.00022 Sps (g + 0.3q) YAy
DTS-4
| 2 EQUATION 3
/5m T Y(Ii/Hi2) > 444 x 107 Sps (g + 0.39) Api

In Figure 5, there are visuals of two different floor plan models, designed as three-span
(6.66 m) and four-span (5.00 m), designed as three storey, four storey, and five storey. The
models’ dead and live load values were chosen as g = 13 kN/ m?2, q=2kN/ m?2. Since the
study aims to see how the building behaves for minimum values, columns, beams and
slabs are dimensioned and designed according to the minimum values to meet the code.
The width and height of the beams were chosen as 30 x 60 cm for three-span models and
30 x 50 cm for four-span models. Due to the requirement in the TBEC-2019 that the beam
height will not be less than 1/11 of the span in buildings whose structural system consists
of frames, the beam height was chosen as 61 cm in three-span models. The thickness of
slabs with beams was chosen as 15 cm. Table 3 shows the beam reinforcement values
calculated according to the code’s relevant section reinforcement lower limits.
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Table 3. Selection of beam reinforcements according to the general rules of TBEC-2019 (Section 17).

Beam Longitudinal Reinforcements

Model Type
Upper Bottom Stirrups
3 Spans 6d16 4916 P8/13/10
4 Spans 6d14 4914 P8/13/10

The same names are given to the columns with an equal sum of the area shares
accumulated along all the slabs supported by the column, which is considered when
calculating the across-sectional column areas. In addition, columns with an equal share
of the accumulated area throughout all floors are shown with the same colour. For three-
span building models and four-span building models, columns with an equal sum of
accumulated area shares along all floors are shown in Figure 6.
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Figure 6. Location of columns Sy, S, and Sz in plan, whose cross-sections are calculated for three-span
and four-span building models.

The structural models designed in this study were named depending on the parame-
ters. The criteria for naming the building models according to the parameters are explained
in Figure 7.

Figure 7. Codes of structural models.

In the relevant section of the TBEC-2019, the columns are dimensioned and reinforced
using three formulas and reinforcement lower limits for the dimensioning of vertical load-
bearing elements in the models selected as framed structural systems with high ductility
levels. Since the formulas used in this study do not depend on the soil type, the column
dimensions and reinforcement amounts do not change depending on the soil type. For this
reason, 144 models depending on the parameters were analyzed in this study. However, only
36 of these models have different column cross-sections. Column dimensions and selected
reinforcements of 36 models with different column cross-section values are shown in Table 4.
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Table 4. Column dimensions and reinforcements details for each model.

Model Column Sections Column Longitudinal Reinforcement Column Lateral Reinforcement
Type S1 (cm) S, (cm) S3 (cm) St S» S3 St S, S3

T45A41 30 36 51 8d14 6®14 + 2016 8d16 + 418 ®8/15/10 ®8/16/10  ®8/20/10
T45A42 30 30 31 8014 8014 8d14 P8/15/10 ®8/15/10  ®8/15/10
T45A43 36 36 36 6014 + 2P16 6P14 + 2916 6P14 + 2916 ®8/16/10 ®8/16/10  P8/16/10
T35A41 34 48 68 8d14 12®16 1618 + 4014 ®8/17/10 ®8/20/10  ®8/20/10
T35A42 30 30 41 8014 8014 2014 + 6918 P8/15/10 P®8/15/10  P8/20/10
T35A43 41 41 41 2014 + 6018 2014 + 6018 2014 + 618 ®8/20/10 ®8/20/10  P8/20/10
T45A31 30 36 51 8d14 6P14 + 216 8P16 + 418 ®8/15/10 ®8/16/10  P8/20/10
T45A32 30 31 43 8d14 8d14 8P18 ®8/15/10 ®8/15/10  ®8/20/10
T45A33 43 43 43 8018 8018 818 ®8/20/10 ®8/20/10  ®8/20/10
T35A31 34 48 68 8014 10914 + 4016 16P18 + 414 ®8/17/10 ®8/20/10  P8/20/10
T35A32 30 41 58 8d14 2014 + 6018 4914 + 14P16 ®8/15/10 ®8/20/10  ®8/20/10
T35A33 48 48 48 10914 + 416 10914 + 416 10914 + 4916 ®8/20/10 ®8/20/10  ®8/20/10
T44A41 30 32 46 8014 8014 6P16 + 4918 P8/15/10 P®8/16/10  ®8/19/10
T44A42 30 30 30 8014 8014 8d14 ®8/15/10 ®8/15/10  ®8/15/10
T44A43 35 35 35 8d14 8d14 8P14 ®8/17/10 ®8/17/10  ®8/17/10
T34A41 31 43 61 8d14 8018 1016 + 4024 ®8/15/10 ®8/20/10  ®8/19/10
T34A42 30 30 36 8014 8014 6P14 + 2916 ®8/15/10 P®8/15/10  P8/16/10
T34A43 39 39 39 816 816 8d16 ®8/15/10 ®8/15/10  P8/15/10
T44A31 30 32 46 8d14 8d14 4914 + 8D16 ®8/15/10 ®8/16/10  ®8/19/10
T44A32 30 30 39 8014 8014 8d16 P8/15/10 ®8/15/10  P8/15/10
T44A33 41 41 41 2014 + 6018 2014 + 618 2014 + 618 ®8/20/10 ®8/20/10  P8/20/10
T34A31 30 43 61 8d14 8d18 1016 + 4924 ®8/15/10 ®8/20/10  ®8/19/10
T34A32 30 36 52 8d14 6®14 + 216 8d18 + 416 ®8/15/10 ®8/16/10  ®8/20/10
T34A33 46 46 46 4914 + 816 4014 + 816 4014 + 816 ®8/19/10 ®8/19/10  ®8/19/10
T43A41 30 30 40 8014 8014 8d16 ®8/15/10 ®8/15/10  P8/20/10
T43A42 30 30 30 8d14 8d14 8P14 ®8/15/10 ®8/15/10  ®8/15/10
T43A43 32 32 32 8d14 8014 814 ®8/16/10 ®8/16/10  ®8/16/10
T33A41 30 37 53 8014 816 14®16 ®8/15/10 ®8/16/10  P8/20/10
T33A42 30 30 32 8d14 8014 8d14 ®8/15/10 ®8/15/10  P8/16/10
T33A43 36 36 36 6d14 +2P16 6P14 + 216 6P14 +2d16 ®8/16/10 ®8/16/10  ®8/16/10
T43A31 30 30 40 8d14 8d14 8®16 ®8/15/10 ®8/15/10  ®8/20/10
T43A32 30 30 33 8014 8014 8d14 ®8/15/10 ®8/15/10  ®8/15/10
T43A33 38 38 38 816 816 8d16 ®8/15/10 ®8/15/10  ®8/15/10
T33A31 30 37 53 8d14 8d16 4916 + 818 ®8/15/10 ®8/16/10  ®8/20/10
T33A32 30 31 45 8014 8014 4016 + 8D14 ®8/15/10 ®8/15/10  P8/20/10
T33A33 43 43 43 818 8018 8®18 ®8/20/10 ®8/20/10  P8/20/10

4. Numerical Analyses Results

Both L and NL analysis methods have been performed for structural analysis to
determine the building performance. Earthquake ground motion level was chosen as DD-2,
since simple buildings were analyzed according to the simplifying rules of the TBEC-2019.
Structural analyses were performed only for the design earthquake (DD-2) with a 10%
probability of exceedance in 50 years (the repetition period for which is 475 years). The
code was adapted for the DD-2 earthquake level for residential buildings and stated in
the relevant section that the controlled damage (CD, in Turkish KH) level was sufficient
for this earthquake ground motion level. The building knowledge level has been chosen
extensively. The multipliers of dead loads, live loads, and earthquake loads are considered
1.0, 0.3, 1.0 (G + Q+E) respectively. Snow load is neglected in the roof in all the structural
models. Considering that the vertical earthquake effect is small, it is assumed that the
structures are not exposed to vertical earthquakes. The base shear force-top displacement
relationship and performance points were calculated for each model, respectively. These
calculations were determined as shown in Figure 8.
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Figure 8. Lateral load—top displacement curve under earthquake and determination of performance
point: (a) building performance levels; (b) comparison of capacity curves; (c) Vq/Vy.

The damage situation is determined according to the point where the structure is
located on the capacity curve, drawn depending on the displacement of the structure under
the effect of earthquake force in the graph (a) considering Figure 8. Graph (b) compares
the capacity curves of the strong building and the weak building. Spectrum curves are
elastic curves. The spectrum curves of the buildings do not intersect with the inelastic force—
displacement graph. The force-displacement graphs obtained as a result of the pushover
analysis are linearized, perpendiculars are drawn to the force—displacement graph from
the point where they cut the elastic design spectra, and the displacement values that will
occur in the structures under the influence of the force coming to the structures during
the earthquake are seen. The point where the linearized force-displacement graph and
the spectrum curve intersect is called the performance point. On the other hand, graph
(c) shows how much the force (V4) that may occur to the structure under the effect of an
earthquake is below the actual strength (Vy) for which the structure is designed. The ratio
of the actual strength of the structure to the design strength (Vy/Vy) is defined as the over-
strength factor (2 or D) [73,74]. It is foreseen as 3 in the TBEC-2019 for “buildings where
reinforced concrete frames cover all the earthquake effects with high moment transmitting
ductility level”. The predicted value for Q) in the TBEC-2019 was evaluated by comparing
the values obtained from the study.

4.1. Performance Parameters of Building Models

Existing buildings were analyzed according to both analysis methods L and NL. The
behavior of the models, which vary depending on the number of storeys of a building, soil
type, over-strength factor ((2), column cross-section formula, and the number of spans in the
building floor plan, are investigated. As a result of the analysis of buildings with different
parameters, building shear capacities (Vy) and base shear forces (V4) were determined,
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and () was calculated. As a result of the performance analyses of the existing buildings,
the building performance levels were determined according to the damage conditions.
In the TBEC-2019, for all buildings that are not classified as tall buildings, an ordinary
performance target is set as CD under DD-2. In the results of the analysis, CD or collapse
prevention (CP) was evaluated depending on the plastic rotation limits, and building
performance levels were obtained. The relative storey drift values were also calculated
from the ratio of the displacements of the buildings to their heights.

4.2. Comparisons of Parameter Results

The results obtained from the structural analysis for models and the effects of different
parameters, such as (2, number of storeys of a building, number of spans in the building
floor plan, soil type, and the column cross-section formula used on the building perfor-
mance, were examined. The performance analysis results of three storey, four storey and
five storey models are given in Figure 9, respectively. The figures show the number of
buildings with a CD (i.e., adequate performance) level depending on the respective soil
type and the methods used. The columns show the total number of models (NM) designed
for each soil type and how many of these models reached the CD level in L and NL. In terms
of the number of building slabs, it is seen that the five storey models meet the performance
target more than the three and four storey models. It is seen that the models belonging to
ZA and ZB soil types are more likely to provide target performance among three different
building storeys. It is seen that the target performance of the three storey models of the ZC
and ZD soil types is relatively low. When the linear analysis results for the models of three
different building floors are examined, it is seen that the amount of buildings providing the
target performance is low, especially in the three storey models. As a result of nonlinear
analysis in ZC and ZD soil types, it is seen that the number of models that provide target
performance is relatively high for five storey models.
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Figure 9. Distribution of buildings with sufficient performance according to the storey number /soil
type parameters.

The analysis results of the models obtained according to Formulas 1, 2 and 3 in the
TBEC-2019 are given in Figure 10. In the figures, the number of buildings with CD level is
shown depending on the number of storeys of the respective building and the methods
used. The columns show the total number of models designed for each column cross-
section formula and how many of these models reach the CD level in L and NL. In the
models designed using three different column cross-section formulas, it is seen that the
number of building models that provide the target performance value is higher as a result
of the L and NL analyses in the buildings calculated using the first and third formulas.
When the analysis results of the models designed with the second formula are examined, it
is seen that the second formula is not very sufficient. In the design with Formula 3, side

163



Buildings 2022, 12, 1722

and corner columns take higher values than side and corner columns. In Formulas 1 and 2,
smaller cross-sections are obtained in columns calculated by using the second formula in
the column cross-section formula. Since smaller column cross-section values were obtained
in the models designed using the second formula, these models could not provide the
target performance.
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Figure 10. Distribution of buildings with sufficient performance according to the storey number /
equation types.

Figure 11 shows the analysis results obtained by designing three different building
storey numbers based on Spg < 0.33 and Spg < 0.5 values. The figures show the number of
buildings with CD level depending on the number of slabs and the methods used for the
relevant Spg value. It is seen that the number of building models that provide the target
performance is higher in the models designed for the Spg < 0.5 value. Especially since the
second and third formulas depend on the Spg value, it is thought that the increase in the
Sps value contributes to the increase in the column cross-section. As the number of storey
of the building increases, the number of models that provide the target performance within
both Spg values increases.
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Figure 11. Distribution of buildings with sufficient performance according to the storey number/Sps.

The analysis results for three storey, four storey and five storey building models with
three spans (6.66 m) and four spans (5 m) are given in Figure 12. The figures show the
number of buildings with CD levels depending on the number of spans involved and the
methods used. The columns show the total number of models designed for each aperture
number and how many of these models reached the CD level in the L and NL method.
When the graphs are examined depending on the number of spans, it is seen that the
number of buildings providing the target performance is higher in the four-span models.
When investigate the number of storey in the two spans, it is seen that the number of
models that provide the target performance is higher in five storey models.
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Figure 13 shows the analysis results of three storey, four storey and five storey building
models calculated using the three different column cross-section formulas envisaged in
the TBEC-2019. The figures show the number of buildings with a CD level based on
the column cross-section formulas and the methods used for the number of storey in the
relevant building. The columns show the total number of models designed for each column
cross-section formula and how many of these models reached the CD level in the L and NL
method. In general, it is seen that the models designed with the use of the first and third
formulas in three different building storey are more likely to provide the target performance.
In the models designed using the second formula, it is seen that no building model provides
the target performance as a result of the linear analysis. It is seen that five storey models
among three different building storeys provide the target performance more. It is seen
that the number of models providing both analysis methods is high in four storey and five
storey models designed using the first and third column cross-section formula. It has been
observed that the column cross-section values calculated with three different formulas are
larger in five storey models due to the larger area share. For this reason, it can be said that
five storey models provide more target performance.
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Figure 13. Distribution of buildings with sufficient performance according to the equation
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165



Buildings 2022, 12, 1722

Figure 14 shows the analysis results obtained by designing models with three different
building floors according to three spans (6.66 m) and four spans (5 m). The figures show
the number of buildings with a CD level, depending on the number of storeys and the
methods used for the number of spans involved. The total number of models according to
the number of building floors designed for each number of spans and how many of these
models reached the CD level in the L and the NL are shown in the columns. It is seen that
models with four spans provide more target performance than models with three spans in
three different building storey. In the models with four spans, it is seen that the number of
buildings providing the target performance is close to each other in the NL results within
three different building storey. It is thought that the number of buildings providing target
performance decreases as the span length increases. It is seen that the number of models
that provide target performance decreases considerably with the increase in the span length,
especially in three storey models.
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Figure 14. Distribution of buildings with sufficient performance according to the span num-
ber/number of storeys.

Figure 15 shows the analysis results for Sps < 0.33 and Spg < 0.5 for three storey, four
storey and five storey models. The figures show the number of CD buildings based on
the respective Spg class and the methods used. The vertical axis shows the total number
of models designed for each Spg value, and how many of these models reached the CD
level in the L and the NL method. In five storey models designed for Sps < 0.33 and
Sps < 0.5 values, similar numbers of buildings provide target performance for both Spg
classes. For both Spg values, it is seen that the number of building models that provide
the target performance of the five storey models is higher than the number of buildings
that provide the target performance of the three and four storey building models. When
examining the three and four storey models, it is seen that the number of building models
that provide the target performance of the models with the Spg < 0.5 value is higher than
the number of the building models that provide the target performance, especially in the
linear analysis, the building models with the Spg < 0.33 value.

Figure 16 shows the analysis results for four different soil types models. The figures
show the number of buildings with a CD level, depending on the number of storey and the
methods used for the respective soil types. The columns show the total number of models
designed for different building floors for each floor class and how many of these models
reached the CD level in the L and NL methods. Among the models with three different
storeys, the target performance ratio is higher in ZA and ZB soil types. In models with
ZC and ZD classes, it is seen that the amount of achieving the target performance for five
storey buildings is high, while this amount is much lower in three and four storey models.
In general, it is seen that the number of building models that provide target performance is
higher in five storey models within four different soil types. It can be interpreted that the
number of models providing target performance increases as the soil gets stronger.
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Figure 16. Distribution of buildings with sufficient performance according to the soil type/storey number.

Figure 17 shows the Q) coefficients obtained from the analysis of the models obtained
by using three different column cross-section formulas predicted by the TBEC-2019. In the
TBEC-2019, the number of storeys with Q) coefficients is foreseen as three for reinforced
concrete buildings with carrier system-type frames. When the graphics are examined, it is
seen that most of the models designed with the use of the first and third formulas have a
coefficient of () of 3 and above 3. It is seen that approximately half of the models designed
with the use of the second formula have a coefficient of () of 3 and above. It can be said
that the reason for this situation may be that smaller column cross-sections are obtained as
a result of using the second formula compared to other formulas.
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Figure 17. Distribution of the over-strength factor of the models of buildings designed different equations.

Figure 18 shows the relative storey drift values obtained according to the four different
soil types and the number of building storeys. It is seen that the relative storey drift values
for ZA and ZB soil types are also less for three different building storeys. For the ZD soil
type, it is seen that this value is higher than other soil types. In the three and four storey
models, it is seen that the relative storey drift values are quite high, especially in the ZC
and ZD classes. In general, it is seen that the relative storey drift values of the five storey
models are less. It is seen that the majority of the relative storey drift values of the models
are generally 2%o—10%o.
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Figure 18. Distribution of the relative storey drift of all models according to the number of buildings
and soil types.

In the TBEC-2019, if the infill walls are connected to the frame members without any
flexible joints or gaps, the relative storey drift limit value is determined as 8 %o.

In Figures 19 and 20, the values of Q) obtained according to the four different soil types
and the number of building storeys of all designed models are shown. Q) (or D) is foreseen
as 3 in reinforced concrete frame buildings in the TBEC-2019. In Figure 18, models that are
below this value and cannot achieve the target performance (CD) due to the L analysis are
scanned in red. In Figure 19, models with a coefficient of (2 below 3 and failing to provide
CD due to NL analysis are scanned in red. When investigating the results of the models in
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general, it varies between 2.28-4.6 for ZA, 2.11-3.38 for ZB, 2.31-4 for ZC, and 1.29-3.96 for
ZD in five storey models, respectively. For ZD, this ratio can give quite different results
and remain below the desired value. For ZA, ZB and ZC models with 4 floors, the range
is 2.5-4, and the desired value is generally provided. In models with ZD soil type, a few
models are in the range of 2.5-4, and most of the models have an excess of strength below
the desired value. In three storey models, it is seen that the excess strength coefficient of
most of the models belonging to ZA, ZB and ZC soil types is generally 3 and above 3. For
the ZD soil type, it is seen that there are models with an () above 3, as well as models with
a range of 1.5-2, far below. In general, it is seen that the () value of the models belonging to
the ZA and ZB floor classes in three and four storey models is both greater than the desired
value and more than the five storey models. It is seen that the number of floors with Q) of
the models belonging to the ZD soil type is relatively low.
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Figure 19. Distribution of the over-strength factor for all models according to the number of buildings
and soil types (for linear analysis).
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Figure 20. Distribution of the over-strength factor for all models according to the number of buildings
and soil types (for nonlinear analysis).

5. Conclusions

In this study, a comprehensive numerical study was carried out with the performance
analyses of 144 RC buildings, which were designed according to minimum column sectional
criteria given in simplified methods of low-rise RC structures in the TBEC-2019. Models
with different parameters (building models DTS, number of storeys, soil type, span length,
and column cross-section) were prepared, to examine and control the behavior of the
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designed structures using the simple calculations in the related section of the TBEC-2019.
The main findings of the study are summarized below;

According to the analysis results, the number of models providing the CD performance
level in the L analysis method is 44 (30.55%) and 107 (74.30%) in the NL analysis
method. As a result, in the building designed according to minimum column sectional
criteria given in simplified methods of low-rise RC structures, the performance criteria
of the code cannot be met according to at least one method. It is noteworthy that such
different results were obtained for the two analysis methods stipulated by the code.
For different soil types, it is seen that the rate of achieving the target performance is
higher in ZA and ZB soil types among models with three different building storeys.
In the models with ZC and ZD classes, it is seen that the amount achieving the target
performance for the five storey building model is high, while this amount is much
lower in the three and four storey models.

For the models designed using three different column cross-section formulas, it is
seen that the number of building models that provide the target performance value is
higher as a result of the L and NL analyses in the buildings calculated using the first
and third formulas. When the analysis results of the models designed with the second
formula are examined, it is seen that Formula 2 is not very sufficient due to the smaller
column cross-section values obtained. For this reason, the relative storey drifts of the
models were smaller in the models designed with the first and third formulas.

For models designed with two different spans, when buildings with four spans (5 m)
and three spans (6.66 m) are examined, it is seen that the building model that meets
the performance target is higher in models with four spans. It can be said that the
reason for this situation is that there are 25 columns in the four-span models, while
16 columns are included in the three-span models.

For the models designed with two different Spg values, it is seen that the models
designed with the Sps < 0.5 value reach the target performance more. For both
Sps values, it is seen that the number of building models that provide the target
performance of the five storey models is higher than the number of buildings that
provide the target performance of the three and four storey building models.

For (), it is seen that the excess strength coefficient value for three and four storey
models, especially for ZA and ZB soil types, generally reaches and exceeds the desired
value of 3 in the TBEC-2019. In the five storey models, the coefficient of over-strength
reached the value of 3 in general, but the results were not as high as in the three
and four storey models. It is seen that the coefficient of over-strength is higher in
the models designed with the first and third formulas. In addition, it is among the
significant findings that the buildings with the over-strength coefficient below “3” will
most likely not provide the performance level requested by the code.

For the relative storey drift values, it is seen that the relative storey drift values of the
five storey models are less than the three and four storey models. It is thought that in
five storey models, the column cross-section values increase as the area share along all
floors in the formula increases, and as a result, the relative storey drift is less than in
three and four storey models. In terms of soil class, it is seen that the relative storey
drift values are less for ZA and ZB soil types. It is seen that the relative storey drift
values of the models designed with Formula 2 are relatively larger and they provide
the code limit relative storey drift value less than the other formulas.

For different building storeys, it is seen that the number of models that provide
performance in five storey building models is higher than in three and four storey
models. It is thought that this situation is due to the fact that the displacements of the
three and four storey models are higher, although over-strength is large.

Since the structures discussed in the study are new structures to be built, it is thought
that the results obtained will change positively if the expected compressive strength of
the concrete with 35 MPa characteristic compressive strength selected in the modelling
is taken as the basis in the performance analysis.
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e The simplified method proposed in the TBEC-2019 allows buildings that meet the
relevant requirements to be designed very quickly without detailed seismic analysis.
However, it is seen that the earthquake performance may not be sufficient in some of
these structures designed according to minimum column sectional criteria.

e In this respect, the strength of the designed procedure explored in this study is simple
and useful, and the weak side is that the desired earthquake performance of struc-
tures that are designed according to the simplified rules given in other parts of the
TBEC-2019 could not be fully achieved in some buildings, especially with performance
analysis where relatively complex analyses are required. The authors consider that
while the simplifying rules are useful for engineers, the linear and nonlinear perfor-
mance analysis section in the same code is partly complex for engineers. In this respect,
structures designed according to minimum column sectional criteria, cannot meet a
criteria of performance analysis which have complex rules, and this caused the results
to be unsatisfactory.

e  Differences in performance analysis approaches and acceptances in earthquake codes
(such as Eurocode 8, etc.) will cause different results in modelling the same structures
according to other codes.

e  Itis clear that the results will change if the structure systems are designed according
to the detailed analysis procedure.
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Abstract: Concrete is a highly regarded construction material due to many advantages such as
versatility, durability, fire resistance, and strength. Hence, having a prediction of the compressive
strength of concrete (CSC) can be highly beneficial. The new generation of machine learning models
has provided capable solutions to concrete-related simulations. This paper deals with predicting the
CSC using a novel metaheuristic search scheme, namely the slime mold algorithm (SMA). The SMA
retrofits an artificial neural network (ANN) to predict the CSC by incorporating the effect of mixture
ingredients and curing age. The optimal configuration of the algorithm trained the ANN by taking the
information of 824 specimens. The measured root mean square error (RMSE = 7.3831) and the Pearson
correlation coefficient (R = 0.8937) indicated the excellent capability of the SMA in the assigned task.
The same accuracy indicators (i.e., the RMSE of 8.1321 and R = 0.8902) revealed the competency of
the developed SMA-ANN in predicting the CSC for 206 stranger specimens. In addition, the used
method outperformed two benchmark algorithms of Henry gas solubility optimization (HGSO) and
Harris hawks optimization (HHO) in both training and testing phases. The findings of this research
pointed out the applicability of the SMA-ANN as a new substitute to burdensome laboratory tests for
CSC estimation. Moreover, the provided solution is compared to some previous studies, and it is
shown that the SMA-ANN enjoys higher accuracy. Therefore, an explicit mathematical formula is
developed from this model to provide a convenient CSC predictive formula.

Keywords: building material; concrete; compressive strength; neural network; slime mold algorithm

1. Introduction

In recent years, the world of engineering has witnessed significant developments that
have enabled experts to solve problems with higher accuracy and convenience [1-3]. These
developments include a wide range of civil engineering domains such as geotechnical [4,5]
and water [6,7] analysis. Focusing on the structural aspects of this field, engineers have
benefitted from various technologies and simulation tools for analyzing the behavior of
structures (and their particular elements) [8-10] under different loading conditions [11-13].

Also, many laboratory tools and innovative approaches have been successfully em-
ployed for investigating the behavior of structural materials [14-16]. When it comes to
construction materials, concrete is known as one of the most effective ones. Mechanical
parameters, and particularly the compressive strength of concrete (CSC), play an appre-
ciable role in determining the quality of this popular material [17,18]. Since the non-linear
effect of different parameters should be incorporated for CSC analysis, machine learn-
ing models, and more particularly artificial neural networks (ANN), have been regarded
for this aim. Some of the primary efforts in utilizing the ANNSs for the CSC problem
can be found in studies like [19,20]. Prasad et al. [21] used this model for predicting the
CSC of self-compacting and high-performance concretes containing high-volume fly ash.
Duan et al. [22] successfully modeled the CSC of recycled aggregate concrete using ANNSs.
Regarding the 99.55% correlation, as well as the mean absolute percentage error (MAPE)
below 2%, they concluded the applicability of the ANN. Naderpour et al. [23] applied a
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similar methodology to environmentally friendly concrete. ANNs have also performed
profitably for other properties of concrete like slump [24], creep and shrinkage [25], and
strain [26].

In a more general sense, many scientific efforts have been dedicated to foreseeing a specific
behavior, particularly prediction tasks [27-29]. As for the application of machine learning
models for CSC modeling, many attempts can be found in the published literature [30-32].
Akande et al. [33] introduced support vector machine (SVM) as a stable approach for this
objective. Also, the proposed SVM outperformed the ANN with respect to root mean square
error (RMSE) values (23.14 vs. 27.15). Feng et al. [34] used an adaptive boosting algorithm
(a combination of several learners) to predict the CSC. While the mean absolute percentage
error (MAPE) for this model was around 6.8%, conventional benchmarks including ANN and
SVM achieved MAPE of around 10 and 15%, respectively. Accordingly, the suggested model
presented a promising approximation of the CSC. The authors also showed that specifying
80% of the data for pattern recognition leads to an acceptable accuracy. Moreover, scholars like
Basyigit et al. [35] and Vakhshouri and Nejadi [36] proved the feasibility of fuzzy-based tools
for handling the CSC estimation.

Moreover, optimization algorithms have served as prominent techniques for analyzing
mechanical parameters of concrete such as CSC. Kandiri et al. [37] optimized an ANN
by a multi-objective slap swarm algorithm for the prediction of CSC when the mixture
contains ground granulated blast furnace slag. The authors compared the accuracy of
the developed models with a well-known machine learning tool called the M5P model
tree. The larger MAPE of the MP5 (12.05 vs. 7.25%) demonstrated the superiority of the
optimal ANN. Naseri et al. [38] attained an optimal design of sustainable concrete by
predicting the CSC using a potent metaheuristic algorithm called water cycle algorithm
(WCA). In addition to the WCA, popular algorithms like ANN and SVM were also consid-
ered. The most sustainable mixtures were eventually detected among the 16 tested ones.
Moreover, the cuckoo search algorithm (CSA) was used for a similar purpose by Boin-
dala and Arunachalam [39]. As another usage of the WCA, Ashrafian et al. [40] coupled
multivariate adaptive regression splines (MARS) with this technique to create a capable
hybrid model. Similar to earlier efforts, the authors also proved the superiority of the
developed model over a number of conventional tools like standard MARS and ANN. Grey
wolf optimizer (GWO) is another well-known metaheuristic approach that was used by
Golafshani et al. [41] for hybridizing the ANN and ANFIS toward simulating the CSC.
In research by Zhang et al. [42], beetle antennae search (BAS) was employed to tune the
parameters of a random forest model. The resultant hybrid method was applied to estimate
the uniaxial CSC of concrete containing oil palm shell. Regarding the 96% correlation
observed for the prediction phase, the developed BAS-based ensemble was introduced
as an efficient approximator. Likewise, Akbarzadeh et al. [43] professed the outstanding
accuracy of ANN tuned by electromagnetic field optimization (EFO) for predicting the
CSC. The EFO algorithm outperformed several compatible techniques including sine cosine
algorithm (SCA) and cuttlefish optimization algorithm (CFOA). This study presented the
final solution in the form of a complex mathematical formula for convenient estimations
of CSC. Further attempts concerning the use of metaheuristic algorithms for modeling
different concrete characteristics can be found in studies [44—47].

As reported by the literature review, metaheuristic integrated approaches show high
promise for studying CSC prediction. On the other hand, many old and reputable opti-
mizers such as ICA [48], PSO [49], whale optimization algorithm [50], etc., have gained
sufficient attention for this purpose. Therefore, due to the continuous development of
metaheuristic algorithms, recent studies have mainly focused on evaluating newly de-
vised techniques to keep the existing solutions updated. Some examples of these new
metaheuristic algorithms that are coupled with ANN for CSC prediction are multi-tracker
optimization algorithm (MTOA) [51], satin bowerbird optimizer (SBO) [52], equilibrium
optimizer (EO) [53], beetle antennae search (BAS) [54], etc. Each of these algorithms fol-
lows a specific search scheme in order to find the optimum contribution between the CSC
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and concrete mixture components. Slime mold algorithm (SMA) [55] is another capable
metaheuristic algorithm that has not been investigated in previous studies. This work
presents various configurations of this algorithm that rules an ANN to attain an optimum
non-linear prediction of the CSC. Moreover, two other metaheuristic algorithms of Harris
hawks optimization (HHO) [56] and Henry gas solubility optimization (HGSO) [57] are
employed as benchmark techniques to comparatively validate the performance of the SMA.
The HHO and HGSO are also among newly developed techniques, and using them would
add new insights to the body of knowledge regarding predicting mechanical properties
of concrete, particularly the CSC. The final solution of this research is translated into a
monolithic mathematical formula in order to provide a convenient predictive approach for
the users.

2. Materials and Methods
2.1. Data and Statistics

It Yeh [19] collected the information (i.e., the conditions and results) of 1030 typical
compressive strength tests (on the cylinder specimens with height 15 cm) to create the
dataset used for capturing and reproducing the CSC behavior in this work. This dataset can
be accessed at http://archive.ics.uci.edu/ml/datasets /Concrete+Compressive+Strength
(accessed on 12 June 2021).

The amount of each ingredient of the specimen mixtures is considered as a separate
independent factor for the corresponding CSC. Figure 1 shows the values of (a) cement,
(b) blast furnace slag (BFS), (c) fly ash (FA1), (d) water, (e) superplasticizer (SP), (f) coarse
aggregate (CA), (g) fine aggregate (FA2), and (h) age. The values of the mentioned factors
are in the ranges of [102.00, 540.00], [0.00, 359.40], [0.00, 200.10], [121.75, 247.00], [0.00, 32.20],
[801.00, 1145.00], [594.00, 992.60], and [1.00, 365.00], respectively. Meanwhile, the obtained
CSCs are shown in Figure 1i with the minimum and maximum values of 2.33 to 82.60.

Table 1 provides some examples of the used data. As is seen, each row is labeled as
either “Training” or “Testing”. It determines the group that this data lies in. Based on
random selection, as well as the division ratio of 80:20, a total of 824 and 206 samples form
the training and testing datasets, respectively.

2.2. Methodology

Figure 2 shows the graphical methodology of the present study. The first section
describes data provision, followed by the model development and prediction stage, and
accuracy assessment. In the end, a comparison is carried out among the models to extract
the formula from the outstanding one.
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Figure 1. Cont.
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Figure 1. The variation in the CSC and independent factors.
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Table 1. Information on some training and testing specimens.

Inputs Target

Cement BES FAL Water SP CA FA2 e (day) csc Group
(kg/m?) (kg/m?) (kg/m?) (kg/m?) (kg/m?) (kg/m?) (kg/m?) (MPa)

149.00 236.00 0.00 176.00 13.00 847.00 893.00 28.00 32.96 Training
375.00 0.00 0.00 186.00 0.00 1038.00 758.00 7.00 26.06 Testing
213.76 98.06 24.52 181.74 6.65 1066.00 785.52 56.00 47.13 Testing
310.00 0.00 0.00 192.00 0.00 971.00 850.60 3.00 9.87 Training
290.35 0.00 96.18 168.08 9.41 961.18 865.00 100.00 48.97 Testing
277.00 117.00 91.00 191.00 7.00 946.00 666.00 28.00 43.57 Training
190.00 190.00 0.00 228.00 0.00 932.00 670.00 365.00 53.69 Training
446.00 24.00 79.00 162.00 11.64 967.00 712.00 3.00 25.02 Testing
236.00 157.00 0.00 192.00 0.00 972.60 749.10 28.00 32.88 Testing
214.90 53.80 121.89 155.63 9.61 1014.30 780.58 3.00 18.02 Training
330.50 169.60 0.00 194.90 8.10 811.00 802.30 28.00 56.62 Testing
181.38 0.00 167.01 169.59 7.56 1055.60 777.80 56.00 35.57 Training
475.00 118.80 0.00 181.10 8.90 852.10 781.50 91.00 74.19 Training
213.72 98.05 24.51 181.71 6.86 1065.80 785.38 100.00 53.90 Testing
218.23 54.64 123.78 140.75 11.91 1075.70 792.67 3.00 27.42 Training
300.00 0.00 0.00 184.00 0.00 1075.00 795.00 7.00 15.58 Testing
480.00 0.00 0.00 192.00 0.00 936.20 712.20 28.00 43.94 Testing
134.70 0.00 165.70 180.20 10.00 961.00 804.90 28.00 13.29 Training
397.00 0.00 0.00 185.00 0.00 1040.00 734.00 28.00 39.09 Training
218.23 54.64 123.78 140.75 1191 1075.70 792.67 14.00 35.96 Testing
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Figure 2. The methodology of the present study.
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2.2.1. The SMA Algorithm

The name slime mold (SM) refers to Physarum polycephalum [58] that inhibits cool
and humid areas. The main inspiration of the SMA algorithm is the dynamic nutritional
behavior of the SM called Plasmodium. This stage includes three steps that an organic
matter performs for seeking food, surrounding the discovered food, and secreting enzymes
to digest it. Figure 3 shows the foraging morphology that forms an interconnected venous
network using multiple food blocks at the same time.

Food

Food

Food

Food focs,

Figure 3. Slime mold and hypothetical positions of food.

Inspired by the explained foraging behavior, Li, Chen, Wang, Heidari and Mirjalili [55]
developed the SMA as a novel optimization approach. The objective of the SM is to find the
optimal path to the largest concentration of nutrients [59]. Although the most promising
food source is regarded by the SM, it needs to consider two important factors in foraging,
namely speed and risk. Selecting the appropriate time for leaving the searched area (toward
a new one) is another challenge for the SM. To figure it out, the algorithm uses heuristic or
empirical rules. However, as explained, the algorithm can simultaneously exploit more
than one source [60]. Overall, when several food sources with different qualities are at their
disposal, an adaptive search strategy is executed to attain the best one.

Mathematically, the SMA comprises four major stages that are described below.

(a) Approaching food: Regarding the odor in the air, the SM approaches food based on
the below equation:

X(t4+1) = N , (1)

. . . — . -
where ¢ signifies the current iteration, vc follows a linear decrease from 1 to 0, vb is a

=
Tt ) T 1) and W stands for the
weight of the SM. Also, locations belonging to the SM, the individual with the largest odor

parameter ranging in [—a,a] where a = arctanh(—(

concentratlon so far, and two randomly selected individuals are represented by X Xb, X A

and XB, respectively. Moreover, given S(i) as the fitness of X and DF as the best fitness
obtained ever, the term p can be formulated as follows:

p =tanh|S(i) — DF| i€1,2,...,n. )
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—
Equation (3) provides W.

147 10g<l’bi:51£p + 1>, condition

1—r7r log<l’bi:51£? + 1), others

®)

W(Smell_fndex(i)) = {

SmellIndex = sort(S), 4)

where condition refers to ranking the first half of the population with respect to S(i).
The term r is a random number in [0,1], bF and wF stand for the optimal and worst
finesses grasped in the current repetitions, respectively, SmellIndex provides the ascending
sequence of sorted S(i)s.

(b)

Wrapping the food: This stage models how the venous tissue structure of the SM is
contracted during the search. In this regard, three parameters including the power of
the waves released by the bio-oscillator, the thickness of the vein, and the speed of
the cytoplasm flows are directly proportional to the concentration level of the food
contacted by the vein. As explained, the SMA prioritizes different food blocks based
on their concentrations. The regions with larger concentrations receive larger weights
and vice versa. Thus, the position of the SM is updated toward better regions. This
process is formulated in Equation (5),

rand-(UB — LB) + LB, rand < z
. — — — —
X = § %0+ o (Wxaln - Xal0)r<p G

—
z7c~X(t), r>p

in which LB and UB are the lower and upper bounds, and rand and r stand for the random
value between 0 and 1.

(©)

(d

Grabbling the food: The cytoplasmic flow in the veins is affected by the waves released
by the biological oscillator. To simulate the variations of the SM’s venous width, three

— — —
vectors of 2723, vb, and W are considered. W provides a mathematical presentation
of the SM’s oscillation frequency at different food concentrations. This parameter
helps the SM to achieve a better food source by accelerating its movement toward

high-quality ones and vice versa. The z:l; value randomly ranges in [—a, 4] and it

heads to 0 as the number of iterations increases. The e value ranges in [—1, 1] and

finally reaches 0. During this stage, some organic members are assigned to explore the

remaining areas even if the SM reaches a more potential source compared to earlier

attempts. It enables the algorithm to seek a better food block all over the area. Notably,

the SM decides whether to select the proposed food source or look for another one
—

with respect to the oscillation of vb.
The Pseudo-code of the SMA is presented as Algorithm 1.

Computational complexity analysis: Considering different steps of the SMA (i.e.,
initialization, assessing the fitness, sorting, updating the weights, and updating the
locations), the complexity of the algorithm is explained in this section. Let N and T be
the number of the SM’s cells and the maximum number of iterations, respectively, in
a D-dimensional space. Then, O(N), O(N + N log N), O(N x D), and O(N x D) are
the computational complexity of initialization, fitness evaluation and sorting, weight
update, and location update, respectively. Hence, the overall complexity of the SMA
can be expressed as O(N * (1 + T * N * (1 + log N + 2 % D))) [55].
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Algorithm 1. Pseudo-code of SMA [55].

Initialize the parameters popsize Max_iteraition;
Initialize the positions of slime mould X;(i = 1,2,...,n);
While (t < Max_iteraition)

Calculate the fitness of all slime mould;
Update bestFitness, X,

Calculate the W by Equation (3);

For each search portion

Update p,vb, vc;

Update positions by Equation (5);

End For

t=t+1;
End While
Return bestFitness, Xp;

2.2.2. Benchmark Trainers

Inspired by Henry’s law, the HGSO is one of the most recent metaheuristic algo-
rithms. It was developed by Hashim, Houssein, Mabrouk, Al-Atabany and Mirjalili [57]. A
modified version was also designed by Hashim et al. [61]. Also, the HGSO was used by
Cao et al. [62] for optimizing the parameters of a regression SVM model. In this algorithm,
the position and a so-called characteristic “partial pressure” are initially assigned to each
gas. The gases are then clusterized into a number of groups. The identification of the best
gases is then carried out. Based on the specific rules of the algorithm, the position and
solubility of each gas are updated toward raising the quality of the solution. It is worth
noting that updating the worst particles is also considered as a measure for escaping from
the local optimum. The algorithm is mathematically detailed in relevant studies like [63,64].

The second benchmark algorithm is the HHO that was designed by Heidari, Mirjalili,
Faris, Aljarah, Mafarja and Chen [56]. The HHO has shown high applicability for various
complex problems like analyzing landslide susceptibility [65] and slope stability [66].
The basis of this algorithm is the cooperative interaction between Harris” hawks for a
shocking hunt that comprises tracing, encircling, approaching, and attacking. These steps
are devised in three major stages. The first one is named exploration dedicated to seeking
and discovering the prey. The two next stages are based on the energy of the prey. After
transforming from exploration to exploitation, the attacking measures are taken in the
exploitation stage. For more explanations about the HHO, please refer to [67,68].

2.3. Accuracy Indicators

To assess the performance of the developed models, two error indicators of RMSE and
mean absolute error (MAE) are used. In addition, the Pearson correlation coefficient (R) is
defined to reflect the agreement between the products of the networks with target values.
This index can be in a range of [-1, +1]. Taking K as the number of data and CSC; , . and
CS CiW sierea 35 the expected and modeled CSC, respectively, Equations (6)-(8) formulate the

RMSE, MAE, and R.

2
1 K
RMSE = E 1 [(csciuhserved - Csciﬂ’fdiC[”d)] ! (6)
i=
1 K
MAE = Ekzl‘cscj(7bscrvad B CSCiP’“diff“d ! 7
X L _
= (CSC,‘WM,.CM - Cscpredicted) (Csciohswved - Cscobserved)

R= )]

K — 2 el 2.
\/’Zl (Cscipredic,ed - Cscpredicted) \/ A (CSCinbserwd - CSCohserved)
i= i=
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3. Results and Discussion
3.1. Model Configuration and Training

In this work, the efficiency of the SMA scheme for the CSC modeling is examined.
As explained, this algorithm plays the role of a trainer for an ANN processor. Composed
of eight, seven, and one neuron(s) in the input, hidden, and output layers, respectively, a
three-layer multi-layer perceptron (MLP) [69] serves as the ANN used for being hybridized
by the SMA. The topology of the used ANN is obtained after trying various cases and
it is presented in Figure 4. In order to form the problem function, the proposed ANN is
represented by its mathematical form where it is fed by training samples. In the neurons of
the hidden layer, the inputs are received from the former layer, and weight is determined for
each one. The neuron then adds a bias to the value resulting from this multiplication [70].
The activation function is a significant element of the ANNSs that is eventually applied to the
calculations of each neuron to release the main response. In this work, Tansig and Purelin
are considered the activation functions of the hidden and output layers, respectively.

Input nodes Hidden nodes Output node

Cement

Figure 4. The used ANN topology.

Like other metaheuristic algorithms, the SMA tries to augment a random candidate
solution during the implementation. It is fulfilled by an iterative procedure until either
the desired goodness or the maximum number of iterations is satisfied. Figure 5 shows
that each population size of the SMA has minimized the objective function (training RMSE
in this case) in predicting the CSC. For this research, the values of the objective function
(on the y-axis) reflect the RMSE of training in each iteration. Noticing the initial and final
objective function values, this figure shows that the SMA algorithm has great potential in
reducing the error of ANN training.

Table 2 provides the latest RMSEs of the tested configurations of the SMA. The same trial
and error were performed for the HGSO and HHO as well. According to this table, although
the final RMSEs of all population sizes are close, the differences can still reflect the eminent
effect of population size. The best response of SMA, HGSO, and HHO algorithms is obtained
for the population size of 400, 200, and 400, respectively. These configurations are selected to
represent the SMA-ANN, HGSO-ANN, and HHO-ANN in the subsequent sections.
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Figure 5. The results of testing different population sizes for the SMA algorithm.

Table 2. Optimal RMSEs obtained for the tested configurations.

Population Size

Algorithm
10 25 50 75 100 200 300 400 500
SMA 8.7830 8.1813 8.4056 7.9688 8.2738 8.0212 8.1812 7.3831 7.4055
HGSO 12.8753 11.0752 11.7703 11.4388 11.4658 9.0477 10.4068 11.0786 10.1627
HHO 11.6988 11.1059 11.4161 11.1815 10.7291 10.4342 10.7521 10.2017 10.4970

3.2. Accuracy Assessment

It was mentioned that the learning process was based on the training data. It means
that the RMSEs reported in the previous section correspond to the training results. Thus,
the proposed SMA-ANN achieved an RMSE of 7.3831 in grasping the CSC behavior. Also,
the MAE was 5.7885. Figure 6 shows the histogram chart of the errors in this phase. The
word error refers to the simple difference between the CSC; |~ and CSC,-W dieteq OT €ach
of the 824 data. In Figure 6, it can be seen that the error values follow a normal distribution,
meaning that the higher the error magnitude, the lower the frequency. In general, this
indicates desirable prediction results for all used models.

The RMSE and MAE for the benchmark models indicate a lower quality of training for
the ANNS trained by the HGSO (9.0477 and 7.1566, respectively) and HHO (10.2017 and
8.2355). Since the training error represents tuning the weights and biases of the ANN, it
can be deduced that the SMA algorithm found a more suitable matrix of these parameters.

184



Buildings 2023, 13, 1852

80

Error Mean = 0.011912, Error St.D. = 7.3876 Error Mean = -0.91448, Error St.D. = 9.0068

50

Frequency
w IS
] &

n
S

Frequency
s
151

-5 o 5 10 15 20 25 30 -30 -20 -10 0 10 20
Error value Error value

(@) (b)

Error Mean = -0.076095, Error St.D. = 10.2076

Frequency

-10 0 10 20 30

Error value

(9
Figure 6. The histogram of training errors for (a) SMA-ANN, (b) HGSO-ANN, and (c) HHO-ANN.

Figure 7 shows the correlation charts of the training results. Visually, it is seen that all
three charts show an acceptable correlation for the used models. However, the products
of the SMA-ANN are in better agreement with the ideal situation (line Y = T). Also, the
calculated R indices indicate an 89.37%, an 84.42%, and a 78.46% agreement between the
expected CSCs and those estimated by the SMA-ANN, HGSO-ANN, and HHO-ANN.

The CSC pattern derived in the training phase was used to predict the CSC for 206
samples considered for evaluating the generalizability of the mapped relationship. A
comparison of the modeled CSC with the estimated values is shown in Figure 8. This figure
illustrates that all three models have shown good sensitivity to the changes and fluctuations
in the CSC pattern.

With an RMSE of 8.1321, as well as an MAE of 6.1361, the SMA-ANN could re-
produce the CSC with a good level of accuracy. Similar to the training phase, the pro-
posed model achieved a larger accuracy in comparison with the benchmarks of the
HGSO-ANN (RMSE = 9.9893 and MAE = 7.6427) and the HHO-ANN (RMSE = 11.5099 and
MAE = 9.1671). Moreover, an agreement was observed between the training and testing
results, meaning the better the model is trained, the more accurate outputs it produces.

Testing outputs are also depicted versus the expected CSCs in the form of correlation
charts in Figure 9. Referring to the chart of the SMA-ANN, it can be said that this model
can present a reliable prediction of the CSC for stranger conditions. In other words, the
captured pattern is properly generalized to testing data. The calculated Rs for the models
were 0.8902, 0.8278, and 0.7583, which demonstrates the superiority of the SMA over both
HGSO and HHO.
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Figure 9. The correlation of testing results for (a) SMA-ANN, (b) HGSO-ANN, and (c) HHO-ANN.

Assessing the training and testing results together, it can be concluded that the used
metaheuristic algorithms (i.e., SMA, HGSO, and HHO) performed suitable optimizations for
adjusting the weights and biases of the ANN during the training process. These optimized
parameters were used to create potential ANNSs that could reliably predict the CSC.

3.3. A CSC Formula

As discussed, the better performance of the SMA points out the higher capability of
this search scheme in tuning the ANN parameters including connecting weights and the
bias of each neuron (Figure 4). The process by which the SMA-ANN estimates the CSC is
summarized in Equation (9). It indicates applying the weights (i.e., [LW]) and bias (i.e., [b2])
of the output neuron to the response coming from hidden neurons. Likewise, this response
is produced via multiplying the inputs (i.e., [I]) by the corresponding weights (i.e., [[W])
added to the bias vector (i.e., [b2]) and eventually applying Tansig (x) = HL%ZX — 1 as the
activation function.

CSC = [LW] * (Tansig ((IW] * [I]) + [b1])) + [b2]. ©)

The terms used in the above equation are acquired based on Table 3:
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Table 3. The parameters of the predictive formula in Equation (9).

Parameter Value

0.1381  —0.5092  0.7425 0.9454 0.9959 0.0459  —0.2287  0.6467
—0.1934 -1.1992 -0.8799 —0.1856 —0.0123  0.3267 0.1319  —0.8830
—0.1269 0.1029 —-1.0653 0.0773 —0.5025 —0.8111 —1.0077  0.3078
—0.7477 —0.5067 04525 —0.3054 —0.8152 0.8423 —0.6242 0.5573

0.1034 0.8107 0.4600 —0.0100 —0.8089  1.1472 0.4757  —0.3344

0.7039 0.9927 0.1850 0.0316 —0.0522 0.8930 —0.8899 —0.2825
—0.1854  0.9990 0.6670  —0.2774 —0.2457 —0.5999 0.6380  —0.8981

Iw

Cement

BFS

I FA1
water

SP

CA

FA2

Age

—1.7855
1.1903
0.5952
0.0000
0.5952
1.1903

—1.7855

LW [04433 07756 0.4244 08918 —09618 0.0239 —0.4702]
b2 [0.7595]

bl

3.4. Importance Analysis

Owing to the fact that there are various influential parameters for determining the
CSC [71-73], analyzing the importance of the input parameters is a significant step, espe-
cially when it comes to machine learning applications. To attain it, the principal component
analysis (PCA) technique [74] is used within the IBM SPSS Statistics 22 environment. This
technique creates some components, each representing an independent combination of the
existing inputs. An eigenvalue is calculated for each component, and if the eigenvalue
exceeds the threshold = 1, it means that the corresponding component is significant [75].
Figure 10 shows the calculated eigenvalues.

Scree Plot

25

Eigenvalue

0.0

T T T
1 2 3 4 s

el
-
@

Component Number

Figure 10. The scree plot of the PCA analysis.
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According to this figure, four components acquired eigenvalues > 1. Based on further
statistics, these four components account for an around 75.6% variation in the dataset.
Table 4 presents the rotated component matrix, giving details of these components obtained
from the varimax rotation method. Based on the earlier literature, two thresholds of +0.75
and —0.75 can be considered for identifying the most significant inputs [76,77]. Therefore,
the inputs with loading factors lower than —0.75 and greater than +0.75 are shown with
red and blue colors, respectively. Eventually, it is found that the PCA analysis suggests
Cement, BFS, Water, SP, and CA as the most important inputs.

Table 4. Rotated component matrix obtained from varimax rotation method (loading factors lower
than —0.75 and greater than +0.75 are shown with red and blue colors, respectively).

Inputs Component
1 2 3 4
Cement 0.084 0.940 0.196 0.047
BFS 0.033 —-0.076 —0.922 0.234
FA1 0.269 —0.662 0.384 0.032
Water —0.878 —0.016 —0.247 0.056
SP 0.781 —0.003 0.094 0.391
CA 0.028 —0.041 0.152 —0.939
FA2 0.334 —0.265 0.470 0.342
Age —0.613 0.168 0.257 0.205

3.5. Further Discussion and Future Studies

The models that were suggested in this work could achieve a reliable early analysis of
the CSC based on the effects of mixture characteristics including cement, BFS, FA1, water,
SP, CA, FA2, and age. However, it is worth discussing that the suggested model, i.e., the
SMA-ANN, has achieved significant improvements with respect to some of the previous
studies [43,52-54]. Table 5 compares the accuracy indices of this study to those that were
commonly used in the cited studies. The respective RMSE and MAE of the SAM-ANN
were 8.1321 and 6.1361, which are comparably smaller than those in the mentioned studies.
Likewise, the R index was 0.89028, which is higher than the corresponding correlation
indices in previous studies. This comparison indicates that the SMA-ANN outperformed
several single and optimized versions of the ANN model. In other words, the results of
this study add a capable methodology to the field of CSC prediction.

Table 5. Comparing accuracy indices with some previous studies.

CSC Range Correlation
Study (Mpa) Model RMSE MAE R & R?)
This study [2.33, 82.60] SMA-ANN 8.1321 6.1361 0.89028
ANN-HGSO 9.5248 7.8632 0.87394
[52] [4.23, 96.30]
ANN-SFO 8.5728 7.0550 0.87936
ANN-SCA 10.0340 7.8248 0.80249
[43] [2.33, 82.60]
ANN-CFOA 9.8392 7.6538 0.79832
BP-MLP
[53] [2.33, 82.60] (Single ANN) 8.2675 6.2103 0.788
BP-MLP
. 8.9753 6.8112 0.7442
[54] [2.33, 82.60] (Single ANN)
SCE-MLP 8.3540 6.4657 0.7876
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Nowadays, concrete is being used in many parts of the construction industry [78-80].
Hereupon, it is important to exploit efficient ways towards practical usage of the suggested
models. In this sense, it can be explained that these models provide reliable, non-destructive,
and cost-efficient approaches for predicting the CSC which is a non-linear and complex
mechanical parameter of concrete. Engineers may use intelligent models in order to achieve a
reliable design of the concrete mixture with respect to the desired CSC. Another application
can be evaluating the sensitivity of the CSC to a specific mixture ingredient. For instance,
engineers may be interested in assessing the variation of CSC with the changes in cement
characteristics. Also, the results of the PCA analysis can be considered for this purpose,
because this analysis revealed that Cement, BFS, Water, SP, and CA have the greatest influence
on the CSC. To sum up, since the behavior of the CSC has been nicely understood by the
models, they are applicable to predict this parameter for various mixtures without the need
for conducting destructive and time-consuming laboratory tests.

Notwithstanding the advancement achieved in this study, there are some limitations that
can be considered for conducting future studies. For instance, the proposed methodologies
(i.e.,, SMA, HHO, and HGSO) can be compared to newer metaheuristic algorithms for further
improving the solution. Another idea can be applying the results of the PCA analysis to
reduce the dimension of the problem. More clearly, since the used dataset consists of a large
number of inputs, reducing them can result in a less complicated ANN network, and enhance
the prediction efficiency. Based on the PCA results, future studies are recommended to predict
the CSC by considering the effect of Cement, BFS, Water, SP, and CA and disregarding FA1,
FA2, and Age of the mixture. The results then can be compared to those of the present study
to determine whether this idea can improve the accuracy of prediction.

4. Conclusions

In this work, a novel search method based on the foraging actions of slime mold
was tested for training a popular neural system applied to the prediction of concrete
compressive strength. The SMA trained an 8 x 7 x 1 MLP neural network by relating the
CSC to eight influential factors. The results were evaluated for the training and testing
phases using three accuracy indicators. The obtained RMSEs (7.3831 and 8.1321, 9.0477
and 9.9893, and 10.2017 and 11.5099 for the training and testing phases of the SMA-ANN,
HGSO-ANN, and HHO-ANN, respectively) demonstrated the superiority of the proposed
technique over two recently developed colleagues in both grasping and reproducing the
CSC behavior. The above 89% correlation between the expected and estimated CSCs
showed that the SMA-ANN can be a promising predictive model for practical applications.
Comparison with the literature disclosed the higher accuracy of the suggested SMA-ANN
against some previously used models. The final solution was translated into a mathematical
format to provide a reliable and convenient formula for predicting the CSC. Moreover, the
PCA importance assessment revealed that Cement, BFS, Water, SP, and CA are the most
important ingredients of the concrete for predicting the CSC. In the end, some ideas were
suggested to cope with the limitations of the study in future projects.
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Abstract: Flood triggered by heavy rains and typhoons leads to extensive damage to land and
structures putting rural communities in crucial condition. Most of the studies on risk assess-
ment focus on environmental factors, and building attributes have not been given attention. The
five most expensive typhoon events in the Philippines were recorded in 2008-2013, causing USD
138 million in damage costs. This indicates the lack of tool/s that would aid in the creation of
appropriate mitigation measure/s and/or program/s in the country to reduce damage caused by
typhoons and flooding. Hence, this study highlights a structure vulnerability assessment approach
employing the combination of analytical hierarchy process, physical structure attributes, and existing
flood hazard maps by the local government unit. The available flood hazard maps were layered
into base maps, and building attributes were digitized using a geographic information system. The
result is an essential local scale risk map indicating the building risk index correlated to the structural
information of each exposed structure. It was recorded that of 3094 structures in the community,
370 or 10.25% were found to be at moderate risk, 3094 (76.79%) were found to be high risk, and
503 (12.94%) were very high risk. The local government unit can utilize the resulting maps and
information to determine flood risk priority areas to plan flood mitigation management strategies
and educate people to improve the structural integrity of their houses. A risk map gives people an
idea of what to improve in their houses to reduce their vulnerability to natural disasters. Moreover,
the result of the study provides direction for future studies in the country to reduce loss and enhance
structure resiliency against flooding.

Keywords: AHP; building attributes; flood; risk assessment; GIS

1. Introduction

Only a few studies analyzed the risks of flood disasters based on buildings attributes,
and risk assessments mostly focused on earthquakes [1], seismic areas [2], and debris
flow [3]. Some studies have focused on tackling aftermath scenarios such as building dam-
age loss [4], building damage assessment [5], building asset value [6], level of damage [7],
and building vulnerability [8] that lack primitive information about the risk level these
structures were at prior to the occurrence of the disaster. Some approaches have also been
introduced in describing the risk of building systems that require sufficient and comprehen-
sive knowledge, for example, using LiDAR data [9], vulnerability curve [8], indicator-based
methodology [10], rapid visual screening [11], and a probabilistic approach [1]. Another
study [12] of mapping the risk of a building to flood was conducted by combining flood
frequency analysis, estimation of inundation depth, and damage to loss estimation, which
involve substantial information that is seldom available.
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Extreme weather conditions stem from the tropical climate change effect, and many
uncontrolled anthropogenic activities have converted major causes of flooding in the
human ecosystem [13,14]. Floods are caused by inadequate natural paths and drainages
to control the overflowing of waters during excessive rainfall or super typhoons [15]; the
capacity of these natural drainages was also affected by the rapid change of land use in
the area [16] that reduces land infiltration. Flooding is a devastating natural disaster that
frequently happens in the Philippines [17], causing severe damage to land, numerous
buildings, and rural communities [18-20]. The flood events that happen in several Asian
countries, including China [18], Taiwan [21], Vietnam [22], Indonesia [23,24], Malaysia [25],
and Sri Lanka [26], cause losses to both life and property annually. Significant losses,
due to flooding, of billions of dollars were also reported in European countries, including
Germany [27], Serbia [28], and Greece [29]. Situated in a region with a typical climate and
geophysical tempest, the Philippines inevitably suffers from different calamities and is a
hotbed of disaster [30]. The country is exposed to typhoons yearly, and flooding is one
of the most frequently occurring natural hazards that put lives and properties at risk for
affected communities [16,31]. Table 1 presents the list of the costliest typhoon events that
happened in the country.

Table 1. Summary of the costliest typhoon events in the Philippines.

No. Typhoon Name Year Damage Cost (in USD) Reference
1 Bopha 2012 753.6 million Yu et al., 2013 [32]
2 Haiyan 2013 714.3 million Serifio et al., 2021 [33]
3 Parma 2009 487.5 million Nolasco-Javier et al., 2015 [34]
4 Nesat 2011 267.9 million Porio et al., 2121 [35]
5 Fengshen 2008 241 million Bagsit et al., 2014 [36]

The global community demands action to focus on and achieve disaster risk reduction
for people exposed to such occurrences. To accomplish this, society needs to understand
the nature of flooding and typhoons’ risks to these communities and their homes [16].

Natural hazards risk assessment involves different data on the built environment
such as cities, buildings, urban spaces, walkways, roadways, etc., in terms of land use and
land cover [37]. The flood risk assessment (FRA) identifies at-risk communities and sup-
ports mitigation decisions to augment investment benefits. High-resolution flood models
and precise lot information are essential for flood risk analysis to estimate dependable
outcomes for planning, preparedness, and decision-making applications [38]. However,
the quantitative building risk assessment is still less studied, as the focus of most of the
risk studies is mainly on people. Previous research studies focused on flood disasters’
impacts on people, land, and agriculture. There are few studies about the vulnerability
of a structure itself against disaster and the possible effects of flooding in the design of
structures were not considered. Structures serve as the first line of defense against disasters
so there is really a need to focus a risk assessment on structures too and this could help
local government provide some regulations in issuing building permits in high-risk zones
to ensure the resiliency of structures that are to be constructed. With the use of advanced
technologies nowadays, such as remote sensing and geographical information system [39],
it has become much easier to collect and analyze location-based data and combine them
with other spatial data to provide significant results. Due to these technologies, it is feasible
to obtain data on building parameters in a large community, making a risk assessment of
buildings much easier and faster [40].

Exposure identification of lives and properties is vital in any risk assessment connected
to a natural disaster. Many of the houses constructed in rural areas in the Philippines are
made of light materials that are always vulnerable to the effects of flooding disasters [41].
The exposure of residential buildings as the smallest unit in rural and urban spaces to plu-
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vial flooding might result in damages if they were not designed properly [40,42]. The build-
ing design is one of the most critical parameters in flood risk assessment [43]. Basement
windows, doors, and underground garage entrances are familiar places where floodwater
can accumulate in a building. Many buildings have already considered preparing and
designing their structures to cope with the threat of flooding, but others are still not giving
any importance to it. Therefore, evaluating the risk level a building is exposed to is very
important to educate people on how to properly design their houses to be more resilient
against flooding. Their houses are basically their first line of protection against this disaster.
Identification of at what risk level a particular building would require information related
to its structural integrity such as heights of the doors, windows, installation, materials used,
and age of the structure, to name a few [44].

Comprehensive FRA would require reliable flood hazard data to identify locations
very susceptible to flooding, which significantly affects the risk computation [45]. The
Sendai Framework was used in the study to determine the risk level [46] structures are at
by combining buildings” hazard, vulnerability, and exposure attributes. This framework
is usually used in disaster risk reduction management (DRRM) assessment and provides
quantifiable parameters for estimating risk levels in a community. However, this study
used the Sendai Framework to focus on building exposure and is not specific to people.
Identifying the risk level of a certain structure could also raise awareness among people
on how to improve the resiliency of their houses against disasters. The compilation and
evaluation of disaster damages under the Sendai Framework develop an understanding of
the efficiency of implemented disaster risk reduction policies by the local government [47].
In addition, studies [48-50] have been conducted utilizing the framework considering
different parameters from its components (hazard, vulnerability, and exposure).

The geographic information system is vital in flood risk assessment because the
evaluation process requires spatial information [51]. This tool was proven to be effective in
combining spatial information and gathered field data to provide better results. It saves
human, physical, and financial resources in mapping flood disaster information [6]. In
the Philippines, GIS is one of the leading technologies used nationwide for modeling and
mapping flood hazards together with remote sensing (RS) [52]. Several studies successfully
utilized GIS in assessing flood risk in building and rural housing in Canada [53] and
China [54].

The multicriteria decision-making (MCDM) or multicriteria analysis (MCA) proves
that it can hold distinctive assessments on identifying factors or parameters of a composite
decision, organize the aspects into a hierarchical tree, and analyze the relationship of
elements for the identified risk [55]. Many methodologies have been recommended for
MCA, but the analytical hierarchy process (AHP) is the most popular and reliable tool for
resolving flood risk assessment studies [56]. Several studies commenced in different Asian
regions that utilized AHP in FRA studies, including Central Asia [57], South Asia [58-60],
West Asia [61,62], East Asia [63-66], and Southeast Asia [67-70]. Local studies in some areas
of the Philippines, such as Romblon [49], Quezon Province [71], and Davao Oriental [72],
made use of AHP as part of their risk assessment methodology. The popularity of using
AHP-based research studies caused it to be more straightforward in creating a model of
indecision without compromising the subjective and objective features of the valuation
procedure [73].

The preceding local study [49], illustrated and focused only on the spatial distribution
of flooding in the municipality. With the result of this study, the local government unit can
use the maps to determine flood risk priority areas and inform people about the current
state of their buildings/houses against the effect of flooding. Furthermore, the result of the
study delivers direction for upcoming research in the country to condense loss and improve
building resiliency. The GIS-based flood risk assessment approach focuses on buildings and
not on people by evaluating building attributes. A building flood risk map was developed
to identify the level of risk the structures in the community are at. It could be used to
educate people on how to make their houses more resilient to floods and could help LGU
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to revise its land use plans. This study answers the gap in doing risk assessment focusing
entirely on the vulnerability of structures which could provide references to reduce loss of
life and property, and enhance community resiliency during flooding.

2. Materials and Methods
2.1. Study Area

The municipality of Odiongan, with coordinates of 12°24'4.88” N, 121°59’2.17"" E is one
of the progressive municipalities in Romblon. The said municipality, representing 12.11%
of the entire Islands Province of Romblon, has a land area of 185.67 square kilometers.
The study focused on the town proper and nearby barangay in the low-lying plains [51].
Figure 1 shows the imagery map of Odiongan with its barangay administrative boundaries.

Luzon

Manila

0diongan

Fhilippines

SantalFe

Carabao/lsland.

Figure 1. Location of the study area, Odiongan, Romblon, Philippines (12°24/4.88" N, 121°59'2.17" E).

According to the Corona climatic categorization system, Romblon has a climate type
III, typically dry from January to May but without a clearly defined wet and dry season.
The annual precipitation for the municipality of Odiongan is 1811 mm, wherein July has
the highest average precipitation while February has the lowest [74]. Based on the 2022
cities and municipalities competitive index of the Department of Trade and Industry (DTI),
the municipality of Odiongan ranked 81st out of 512 1st to 2nd class municipalities in terms
of the infrastructure criterion, which includes components such as road network, distance
to ports, availability of essential utilities, vehicles, education, health, local government
unit investment, accommodation capacity, information technology capacity, and financial
technology capacity. Considering the resiliency criterion, the municipality ranked 170th
out of 512 1st and 2nd class municipalities in the country, which includes components
such as a land use plan, disaster risk reduction plan, annual disaster drill, early warning
system, budget for disaster risk reduction management, local risk assessments, emergency
infrastructure, utilities, employed population, and sanitary system [75].

2.2. Methods of Assessing Flood Risk on Buildings

In this study, the Sendai Framework was employed to determine parameters for
assessing flood risk levels focusing mainly on building exposure using the spatial and
gathered field data. The conceptual framework used in this study is presented in Figure 2,
showing the processes used and the relationships of identified parameters.
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Figure 2. The study’s methodological framework in assessing building flood risk.

Figure 2 presents the framework used in the study. Parameters in the assessment were
identified through the literature review as shown in Table 2, the weights in determining
hazard, vulnerability, and exposure indices were identified using an analytical hierarchy
process with the help of experts consulted in this field. Data were collected through field
data collection and remote sensing techniques. All these data were overlayed to produce
a flood risk map focusing on the buildings that considered the three components of risk
assessment, such as (a) hazard, (b) vulnerability, and (c) exposure [76].

Table 2. Different parameters, data types, duration/year, and sources were used in the study.

Parameters Data Type Duration/ Source References
Year
Hazard Parameters
Philippine Atmospheric,
. . Geophysical and
Annua! Average Interpola.ted Climatological 2020 Astronomical Services [77-79]
Rainfall Normal using Isohyetal Method . .
Administration
(PAGASA)
Generated from IfSAR Digital Na;;?ileﬁiﬁféng
Slope Terrian Model (DTM) using 2013 . [51]
lope tool in CIS Information
siope too Authority (NAMRIA)

. Generated from IfSAT DTM
Flevation using field contour tool from GIS 2013 NAMRIA (78]

Raster file derived from existing
Flood Depth FRA study in Odiongan, 2022 Previous study [78]
Romblon
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Table 2. Cont.

Duration/

Parameters Data Type Year Source References
Vulnerability Parameters
Average Income Average income per barangay 2020 Previous study [51]
Gender Ratio Barangay men—to.- women 2020 Previous study [51]
gender ratio
Land Cover Land cover map 2020 NAMRIA [80,81]
Roofing Material Roofing material per building 2022 Field data [82,83]
Flooring Material Flooring material per building 2022 Field data [82]
Interior Walling . ol .
Material Wall material per building 2022 Field data [82]
Number of Floors Number of floors per building 2022 Field data [84-86]
Types of Fencing . . — .
Material Fencing material per building 2022 Field data [86]
Age of Building Age of building structure 2022 Field data [84-86]
Total Height of . a1 .
Building Earth to roof height per building 2022 Field data [82]
Types of Windows Window types per building 2022 Field data [82]
United Nations Office for the
. . Coordination of
Distance to River Shapefile chpp'ecl from water 2015 Humanitarian [78,86]
courses (river) map Affairs (OCHA)
Philippines
Exposure Parameters
s . Area of buildings in 50 m by .
Building Density 50 m land area 2022 Field data [78,87]
Number of Buildings Number of buildings in 50 m by 2022 Field data [51]
50 m land area
Use of Building List of building types according 2022 Field data [80,88]

to use

The study used annual average rainfall, slope, elevation, and flood height for hazard
parameters that pertain to the parameters that promote menace to buildings. Vulnerability
parameters, on the other hand, consider the ability of the building and the people living in it
to cope with the identified hazard. The following were used as parameters in determining
the vulnerability of buildings: average income, gender ratio, land cover/use, roofing
material, flooring material, walling material, number of floors, types of fencing material,
age of the building, the total height of the building, types of windows, and distance to
river bodies. Last is the exposure parameters, which consider the elements that might
be hazardous, including population density, number of households, and buildings. All
parameters with the data type and sources are shown in Table 2.

2.2.1. Building Flood Hazard Parameters

The risk assessment for buildings against flooding should be constructed based on rele-
vant flood hazard indicators defining the impact on the surrounding areas. The parameters
are as follows:

1.  The study utilized the annual average rainfall map from the previous study [58],
where rainfall was plotted on a base map with different stations using the isohyetal
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method. The study used the climatological normal records from long-term averages
over 30 years of PAGASA weather stations with corresponding coordinates.

2. The slope map was prepared using the IfSAR DTM from NAMRIA and the spatial
tool in the GIS application platform [89]. IfSAR has a pixel size of 5 m x 5 m which is
enough to provide accurate measurement of the slope in the area.

3. The elevation is one of the most significant factors contributing to flood hazards. Due
to gravity, water flows from higher to lower elevations; therefore, low-lying areas
are more prone to experience higher and longer flood duration [90]. The GIS Field
Contour tool was used to process the IfSAR DTM from NAMRIA.

4. The flood susceptibility map is the most crucial parameter in hazard assessment [91].
The MGB map and modeled flood map in the study of Gacu et al. [51] were used
as data for flood height. These flood susceptibility maps were based on a 100 years
return period with four susceptibility levels as follows: low susceptibility to areas
that could experience flood height of less than 0.5 m, moderate susceptibility for flood
heights between 0.5 and 1 m, high susceptibility where flood heights are expected to
reach 1 to 2 m, and last is very high susceptibility for those areas that could experience
flood height of greater than 2 m [92].

2.2.2. Building Flood Vulnerability Parameters

Vulnerability parameters considered in this study include the evaluation of the re-
siliency of the building based on its design and materials used. Human factors were also
considered as part of the vulnerability assessment to identify the capability to repair or
improve the integrity of the building against flood disasters. Existing demographics, spatial
maps, and field data were gathered through various government agencies. Field data
gathering was conducted to investigate the actual state of the structures in the area.

1.  Demographic data from barangay profiles, such as average income and gender ra-
tio, were considered in the study to determine the ability of the people to provide
maintenance and repair of their houses. Average income provides the capability of
the people to spend on repair and maintenance while the gender ratio gives an idea
of how many members living in that building could provide the manpower needed
for the repairs.

2. Building attributes were surveyed manually to collect data such as building materials
used, structural orientation, age, and physical dimension. The assessment focused on
the building’s most used material/attribute. House-to-house surveys were conducted
strategically to capture data that would best represent the totality of the community.
These data were digitized using GIS software to combine with other spatial data and
produce a deeper assessment of building vulnerability.

2.2.3. Building Flood Exposure Parameters

Exposure parameters pertain to life and property features that could be exposed to
flooding events. However, the focus of this study is to have a deeper exposure assessment
of buildings to flood hazards. The determined exposure elements were building density,
number of buildings, and type of building. Data for these exposure elements were taken
from the field data.

2.3. Assessment of Parameters Using AHP

Identified parameters for hazard, vulnerability, and exposure components were as-
sessed using pairwise comparison and AHP to determine the weights of each parameter
based on experts’ judgment [93]. Ten (10) experts in the field of DRRM participated in
assessing the relevance of one parameter over the other presented in a matrix. Each param-
eter was graded by experts using the pairwise comparison to identify how significant it is
over the other. A nine-point intensity matrix was used in the questionnaire to identify the
degree of significance of one parameter over the other.
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For the derivation of overall relative weights, the relative significance was calculated
with the normalized values for each criterion and parameter. Normalized values for each
criterion and indicator in their respective matrices originated by dividing each cell into
its column, resulting in a total column of one (1) for each criterion and indicator. Weights
were computed by getting the mean of the rows of the matrix. The final relative weights
of the indicators were described by computing the product’s linear combination (L.C.)
between the relative weight of each criterion and the indicator for the specific criterion. The
decision makers choose the best according to the indicators” overall weights if the experts’
knowledge is recognized as consistent. Equation (1) shows the mathematical expression for
the number of combinations.

c={cli=12,...,n} (1)

The pairwise comparison on # criteria can be simplified using the matrix (A) in which
every element is the quotient of weights of the criteria given in Equation (2).

air a2 ot Aip
az1  dz - Azp 1
A=| . | c|oai=1 0 =—, a5 #0 (3]
. . .. : (1]'1'
Anl An2 - Ann

For the last mathematical process, relative weights per matrix were identified and
normalized. The right eigenvector imparts the relative weights (w) following the highest
eigenvalue (Amax) as in Equation (3).

Aw = Amax (3)

If the pairwise comparisons were consistent, the matrix A has rank one and
Amax = 1; the weights can be generalized by normalizing any of the rows or columns
of A. The relativeness between the items determines the consistency, and the consistency
ratio (CI) is assumed by Equation (4).

()\max - ”) ( 4)
(n-1)
The final consistency ratio (CR), which permits the decision maker to accomplish

whether the assessments are passably accurate, is computed as the CI divided by the
random index (RI) quotient, as shown in Equation (5).

CI
CR = i (5)
In the last calculation, this step tells if the proportion exceeds 0.1; the judgment is
considered inconsistent. So, a consistency ratio must be below 0.1 or 10%. The process is
repeated if the judgment is unpredictable until the CR is within the wanted percentage,

then the decision maker develops a conclusion concerning the assessment results.

Cl =

2.4. Development of Building Flood Risk Map

AHP and building flood risk assessment results were put into maps for better presenta-
tion and appreciation. According to Rincon et al., maps’ flood risk helps people appreciate
its value [82,94]. In determining the priorities among the decision elements, feature weights
were assigned to each parameter. Levels were reclassified and normalized into one (1) for
the least important and five (5) for the most important. After the identification of weights,
data of each parameter were combined and overlayed in a map using GIS. A risk level
for each element was then developed after combining the weights, data, and attributes.
The process proceeded to overlay the three (3) criteria maps (hazard, vulnerability, and
exposure) with equal weights producing the building flood risk map. The resulting maps
were validated based on existing flood assessments and historical flooding event records.
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3. Results
3.1. Spatial Mapping of Risk Parameters

Parameters identified from the literature reviews and collected data were processed
and presented into maps. Data for each parameter were gathered from different government
agencies, previous studies, and field surveys. Spatial maps have a 1:30,000 scale for better
visualization. There were 3976 buildings/structures assessed in this study that were
analyzed spatially to determine the risk level of each against flooding.

3.1.1. Building Flood Hazard Parameters

Hazard parameters in this study were identified from the literature review and listed
as the following: average annual rainfall [77-79], slope [51], elevation, and flood height [78].
Figure 3 shows the map of hazard parameters for the town proper of Odiongan, Romblon.
Figure 3a presents the annual average rainfall using the isohyetal method in three (3) levels
in which the rain intensifies from east to west of the study area. The majority of Odiongan
municipality experiences an annual rainfall of 2230 mm where 3250 structures are affected,
this most likely causing flooding problems in the area. There were also 560 structures that
were inside the area experiencing annual average rainfall of 2240 mm and then 157 with
2220 mm.
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Figure 3. Generated maps from ArcMap in building flood hazard parameters: (a) average annual
rainfall map, (b) slope map, (c) elevation, and (d) flood height map of the municipality of Odiongan.
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Slope maps of the study area were categorized into five levels: <40, 19-30, 9-18,
4-8, and 0-3 with legends of green as high elevation to red as low elevation as shown in
Figure 3b. The town proper itself where the majority of the residential and commercial
buildings are located has a slope of 0-3 degrees covering 2762 buildings, a lower slope
provides slower water velocity that could lead to water stagnation and a higher chance
of flooding.

Figure 3c on the other hand shows the elevation map of the project site. Similar to
slope, elevation basically presents how high the ground is with respect to mean sea level
and is directly correlated to the occurrence of flooding and mean sea level is considered
to be the end point of all the water flowing downstream. Area with lower elevations
experiences a higher probability of flooding compared to those located in higher eleva-
tions. The elevation map was classified into five (5) categories: 0-5 m, 620 m, 21-50 m,
51-150 m, and 151 m and above. A total of 2855 (71.97%) buildings in the area are located
in regions with a ground elevation of 0-5 m above mean sea level which puts them at risk
to experience flooding.

A flood hazard map developed using hydraulic modeling combined with the suscepti-
bility map of the Mines and Geosciences Bureau is presented in Figure 3d, five hazard levels
were considered in the study, such as (1) 0-0.5 m low, (2) 0.5-1 m moderate, (3) 1.01-1.5 m
high, (4) 1.51-2 m very high, and (5) 2 m and above is considered extremely high. The map
shows essential information on flood height in the town proper of Odiongan. Areas near
the main river experience flood heights of above 2 m which puts 1720 (43.38%) buildings
near it at the most risk. There were also 1121 structures that experience flood levels from
0.5 m to 2 m. Complete records of these parameters are presented in Table Al.

3.1.2. Building Flood Vulnerability Parameters

Vulnerability analysis of buildings was based on demographics and building attributes
related to being resilient of structure to flood. Figure 4 shows the spatial maps developed
for the identified vulnerability parameters such as average income, gender ratio, land cover,
roofing material, flooring material, walling material, number of floors, types of fencing
material, age of the building, the total height of the building, types of window material, and
distance to river network. Data used in these maps were gathered through actual surveys
of building attributes on site and available records from local government units.

Figure 4a,b show the study area’s average annual income and gender ratio per
barangay zone of the municipality of Odiongan. The majority of the people in the area
have an average annual income between PHP 250,000 and 499,999 that are living in 2921
(73.63%) buildings and could be seen located in low-lying areas and near the river. This
was followed by residents living in 681 buildings that earn between PHP 60,000 and 99,999
located on the upstream part but still near the river while communities with a total of
365 buildings and earning less than PHP 40,000 annually are located on the left side of the
town and are a little far from the river. Data showed that many economic activities happen
in flat and low-lying areas since transportation is much easier which shows why many
people tend to live there even if exposed to higher risk due to flooding. Average annual
income was considered in the study as this gives people the capability to provide repairs
and improvements to their houses for protection against flooding. The men-to-women-
gender ratio was also considered as part of the vulnerability parameters since having more
men is favorable as they could do heavy work and could perform repairs of their houses if
damaged by disasters. Values do not differ across the municipality ranging from 0.8393 to
1.0377. There is a good ratio of men and women in the municipality; however, it can be
seen at the municipal center and areas near the sea that the ratio is lower meaning more
women are in those areas compared to men.
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Figure 4. Building flood vulnerability parameters in the conduct of study: (a) annual average
income, (b) gender ratio, (c) land cover, (d) types of roofing material, (e) types of flooring material,
(f) interior/exterior walling material, (g) number of floors, (h) types of fencing material, (i) age
of the building, (j) total height of the building, (k) types of window material, and (1) distance to
river network.
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Land cover was considered part of the analysis of the structure’s vulnerability in this
study. The location where a building was constructed is very important to identify how
vulnerable it is to flooding. Developed areas are more exposed to frequent flooding due to
pavements of road that reduces infiltration capability of the ground and economic activities.
The study area’s land cover classifications were extracted from the Comprehensive Land
Use Plan (CLUP) of the municipality. The following four classifications were considered:
built-up, cultivated area, brushland and tree plantation, and perennial. The map shown
in Figure 4c indicates that a total of 1425 (35.92%) structures are located in built-up areas
which is basically near the river and in low-lying areas, this shows poor planning that puts
people and structures at risk of flooding.

Materials used in the construction of each building are an integral part of its resiliency
against flooding disasters. Structures built using light materials are at higher risk to be
damaged by disasters compared to those built in concrete. An actual field survey was
conducted in this study to determine materials used in the construction of buildings
and evaluate their resiliency to flooding. Roofing material (Figure 4d), flooring material
(Figure 4e), wall material (Figure 4f), number of floors (Figure 4g), types of fencing material
(Figure 4h), age of the building (Figure 4i), the total height of the building (Figure 4;j),
and types of window material (Figure 4k) were the parameters drawn into maps with
corresponding categories and classifications. There were three thousand nine hundred
sixty-seven (3967) facilities, establishments, and residential houses considered in the field
data around the Poblacion (Ligaya, Liwanag, Liwayway, Tabin-Dagat, and Dapawan) and
others close to town barangays such us Tulay, Bangon, and Poctoy.

Figure 4d provides information about the roofing materials of buildings in the area,
95.92% or 3805 buildings have metal sheets as their roofing material, which is a good sign
that people are really investing in their houses. The flooring of these buildings was also
assessed as presented in Figure 4e, a total of 3746 buildings have already used concrete
as their flooring which is much stronger to resist the effect of flooding. Materials used in
the wall of buildings were also evaluated, 77.84% of all the buildings have used concrete
hollow blocks and the remaining 22.16% are still using light materials such as bamboo,
nipa, and plywood, this is presented in Figure 4f. Figure 4g, on the other hand, presents the
number of floors each building have, a building that has two or more floors is more resilient
to flooding compared to those with one floor. Having multiple-level structures provides
people with a place to go if the ground floor was flooded. The majority or 2763 houses in
the area have only one floor which puts them at risk if a high level of flood happens. Types
of fencing materials used by each house were also considered in the study as this provides
protection against debris brought by flood water. A total of 2807 (70.76%) buildings do not
even have a fence installed as shown in Figure 4h. The ages of buildings were also asked
during the field survey and the majority or 34.51% of all the buildings were already above
30 years old. Figure 4i provides the spatial location of buildings” age which could also be a
basis for local government to conduct structural integrity assessment for the safety of their
community. The total height of the building as presented in Figure 4j was also measured
in the study which is basically correlated to the number of floors; similarly, 49.03% (1945)
of all the buildings have a height of less than 5 m. Figure 4k presents the spatial data for
the type of window material used in buildings, 43.48% or 1725 buildings had aluminum
and glass as their window which is resilient to the effect of flood but there was still 26.64%
that used light materials such as bamboo and plywoods. The number of buildings near the
river network was also determined in the study, those buildings near the river are at the
most risk of flooding compared to those who are located further. There are even some who
literally built their house on the riverbanks themselves. Figure 41 shows the distances of
the building to the river network in four levels 100 m, 200 m, 300 m, and less than 350 m,
19.26% of all the buildings have a distance of at least 200 m from the river. These structures
are the first ones to be affected by flooding disasters in the area by location. Complete
records of vulnerability assessment of structures in the area could be seen in Table A2.
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3.1.3. Building Flood Exposure Parameters

Figure 5a—-c show the spatial data of the three (3) identified parameters for building
exposure against flood. Building density, number of structures, and type of building use
were considered as the exposure parameters. Building density was computed by getting
the percent total area occupied by buildings inside a 50 x 50 m grid land area. The majority
of the grids have a building density of 0-16% which is 65.32% of all the grids created in the
map as shown in Figure 5a. This shows that buildings are quite far from each other and not
crowding in a certain area. There were still some crowded places located inside Poblacion
with a building density of greater than 65% which is 1.32% of the total grid. The Poblacion
area basically is where economic activity in the municipality is centered. The number of
buildings were computed by counting the number of structures in a 50 m by 50 m grid as
shown in Figure 5b, 73.02% of the total grids have 1-5 structures located within. Houses
and structures in provinces are naturally built far from each other unlike in the city where
it is crowded everywhere. The highest number of buildings was observed in the center part
of the town showing a count of 19 to 23 buildings which is in Poblacion. The use of the
building was also determined during actual field data collection and used the following
categories: residential, residential /commercial, institutional, agricultural, industrial, and
infrastructure. Abandoned buildings were also considered for their unknown use. The
majority of the buildings were residential with 2911 or 73.38% of the total. Complete records
of the data gathered are presented in Table A3. Residential buildings are where people
usually live and the ones that should be evaluated to ensure the safety of the people.
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Figure 5. Result maps for building flood exposure parameters using ArcMap: (a) building density,
(b) number of buildings per grid, and (c) type of building use.
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3.2. Identification of Parameter’s Weight Using AHP

Influencing parameters were evaluated and assessed using AHP and pairwise com-
parison techniques. The decision was separated into components and was shown in a
hierarchy diagram (Figure 6) of at least three (3) levels: goal, criteria, and parameters.
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Figure 6. Hierarchy tree for AHP framework for building flood risk analysis.

The hierarchy tree consists of the uppermost place, the primary goal of developing a
building flood risk map. The next level was the criteria for generating the goal compose
of the definition of risk according to the Sendai Framework (hazard, vulnerability, and
exposure), this framework was applied here specifically to building exposure to hazards.
The lowest level included the parameters per criteria, substantially contributing to defining
the criteria maps.

The featured class and weight were assigned for each parameter, which was reclassified
and normalized using a geographic information system as shown in Table 3. Designated
values depend on the type of level or category. As per results based on ten (10) experts
inputs and calculations in AHP, the final weights (percentage weights in Table 3) were
identified for each and were ensured to give the CI requirement for the multicriteria analysis
to be reflected valid. Flood depth had the highest weight in the building flood hazard
parameters with 41.98%, almost half of the total, followed by the elevation at 30.07% then
annual average rainfall at 14.6%, and lastly, slope at 13.35%. Flood depth as expected had
the highest weight among flood hazard parameters since it directly provides information
about the intensity of flooding in a certain area. On the other hand, twelve parameters were
considered to represent the vulnerability of buildings against flooding and distance to river
had the highest weight with 27.37%, followed by the total height of the building (11.91%),
number of floors (11.55%), land cover (11.18%), age of the building (7.33%), roofing material
(5.86%), flooring material (5.54%), wall material (4.42%), average income (4.18%), type of
windows (4.02%), fencing material (3.97%), and the lowest weight of 2.67% for the gender
ratio. Distance to river had the highest weight since structures near a river are expected to
be exposed frequently to flooding while the height of the building and number of floors
came in second and third since structures with higher height and with second floors are
safer to live in. Building materials also had higher weights which showed their importance
to building resiliency against flooding. Three exposure parameters were considered in the
study namely building density, use of the building, and the total number of buildings with
weights of 43.74%, 31.29%, and 24.97%, respectively. Building density in an area had the
highest weight as it provides information on how crowded structures are in an area that
could be at risk. This was followed by the type of building, residential houses are greatly
affected by flooding which should be considered to be at a higher risk level compared to

’
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other commercial and industrial establishments. The last parameter was the total number
of buildings which provides information on the number of buildings that might be exposed
to flood which is also an important parameter in exposure assessment.

Table 3. Parameters with feature class, feature weight, and percentage weight.

Parameters Percentage Weights (%)

Building Flood Hazard Parameters

Annual Average Rainfall 14.6

Slope 13.35

Elevation 30.07

Flood Depth 41.98
Building Flood Vulnerability Parameters

Average Income 4.18

Gender Ratio 2.67

Land Cover 11.18

Roofing Material 5.86

Flooring Material 5.54

Interior /Exterior Walling Material 4.42

Number of Floors 11.55

Types of Fencing Material 3.97

Age of Building 7.33

Total Height of Building 11.91

Types of Windows 4.02

Distance to River 27.37

Building Flood Exposure Parameters

Building Density 43.74
Number of Buildings per Area 24.97
Use of Building 31.29

3.3. Development of Building Flood Risk Map

The Sendai Framework indicates that risk is a combination of hazard, vulnerability,
and exposure indices. All indices should be present to determine risk level. Figure 7a—c
shows the resulting spatial map for building hazard, vulnerability, and exposure indices.
All spatial maps generated from hazard, vulnerability, and exposure parameters were
processed and combined together to produce the final indices of each. The weights of
each parameter identified from AHP were considered in the computation of these indices.
Data from all spatial maps in Figures 3-5 were combined using a 50 m grid size. Each
grid extracted the data from all the spatial maps and these data with weights were used to
compute the indices. There were five index levels for each: very low (green), low (yellow-
green), moderate (yellow), high (orange), and very high (red) as shown in Figure 7a—c.

The resulting building flood hazard index map is presented in Figure 7a, covering 2,
424, 813, 1076, and 1652 buildings identified as very low, low, moderate, high, and very
high, respectively. It was spotted that areas in the hazard index with high values were
mainly affected by the flood depth map, where river networks were located. It is alarming
that 68.77% of all the buildings in the municipality of Odiongan have a hazard index of
high to very high.
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Figure 7. Generated maps from the different parameters in (a) building flood hazard, (b) flood
vulnerability, and (c) flood exposure of the town proper of Odiongan, Romblon.

Figure 7b on the other hand shows the building vulnerability map. This spatial map
was obtained by combining all twelve (12) parameters with five categories that connote
very low vulnerability (0), low (221), moderate (2825), high (920), and very high (1). It
could be seen that 71.21% of all the buildings have a vulnerability index level of moderate.
This means that the majority of the buildings built in the area have moderate capability
to adapt to the effect of flooding disasters. This is something that could be improved by
educating the people.

Figure 7c displays the flood exposure map generated considering three (3) parameters:
building density, the total number of buildings, and building use. Exposure level was
presented using the following categories very low (0), low (11), moderate (1216), high
(2590), and very high (15). It can be seen that 69.07% of all the buildings have a high to very
high exposure index. A detailed count of buildings categorized at each level of hazard,
vulnerability, and exposure index is presented in Table A4.

The generated results of building flood risk assessment were put into a map, as shown
in Figure 8.
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Figure 8. Building flood risk map with imagery and 1:15,000 scale zoomed-in map of concentrated
areas with moderate to high risk of the town proper of Odiongan, Romblon.

The building flood risk map was categorized into five (5) levels (very low, low, mod-
erate, high, and very high). The risk levels for each building/structure in the area were
identified and presented in Figure 8. Out of 3967 buildings, there were 0 buildings at very
low and low risk, 370 (9.33%) at moderate risk, 3094 (77.99%) at high risk, and 503 (12.68%)
at very high risk. Buildings categorized to be high risk to very high risk are concentrated in
the Poblacion area, specifically Ligaya, Liwanag, Liwayway, Tabin-Dagat, Budiong, and
Dapawan barangay zone, these areas were located at the center of the municipality and
basically located at high flood hazard zones, too. Structures in the area had high-risk levels
not only because it is located in flood-prone areas but also because of the structural integrity
of their buildings. The result of this study could help the community understand the risk
level their structure/building/houses are at so they could do needed renovations and
improvements to adapt to flooding disasters. This map could also aid the local govern-
ment in updating their land use planning to avoid building structures in high-risk areas.
They could also use this map to identify what type of building should be allowed to be
constructed in the area based on the flood risk level.

4. Discussion

The study highlighted the risk assessment of floods in the building, incorporating its
attributes and materials as primary building features in risk assessment. In recent years, it
has become more common to integrate the AHP with GIS and remote sensing, allowing
a variety of parameters such as hydrological, geographic, and socioeconomic data to be
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taken into account with no limits on the number of input criteria [95]. Using the AHP to
determine the parameter’s weights, it was observed that the trend of building flood hazard
attributes is FD > E > AAR > S. This is the trend in terms of percentage weights calculated
with flood depth (41.98%) which is the most influential parameter. While slope (14.6%)
is the least significant feature among the parameters of buildings. Flood depth basically
indicated the possible flood height that could occur in the area considering different rainfall
scenarios. In the study of Gacu et al. [51], flood depth had a high percentage in risk
assessment focusing on people at 21.88%. This study showed that risk assessment focusing
on people has comparable results to risk assessment focusing on building features. Building
flood vulnerability parameters on the other hand have trend DR > THB > NF > LC > AB
>RM > FM > IEWM > Al > TW > TEM > GR with distance to the river (27.37%) as the most
significant parameter in terms of the percentage weights. While the gender ratio (2.67%)
is the least important parameter in the building flood vulnerability assessment. Distance
to the river evidently is the most influential hazard parameter. The recorded relationship
in this study is similar to the work of Jamrussri et al. [96] in Thailand which showed that
the highest evacuation was observed in zones nearest to the river. Lastly, for the building
flood exposure parameters, the trend of the relative importance in terms of the percentage
weights was observed to be BD > UB > NBA wherein the building density (43.74%) is
the most influential parameter and the number of buildings per area (24.97%) is the least
significant parameter. Building density is the ratio of the building floor area to the land
area of concern. This provides information on how crowded the specific area. This result is
comparable to the study of Duan et al., [97] that showed global flood risks were high in
crowded areas around the world. This information will aid in policy-making related to the
planning and development of a small or big government unit.

Building attributes and materials used as parameters combined with topographical
and disaster-related data support the development of a building flood risk map. This map
is essential in decision-making for city planning and climate change adaptation measures
by classifying risk on buildings and determining the priority of risky buildings. The results
of the study indicate that the use of AHP is suitable for local risk studies, and this is similar
to the findings of Swain et al. in 2020 [98].

5. Conclusions

In this research, a building flood risk zone-based technique was developed using
AHP-GIS to produce a trustworthy risk assessment of building characteristics. This study
used local field data to propose a hybrid multicriteria approach. The study assessed the risk
level of structures against flooding in the town proper of Odiongan, Romblon, considering
building attributes and materials following the Sendai Framework in risk assessment.
The study utilized GIS to map field data and perform spatial analysis. The following
hazard parameters were considered such as annual average rainfall, slope, elevation, and
flood depth. Building vulnerability index on the other hand includes average income,
gender ratio, land cover, roofing material, flooring material, interior/exterior walling
material, number of floors, types of fencing material, age of the building, the total height
of the building, types of windows, and distance to the river. The exposure index covered
three parameters: building density, use of a building, and the number of buildings. Each
parameter was compared to one another by pairwise comparison to compute the final
weights using AHP based on experts’” decisions. In the hazard index, flood depth had the
highest weight with 41.98% which pertains mainly to possible flood height that could occur
in the area, while the building’s distance to the river had the highest weight with 27.37%,
which corresponds to the records of LGU that most of the residents evacuating during a
disaster were those living near the rivers. Lastly, for the exposure index, building density
had the highest weight of 43.74% which is a measure of how much land area are being
occupied by buildings in a certain zone. Combining all these indices provides the risk
level of buildings against flooding in the municipality of Odiongan. No buildings were
categorized to be at very low and low risk, while 370 (10.25%) buildings were found to be at
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moderate risk, 3094 (76.79%) at high risk, and 503 (12.94%) at very high risk. The majority
of the buildings that have risk levels from high to very high are located in the Poblacion
area where high flood level is also expected to occur and the resiliency of structures are
also low. This building flood risk map is essential for the LGU’s planning and development
strategy, to improve their zoning plan and requirements for issuing building permits and
ensure that structures are resilient enough against disaster. Educating people about their
structures’ risk level would be an eye-opener for them to make necessary improvements to
their buildings. Commonly, risk assessment focused on people but buildings/structures are
the first line of defense of the community against disaster which should also be taken into
consideration. The methodology developed for evaluating building risk level is a first step
in making or helping communities be more resilient against natural disasters. This study
could serve as a reference to conduct building risk assessments applicable to countries with
similar conditions.
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Appendix A

Table A1. Feature count of the building flood hazard parameters.

Parameters Feature Class Number of Buildings Percentage %

Building Flood Hazard Parameters

2220 mm 157 3.96
Annual Average Rainfall ~ 2230 mm 3250 81.93
2240 mm 560 14.12
40 degrees> 10 0.25
19-30 degrees 186 4.69
Slope 9-18 degrees 666 16.79
4-8 degrees 343 8.65
1-3 degrees 2762 69.62
151 m> 7 0.18
51-150 m 14 0.35
Elevation 21-50 m 757 19.08
620 m 334 8.42
0-5m 2855 71.97
0-0.5m 1125 28.36
0.51-1m 265 6.68
Flood Depth 1.01-1.5m 324 8.17
1.51-2m 532 13.41
2m> 1721 43.38
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Table A2. Feature count of the building flood vulnerability parameters.

Parameters Feature Class Number of Buildings Percentage %
Building Flood Vulnerability Parameters
250,000 to 499,999 2921 73.63
Average Income 60,000 to 99,999 681 17.17
Less than 40,000 365 9.20
0.9982-1.0377 1699 42.83
0.3585-0.9981 823 20.75
Gender Ratio 0.9188-0.9584 371 9.35
0.8791-0.9187 331 8.34
0.8393-0.8790 743 18.73
Tree Plantation
and 197 497
Perennial
Land Cover Brushland 1057 26.64
Cultivated area 1288 32.47
Built-up 1425 35.92
Concrete 132 3.33
Metal Sheet 3805 95.92
Roofing Material Nipa/Pawid 21 053
No Roof 9 0.23
Concrete 3746 94.43
Hardwood 9 0.23
Flooring Material Bamboo 9 124
Earth Mud 163 4.11
COHCI;?CESOHOW 3088 77 84
Stone 3 0.08
Hardwood 28 0.71
Interior / Exterior Drywall 128 323
Walling Material Plywood 447 11.27
Steel Sheet 93 2.34
Bamboo 27 0.68
Nipa/Pawid/Sawali 107 2.70
No Wall 46 1.16
>5 6 0.15
4 36 0.91
Number of Floors 3 142 3.58
2 1020 25.71
1 2763 69.65
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Table A2. Cont.

Parameters Feature Class Number of Buildings Percentage %
Building Flood Vulnerability Parameters

COHCI];?CESOHOW 156 393

Gablgzrs; é eStone 1 0.03

Composite 441 11.12

Aluminum 4 0.10

Types of Fencing Wrought Iron 225 5.67
Material Concrgte and 17 0.43

Wire

Post and Wire 197 497

Steel Sheets 6 0.15

Wooden 60 1.51

Bamboo 52 1.31

Electric Fence 1 0.03

No Existing Fence 2807 70.76

1-5 years 222 5.60

6-10 years 303 7.64

11-15 years 503 12.68

Age of Building 16-20 years 815 20.54
21-25 years 712 17.95

26-30 years 43 1.08

30 years up 1369 34.51

>20 m 7 0.18

1620 m 32 0.81

11-15m 185 4.66

T"tgluli{lgiifg‘t of 9-10m 301 7,59
6-8 m 1497 37.74

4-5m 1782 44.92

1-3m 163 4.11
Aluminum Glass 1725 43.48

Wood and Glass 11 0.28
Jalousie 1174 29.59

Types of Windows Wooden 217 5.47
Bamboo 488 12.30

No Windows 352 8.87
>350 m 10,581,002.65 69.59
300 m 1,696,785.76 11.16

Pistance to River 200 m 1,502,012.00 9.88
100 m 1,425,639.62 9.38
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Table A3. Feature count of building flood exposure parameters.

Number of

Parameters Feature Class Buildings Percentage %
Building Flood Exposure Parameters
Infrastructure 52 1.31
Industrial 17 0.43
Institutional 244 6.15
Use of Building Agricultural 4 0.10
Commercial 722 18.20
Residential/Commercial 6 0.15
Residential 2911 73.38
Abandoned 11 0.28
0-16% 65.32%
Building Density 17-32% 20.52%
per Grid 33-64% 12.84%
>65% 1.32%
1-5 73.02%
6-10 19.23%
Numb;;l;3 :fc ]fiudildings 11-14 162%
15-18 2.54%
19-23 0.60%

Table A4. Feature count of computed building exposure, vulnerability, and hazard index level.

Index Level Exposure Vulnerability Hazard
Very Low 2 0 0
Low 424 221 11
Moderate 813 2825 1216
High 1076 920 2590
Very High 1652 1 150
Total features 3967
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Abstract: Tiirkiye is prone to earthquakes due to its location on various tectonic plates, which can
lead to a loss of lives and property. Recently, on 6 February 2023, two major earthquakes hit Pazarcik
and Elbistan in Tiirkiye, causing widespread destruction on the East Anatolian Fault (EAF) zone.
Even Diyarbakir, a distant province from the epicentre, was severely affected, highlighting the need
to evaluate Turkish earthquake codes. As part of this evaluation, a structural analysis was conducted
on earthquake-damaged and collapsed buildings in Diyarbakir. The study analysed three buildings
with different levels of damage and six collapsed buildings as case studies. The seismic parameters
of the earthquakes were compared to the values in the two recent earthquake hazard maps used in
Tiirkiye’s codes, as well as the Eurocode 8 damage limit values obtained from pushover analysis.
The results revealed significant differences between the current seismic values of earthquakes and
the current peak ground acceleration (PGA) values specified in the Turkish Earthquake Design
Regulations. Additionally, the selected buildings showed inadequate structural behaviours, with
significant differences between the expected and actual seismic performances with respect to the
PGA values as one of the most important earthquake characteristics.

Keywords: Pazarcik-Elbistan earthquakes; Diyarbakir; pushover analysis; damage limits; Eurocode

1. Introduction

Situated at the convergence of multiple active tectonic plates and traversing the Alpine-
Himalayan seismic belt, Tiirkiye has been a witness to a series of devastating earthquakes
throughout both its historical and instrumental periods. The intricate interplay of tectonic
forces from the Arabian and African plates has exacerbated the region’s vulnerability,
resulting in substantial human and infrastructural losses. Of paramount significance are
Tiirkiye’s pivotal fault systems—the North Anatolian Fault (NAF) and the East Anatolian
Fault (EAF) zones—each bearing the latent potential to unleash highly catastrophic seismic
events. This seismic potential has, over time, inflicted profound human casualties and
extensive material devastation. The chronicles of past local earthquakes serve as invaluable
records, lending predictive insights for potential seismic occurrences and guiding the
formulation of seismic design codes. Marking a pivotal juncture, 6 February 2023 etched
a distressing chapter in Tiirkiye’s seismic narrative, bearing witness to two monumental
earthquakes that etched their names as indelible signatures within the recent annals of
seismic chronicles. Among these impactful events, the Pazarcik Earthquake of 6 February
2023, and its synchronous counterpart, the Elbistan earthquake, take centre stage.

Tiirkiye has developed and utilised earthquake hazard maps to estimate the potential
risk and to inform seismic design codes. The last two earthquake hazard maps, both the
previous and current versions, are compared in terms of their seismic parameters. These
comparisons reveal differences in the peak ground acceleration values and expected target
structural displacement values [1]. The investigation of the effects of earthquakes on engi-
neering structures in earthquake-prone parts of the Earth is a unique tool for determining
the effects of the next ground motion [2]. In this case, much research in this area [3-15] has
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investigated the damage assessment and sustainability of RC buildings by using fragility
curves and proposed a new model to evaluate damages for structures. On the other hand,
the seismic response of buildings is also an important topic for earthquake engineering.
Determination of the seismic response of structures has been an important issue not only
for reinforced concrete structures but also for steel structures. There are many innovative
and novel studies in this field [16,17]. Faizah and Amaliah [18] investigated the seismic
situations in thirty-four cities in Indonesia by comparing the values of the spectral response
parameters (Sps and Spy) according to the 2012 and 2019 Indonesian earthquake codes. Av-
cil et al. [19] have made comparisons of the target displacements in different seismic zones
under the effects of different soil conditions in their work. Wei et al. [20] have proposed
an evaluation method for the seismic damage of bridges. They used the maximum and
residual drifts as engineering demand parameters (EDPs). In the study by Khanmoham-
madi et al. [21], the dynamic properties of forty-six reinforced concrete and steel buildings
affected by the Sarpol-e Zahab earthquake (Mw 7.3) were determined by ambient vibration
tests. Ghasemi et al. [22] investigated the seismic performance of RC systems with cable
bracings. The findings of the work indicated that the PGA capacity of the RC building in-
creases as the number of braces rises. Zhou et al. [23] investigated the seismic performance
and collapse mechanism of a five-storey reinforced concrete structure along the ground
fissure using the pushover analysis method. Mazza [24] has proposed a displacement-
damage based design procedure with a computer-aided tool called DAMPERS (Damage
Protection of Earthquake Resistant Structures). Harirchian et al. [25] aimed to bridge the
gap between rapid visual screening (RVS) and multi-criteria decision-making (MCDM)
methods by using the codes from India, Tiirkiye and the Federal Emergency Management
Agency (FEMA) in their study. Eroglu et al. [26] measured the sensitivity of seismic hazard
assessments using different declustering techniques. Accordingly, the recently compiled
earthquake catalogue of Tiirkiye was declustered using three declustering algorithms in
their study.

This article delves into the analysis of these earthquakes and their effects on the
province of Diyarbakir located in south-eastern Tiirkiye. It compares seismic parameters
with recent earthquake hazard maps and evaluates the effectiveness of earthquake codes.
Structural analysis of earthquake-damaged buildings reveals the differences between the
expected and actual seismic performances. At its core, this case study seeks to analyse
the seismic parameters of the Pazarcik and Elbistan earthquakes involving a comparative
assessment between these seismic parameters and the data presented in the two recent
earthquake hazard maps utilized within the Turkish context. Furthermore, the comparison
extends to encompass the Eurocode 8 damage limit values, derived from pushover analysis
conducted on a typical reinforced concrete building.

In light of the disparities observed between the seismic characteristics of the earth-
quakes and the PGA values stipulated in the Turkish Earthquake Design Regulations, a vital
evaluation of the efficacy of the existing Turkish earthquake codes is undertaken. Three
buildings exhibiting slight, moderate and extensive damages were selected, along with
six buildings that collapsed. The seismic parameters are analysed in accordance with both
the 2018 and 2007 seismic codes of Tiirkiye, enabling a comparison to highlight potential
advancements or deficiencies in the seismic design criteria.

In this study, the geographical location and seismic parameters of the structures
damaged in Diyarbakir province in the Pazarcik and Elbistan earthquakes were determined
for the first time, along with an attempt to reveal the effect of structural analysis by
comparing the Eurocode and Turkish regulations in terms of limit values. The aim of the
study is to compare the measured and predicted PGA values and the target displacements
to be obtained based on them. In this way, the effects of the earthquakes on Diyarbakir and
whether these effects on the structural analysis are adequately represented will be revealed.
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2. Materials and Methods

The location data of the earthquakes with respect to the Bogazici University Kandilli
Observatory and Earthquake Monitoring Center (KOERI) [27], Geofon Data Center
(GFZ) [28], Disaster and Emergency Management Presidency, Republic of Tirkiye
(AFAD) [29] and United States Geological Survey (USGS) [30] are shown in Figure 1.
On the other hand, the current earthquake hazard map of Tiirkiye and the location of
Diyarbakir province’s Tiirkiye Earthquake Hazard Maps Interactive Web Application
(TEHMIWA) [29] is given in Figure 2.

e

a) 06.02.2023 04:17 EQ

b) 06.02.2023 13:24 EQ

Figure 1. The location data of the earthquakes: (a) Pazarcik; (b) Elbistan.

The focal depths of the earthquakes were estimated between 5 to 10 km by the seismo-
logical centres and classified as shallow-focused earthquakes. The location and magnitude
data of these two earthquakes according to the centres are provided in Table 1.

The seismic intensity map projection of the 6 February 2023 04:17 Kahramanmaras
Earthquake is shown in Figure 3. The maximum intensity of 11-12 around the striking
rupture fault(s) can be observed. It is noted that for Diyarbakir province, far away from the

epicentre, it was about 6-7.
At the Cermik station (coded 2107), which is 234.922 km (R, = 92.53) away from the

epicentre of the Pazarcik earthquake and the closest station to Diyarbakir, the minimum
acceleration of about 0.04 g was recorded in the vertical direction, while the maximum
acceleration of 0.11 g was measured in the east-west direction. According to the AFAD
data, the peak ground acceleration value during the Pazarcik earthquake was 2.017 g in

the east-west direction at the Pazarcik station (coded 4614 (NAR) Ry, = 1.02). Since the
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maximum intensities are in the E-W direction, the PGV, Arias and Houser intensities are
only given in the E-W direction.

e

Figure 2. Location data of 6 February 2023 earthquakes on TEHMIWA [29].

Table 1. Location and magnitude data of the earthquakes that occurred on 6 February 2023 given by
different seismological centres.

6 February 2023 04:17 6 February 2023 13:24
Institute
Magnitude (My) Location Magnitude (My) Location
KOERI(KRDAE) 7.7 37.17-37.08 7.6 38.07-37.20
AFAD 7.7 37.28-37.04 7.6 38.08-37.23
GFzZ 7.7 37.27-37.05 7.6 38.17-37.23
USGS 7.8 37.22-37.02 7.5 38.02-37.20

iSkenderun

Antakya YAUep po

1A

Figure 3. 6 February 2023 04:17 earthquake intensity map [31].

During the Elbistan earthquake, the Goksun station (coded 4612 (Rep; = 66.68))
recorded the highest acceleration value of 0.63 g in the north-south direction. Meanwhile,
the Cermik station (Repi =198.48) in Diyarbakir recorded the highest value of 0.047 g in
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the east-west direction. These values are given in Tables 2 and 3 for both earthquakes.
Figures 4 and 5 show the accelerations and spectra obtained with the data of station
2107 in Diyarbakir province for both the Pazarcik and Elbistan earthquakes. Since the
maximum intensities are in the N-S direction, the PGV, Arias and Houser intensities are
only given in the N-S direction.

Pazarcik EQ
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Figure 4. Acceleration records at the station 2107 in Diyarbakir province (Pazarcik EQ).
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Table 2. Pazarcik EQ records.

. PGA (cm/sn?)  PGA (cm/sn?)  PGA (cm/sn?) Arias Intensity Housner
Location (N-S) (E-W) (Vertical) PGV (cm/sn) (cm/sn) Intensity (cm)
Pazarcik 2016.99 2039.20 1582.62 78.64 8181.83 261.44

Cermik 74.76 112.27 4424 26.07 28.53 74.15
Table 3. Elbistan EQ records.

. PGA (cm/sn?)  PGA (cm/sn?)  PGA (cm/sn?) Arias Intensity Housner
Location (N-S) (E-W) (Vertical) PGV (cm/sn) (cm/sn) Intensity (cm)
Goksun 635.45 523.21 49491 170.78 417.03 393.13

Cermik 28.64 47.61 18.20 10.93 493 30.62

It is noted that, based on the earthquake intensities and acceleration records taken
into consideration for Diyarbakir province, there may be some moderate damage resulting
from the relatively long duration of the earthquake. Past earthquakes have demonstrated
that numerous factors, including earthquake duration, near-fault and far-fault effects [32]
and soil-structure interaction, can significantly impact earthquake damage. However,
in the specific case of Diyarbakir, the distance from the earthquake’s epicentre and the
relatively lower values of the measured earthquake parameters (such as Arias and Houser
intensities and PGA and PGV values) than the obtained values from the EQ epicentre
indicate the severity of the structural damage observed. However, because of substandard
dwelling construction aspects, the structural damage and loss of lives resulting from these
earthquakes extended to unacceptable levels.

2.1. Investigation of the Collapsed Buildings in Diyarbakir

Earthquake amplitudes decrease in parallel with the distance-decay relationship as one
moves away from the earthquake focal point, and accordingly, lower values were expected
to be observed in Diyarbakir. However, the unexpected disproportionate destruction,
damage and loss of lives in response to these low acceleration values raise some questions.
In the observations made in the field after the earthquake, the presence of many structural
defects, especially low-strength concrete and poor steel reinforcement, are noteworthy. In
Diyarbakir province, the locations of a total of 18 buildings, including the building shown
in Figures 6-8, 5 other collapsed buildings, 9 damaged (slightly, moderately and extensively
damaged) buildings and 3 undamaged buildings, were marked with the help of the GPS
on-site detection.

i

Figure 6. Collapsed buildings in Diyarbakar.
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Figure 8. Retrofitting of the ground floor only and the failure of the old column.

Figure 8 shows the undamaged ground floor columns of the completely collapsed
building. The slender column rising after the column with an exceptionally large cross-
section might indicate that this building was subjected to an insufficient retrofitting pro-
cess. Some damage examples of inappropriate shear walls and columns are illustrated in
Figures 9 and 10.

According to the official Provincial Damage Assessment Reports, the numbers of the
extensively damaged or collapsed, moderately damaged and slightly damaged buildings
were recorded as 8602, 11,209 and 113,223, respectively, with hundreds of casualties [33].
The common cause of the collapse of the mentioned collapsed or extensive damaged
structures can be considered according to many constructional defects, especially low
concrete strength.
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Figure 9. Extensively damaged columns.

Figure 10. Damage to the short column and shear wall with poor concrete.

2.2. Structural Analyses

Local seismic parameters were obtained with the help of the Tiirkiye Earthquake
Hazard Map created by TBEC2018 [34] with micro zonation. Previous regulation TSC-
2007 [35] considered the local seismic parameters constant due to the regional approach.
In order to compare these parameters, a sample reinforced concrete structure was mod-
elled in SeismoStruct v.2023 software in accordance with the current regulations. Using
pushover analysis, the damage limit values determined in Eurocode 8 [36] were obtained
and compared for different PGA values of the investigated structure.

The analysis steps of pushover analysis as a performance-based evaluation method
that estimates the structural responses to seismic loads by applying a series of increasing
lateral loads are shown in Figure 11. The method is particularly useful in identifying the
weak points and failure mechanisms of structures and helps in determining appropriate
retrofitting strategies [37-39].
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Figure 11. Analysis steps of pushover analysis.

The initial step involves assuming a particular pattern for the lateral load, followed by
conducting a static analysis of the structural model under this load pattern in a pushover
analysis. A distributed load pattern has been used with a 0.3 m target displacement in this
study. The evaluation of the earthquake impact and the devastating effects on buildings
can be performed not only by extracting its various peaks and cumulative parameters but
also by calculating various types of linear and nonlinear seismic spectra. Furthermore,
pushover analysis can be performed for various simplified cases of buildings in an effort
to estimate the response that they would exhibit during the earthquake. The calculated
parameters can provide some hints about the destructiveness of the earthquake and how
the buildings could be designed to be able to resist such earthquakes in the future [40].

In the present study, the seismic parameters of the earthquakes are calculated to
provide explanations about the large unexpected structural destructiveness in Diyarbakir.
Structural analysis of a reinforced concrete building in Diyarbakir was performed using
both the measured and current acceleration values according to the last two earthquake
hazard maps. The results of this analysis reveal significant differences between the expected
target structural displacement values, highlighting the importance of continuous updates
to these maps for accurate seismic risk assessment.

For a comprehensive understanding of the Pazarcik Earthquake’s impact on Di-
yarbakir, earthquake-damaged and collapsed buildings in the province were analysed.
Three buildings, each with minor, moderate, and severe damage, and six buildings that
collapsed during the earthquake were selected for this purpose. The sample building’s
2D view, 3D view, and blueprint of the sample RC model can be seen in Figure 12. The
numerical specifications of the sample building are given in Table 4. The fundamental
period of the structure was 0.8271 s; the maximum base shear was 6557.27 kN; the elastic
stiffness K_elas and the effective stiffness K-eff were obtained as 120,492.20 kN/m and
63,600.91 kKN/m, respectively.

The latest version of the Turkish Building Earthquake Code (TBEC-2018) has intro-
duced three additional levels of ground motion (DD-1, DD-3, DD-4) compared to the
previous edition. In the previous code, only the standard earthquake ground motion level
with a recurrence period of 475 years and a 10% probability of exceedance in 50 years (DD-2)
was considered in TSC-2007. It is important to note that the first two levels (DD-1 and
DD-2) of the four earthquake levels correspond to the design earthquakes in ASCE-07 [41].
The current code outlines four different levels of ground motion, which can be found in
Table 5.
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Table 4. Structural specifications of the sample building.

Figure 12. 2D and 3D views with blueprint of the sample RC model.

Parameter Value Parameter Value
Concrete grade C25 Transverse reinforcement (columns) ®10/100
Reinforcement grade 5420 Transverse reinforcement (beam) $10/150
Beams 250 mm x 600 mm Steel material model Menegotto-Pinto
Height of floor 120 mm Constraint type Rigid diaphragm
Height of each storey 3m Local ground type ZC
Cover thickness 25 mm Incremental load 10 kN
Columns 500 mm x 400 mm Permanent Load (Slabs and Infills) 7kN/m
Reinfol;ggriiet;f (i?c?llumns) Top Ss:;?:;felg@m Damping 5%
Left right side 4916
Target-displacement (8-storey) 0.30 m Importance class v
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Table 5. Earthquake ground motion levels (TBEC-2018).

Repetition Period Probability of Exceedance L.
Earthquake Level (Year) in 50 Years Description
DD-1 2475 2% Largest earthquake ground motion
DD-2 475 10% Standard design earthquake ground motion
DD-3 72 50% Frequent earthquake ground motion
DD-4 43 68% Service earthquake ground motion

TEHMIWA is a user-friendly and practical web application designed for use by the Dis-
aster and Emergency Management Agency of Tiirkiye (AFAD). It enables the calculations
of earthquake parameters for any location using various earthquake ground motion levels,
local ground conditions, and latitude and longitude data. The application takes into ac-
count the probability of exceedance and local ground conditions to obtain the short-period
map spectral acceleration coefficient (Sg) and the map spectral acceleration coefficient (S;)
for the 1 s period. The design spectral acceleration coefficients Spg and Sp; are determined
using equations that consider the spectral acceleration coefficients (Ss and S;) and local
ground coefficients (Fs, Fy).

Sps =Ss X Fg @

SDl = Sl x Fp (2)

Tables 6 and 7 provide the local ground effect coefficients for the short period (Fs) and
1.0 s (F1), respectively. These coefficients are being used for the first time in the current
code, with greater emphasis on the local ground effect.

Table 6. Local ground effect coefficients for the short-period zone (Fs) (TBEC-2018).

Local Soil Class

Local Ground Impact Coefficients for Short-Period Zone (Fg)

Sg < 0.25 Sg = 0.50 Sg =0.75 Sg =1.00 Sg =1.25 Sg > 1.50
ZA 0.8 0.8 0.8 0.8 0.8 0.8
7B 0.9 0.9 0.9 0.9 0.9 0.9
zC 1.3 1.3 1.2 1.2 1.2 1.2
ZD 1.6 1.4 1.2 1.1 1 1
ZE 2.4 1.7 1.3 1.1 0.9 0.8
ZF Site-specific ground behaviour analysis will be carried out.

Table 7. Local ground effect coefficients for a period of 1.0 s (F;) (TBEC-2018).

Local Soil Class

Local Ground Impact Coefficients for 1 s Period Zone (F;)

S1<0.10 S;=0.20 S; =0.30 S; =0.40 S; = 0.50 S; > 0.60
ZA 0.8 0.8 0.8 0.8 0.8 0.8
ZB 0.8 0.8 0.8 0.8 0.8 0.8
zC 1.5 1.5 15 1.5 1.5 14
ZD 2.4 22 2 1.9 1.8 17
ZE 42 33 2.8 24 22 2
ZF Site-specific ground behaviour analysis will be carried out.

To allow for accurate comparisons, ZC was selected as the standard soil class based on
TBEC-2018. This soil class will remain consistent for all parameters requiring a local soil
class, and its characteristics can be found in Table 8.
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Table 8. Local soil class type ZC (TBEC-2018).

. . Upper Average at 30 m
Soil T
Local Soil Class ot lype (Vs)so [m/s] (Neo)so [Pulse/30 cm] (cu)so [kPal
Very tight sand, gravel
and hard clay layers or
zC 360-760 >50 >250

weathered, very
cracked weak rocks

The spectral acceleration coefficients are only compared for the DD-2 ground motion
level. This is because the previous code only used ground motion levels with a recurrence
period of 475 years and a 10% probability of exceedance in 50 years. Table 9 shows the
comparison of the spectral acceleration coefficients based on the last two seismic design
codes. There were no vertical values in the previous code, so no comparisons were made in
that direction.

Table 9. The comparison of the spectral acceleration coefficients with ground-type ZC.

Spectral Acceleration Coefficients Horizontal 2018/2007 Vertical
DD-2 All Ground 7C 7C
Types Spbs
Buildin TSC-2007 TBEC-2018 2018/2007 TSC-2007 TBEC-2018 TSC-2007 TBEC-2018
8 Sps 040Sps Sps  0.40Spg Ta Tg Ta Tp Ta Tg Tap Tep Tap Tpp
No Damage 1 1 0.4 0422 0.1688 0.422 0.15 060 0095 0476 063 079 0032  0.159
No Damage 2 1 0.4 0417  0.1668 0.417 0.15 060 0.09 0478 0.64  0.80 0.032  0.159
No Damage 3 1 0.4 0428  0.1712 0.428 0.15 060 0095 0473 063 079 0.032  0.158
Slight Damage 1~ 1 0.4 0421  0.1684 0.421 0.15 060 0095 0474 063 079 0.032  0.158
Slight Damage2 1 0.4 0426  0.1704 0.426 0.15 0.60  0.094 0471 063 079 0.031  0.157
Slight Damage 3 1 0.4 0420  0.168 0.420 0.15 060  0.095 0475 063 079 £ 0.032  0.158
g["dm*e 1 0.4 0417 0.1668 0.417 0.15 0.60 0.9 0478 0.64 080 = 0.032  0.159
amage 1 S
g’["demte 1 0.4 0416  0.1664 0.416 0.15 0.60  0.095 0476 063 079 2 0.032  0.159
amage 2 =
Moderate 5]
Damage 3 1 0.4 0415  0.166 0.415 0.15 060  0.095 0477 063  0.80 £ 0.032  0.159
Extensive <
Damage 1 1 0.4 0419  0.1676 0.419 0.15 060  0.095 0477 063  0.80 5 0.032  0.159
g"tenswe 1 0.4 0437  0.1748 0.437 0.15 0.60  0.094 047 063 078 2 0.031  0.157
amage 2 ©
g’;ﬁ‘;fglgg 1 0.4 0398  0.1592 0.398 0.15 060 0097 0486 065 081 é’ 0032  0.162
Collapsed 1 1 0.4 0.408  0.1632 0.408 0.15 0.60 0.9 0481 064 080 0.032  0.16
Collapsed 2 1 0.4 0403  0.1612 0.403 0.15 0.60  0.097 0484 065 081 0.032  0.161
Collapsed 3 1 0.4 0412 0.1648 0.412 0.15 060 009 048 064  0.80 0032 016
Collapsed 4 1 0.4 0413 0.1652 0.413 0.15 0.60 0.9 0479 0.64 0.80 0.032 016
Collapsed 5 1 0.4 0402 0.1608 0.402 0.15 060 0097 0485 065 081 0032  0.162
Collapsed 6 1 0.4 0407  0.1628 0.407 0.15 0.60  0.097 0483 065 081 0.032  0.161

Damage limits, which represent the point at which a structure can no longer with-
stand applied loads, play a crucial role in assessing the performance of buildings during
earthquakes. In the case of the Pazarcik Earthquake, an evaluation was conducted to deter-
mine the damage limits of the selected buildings in Diyarbakir. This assessment provided
valuable information regarding the responses of local structures to the seismic activities
and the extent of the damage they sustained.

The limit states given in Eurocode 8, which is used worldwide for damage estimation,
were also taken into consideration in the study. Detailed descriptions of these limit states
are given in Table 10.

The local seismic parameters of these selected buildings were analysed according to the
2018 Building Earthquake Code of Tiirkiye. This analysis revealed significant differences
between the expected target structural displacement values resulting from the structural
analysis.

The seismic values of the Pazarcik and Elbistan earthquakes were compared with
the current peak ground acceleration values specified in the current Turkish Earthquake
Design Regulation. This comparison demonstrated differences between the measured and
proposed peak ground accelerations for some earthquakes.
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Table 10. Limit states in Eurocode 8 (Part 3) (CEN 2004) [36].

Limit State

Description Return Period (Year)

Only lightly damaged, damage to non-structural

Limit state of damage limitation (DL) X . . 225
components is economically repairable.
Significantly damaged, some residual strength and
Limit state of significant damage (SD) stiffness, non-structural components damaged, 475
uneconomic to repair.
Limit state of near collapse (NC) Extensively damaged, very low residual strength and 2475

stiffness, large permanent drift but still standing.

These data are from TBEC (2018) (Turkish Earthquake Building Code). DD1 is 2% in
50-year ground motion level. A comparison with DD2, i.e., 10% in 50-year ground motion
level, is given in Figure 13.
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Figure 13. Comparison of the spectral acceleration and specification elastic spectrum capacity values
of the station 2107 in Diyarbakir province.

3. Results

The local seismic parameters of the selected buildings in Diyarbakir, as analysed
according to the Tiirkiye Building Earthquake Code (TBEC2018) and Turkish Seismic Code
2007 (TSC2007), were compared with the Eurocode 8 specifications. This comparison
provided insights into the effectiveness of the current design regulations in adequately
addressing the seismic risks in the region.

The seismic parameters of the chosen buildings in Diyarbakir were assessed based
on the local seismic data and analysed in accordance with TBEC2018 and TSC2007. In
order to evaluate the adequacy of the current design regulations in addressing seismic
risks, a comprehensive comparison was made with the Eurocode 8 specifications in
terms of limit states. This comparative analysis has clarified the compatibility between
the local seismic conditions and the prescribed design criteria, highlighting the areas
where improvements or adjustments may be required. By analysing the similarities
and differences between the two codes, valuable insights have been gained into the
effectiveness of the current design codes in ensuring the structural strength of buildings
in the face of seismic events in the region.

The seismic performances of various buildings in Diyarbakir were evaluated based on
the recorded ground motion parameters. In the analysis, four different damage levels were
considered with three buildings each: no damage, slight damage, moderate damage and
severe damage. Ground motion parameters including DD1, DD2 and DD3 were compared
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with the TSC 2007 design code and the PGA (peak ground acceleration) values obtained
from the first and second earthquakes. The analysed buildings are marked on the city map
as shown in Figure 14.
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Figure 14. Map of the damaged buildings and their locations.

Among the analysed buildings, those categorised as undamaged did not show rela-
tively lower PGA values in all three components as expected. It would be expected as the
damage level increased from slight damage to extensive damage that the PGA values would
generally increase, indicating a higher level of ground shaking and potential structural
damage. Instead, an undamaged building may have higher PGA values than a collapsed
one, as shown in Tables 11 and 12.

Table 11. PGA values of the analysed damaged buildings (g).

Buildings DD2 DD3 ;l"(i](; 118)258 Z?éEAQ _?;;L Im}():(;:tsasnce Damping

No Damage 1 0259 ¢ 0.145¢ 0.062 g
No Damage 2 0.256 g 0143 g 0.061 g
No Damage 3 0.262 g 0.146 g 0.063 g
Slight Damage 1 0258g  0.144g  0.062g
Slight Damage 2 0260g  0.146g  0.063g
Slight Damage 3 0257 g 0143 g 0.062 g

Moderate Damage 1~ 02565  0.143g  006lg o8 = 2 0.05
Moderate Damage2  0.255g 0142 ¢ 0.061 g
Moderate Damage3  0.254 g 0142 g 0.061 g
Extensive Damage 1 0.256 g 0.143 g 0.062 g
Extensive Damage2  0.267 g 0149 g 0.065 g
Extensive Damage3  0.245¢g 0.136 g 0.059 g
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Table 12. PGA values of the analysed collapsed buildings (g).

Buildings DD1 DD2 DD3 TSC 2007 1st EQ PGA 2nd EQ PGA
Collapsed 1 0250 g 0.140 g 0.060 g
Collapsed 2 0248 g 0.138 g 0.060 g
Collapsed 3 0.252¢g 0141g 0.061g
Collapsed 4 0253 g 0.141g 0.061g 038 0119g 0049¢
Collapsed 5 0.247 g 0.138¢g 0.059 g
Collapsed 6 0250 g 0139¢g 0.060 g
The seismic performances of each building were assessed against the prescribed design
criteria and provided findings on the effectiveness of the existing seismic design codes in
addressing the seismic risks in the region. The obtained damage limit values are shown in
Tables 13 and 14.
Table 13. Eurocode 8 damage limits for the PGA values of TBEC2018.
PGA Values TBEC 2018-DD1 TBEC 2018-DD2 TBEC 2018-DD3
Buildings/Damage Limits (m) DL SD NC DL SD NC DL SD NC
No Damage 1 0.100 0.129 0.223 0.056 0.072 0.125 0.024 0.031 0.053
No Damage 2 0.099 0.127 0.221 0.055 0.071 0.123 0.024 0.030 0.053
No Damage 3 0.101 0.130 0.226 0.057 0.073 0.126 0.024 0.031 0.054
Slight Damage 1 0.100 0.128 0.222 0.056 0.072 0.124 0.024 0.031 0.053
Slight Damage 2 0.101 0.129 0.224 0.057 0.073 0.126 0.024 0.031 0.054
Slight Damage 3 0.100 0.128 0.221 0.055 0.071 0.123 0.024 0.031 0.053
Moderate Damage 1 0.099 0.127 0.221 0.055 0.071 0.123 0.024 0.030 0.053

Moderate Damage 2
Moderate Damage 3
Extensive Damage 1
Extensive Damage 2
Extensive Damage 3

0.099 0.127 0.220 0.055 0.071 0.122 0.024 0.030 0.053
0.098 0.126 0.219 0.055 0.071 0.122 0.024 0.030 0.053

0.099 0.127 0.221 0.055 0.071 0.123 0.024 0.030 0.053
0.103 0.133 0.230 0.058 0.074 0.128 0.025 0.032 0.056
0.095 0.122 0.211 0.053 0.068 0.117 0.023 0.029 0.051

Collapsed 1 0.097 0.124 0.215 0.054 0.070 0.121 0.023 0.030 0.052
Collapsed 2 0.096 0.123 0.214 0.053 0.069 0.119 0.023 0.030 0.052
Collapsed 3 0.098 0.125 0.217 0.055 0.070 0.121 0.024 0.031 0.054
Collapsed 4 0.098 0.126 0.218 0.055 0.070 0.121 0.024 0.031 0.054
Collapsed 5 0.096 0.123 0.213 0.053 0.069 0.119 0.023 0.029 0.051
Collapsed 6 0.097 0.124 0.215 0.054 0.069 0.120 0.023 0.030 0.052
Table 14. Eurocode 8 damage limits for the PGA values of TSC2007 and earthquakes.
Codes TSC 2007 1st EQ 2nd EQ
Buildings/Damage Limits (m) DL SD NC DL SD NC DL SD NC

All Studied Buildings

0.116 0.149 0.258 0.046 0.059 0.103 0.019 0.024 0.042

The data in Tables 13 and 14 include the results obtained based on pushover analysis
of the sample building. The analysed sample building is an eight-storey reinforced concrete
building, and the results of the analysis show the maximum allowable (calculated) values
for different earthquake levels. The peak ground acceleration (PGA) values calculated for
different earthquake levels, and the damage limit values calculated accordingly, can be
used for comparisons. Higher damage limit values are expected for DD1, DD2 and DD3,
which have a higher earthquake level, respectively. On the other hand, damage limit values
calculated according to the TSC 2007 earthquake regulation are also included in the data.
According to the TSC 2007 regulation, Diyarbakir province is considered a second-degree
earthquake zone, so the PGA values are constant, and therefore the damage limit values
are also constant.

Comparing the damage limit values calculated for different earthquake levels given
in the TBEC2018 regulation with the damage limit values calculated according to the TSC
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2007 regulation can provide an estimate of the damage potential of buildings. It can be
expected that locations with higher PGA values may cause more damage, and, accordingly,
damage limit values may increase. In the current code, none of the locations analysed
in this study have PGA values higher than the old code TSC2007. Therefore, even if the
buildings were constructed in accordance with the old code, they could be expected to
respond to earthquake loads with minimal damage. Table 15 shows the damage limits

according to the pushover analysis for the studied buildings.

Table 15. TBEC 2018 damage limits for different earthquake levels.

Buildings/Damage Limits (m) DD-1 DD-2 DD-3
No Damage 1 0.170 0.100 0.043
No Damage 2 0.169 0.099 0.043
No Damage 3 0.171 0.101 0.043

Slight Damage 1 0.169 0.099 0.043
Slight Damage 2 0.171 0.100 0.043
Slight Damage 3 0.169 0.099 0.043
Moderate Damage 1 0.169 0.099 0.043
Moderate Damage 2 0.169 0.098 0.043
Moderate Damage 3 0.168 0.098 0.043
Extensive Damage 1 0.169 0.099 0.043
Extensive Damage 2 0.173 0.102 0.044
Extensive Damage 3 0.164 0.096 0.042
Collapsed 1 0.167 0.098 0.043
Collapsed 2 0.165 0.097 0.043
Collapsed 3 0.167 0.098 0.043
Collapsed 4 0.168 0.098 0.043
Collapsed 5 0.165 0.097 0.043
Collapsed 6 0.167 0.098 0.043

The static pushover curve in Figure 15 shows that the building has acceptable duc-
tility and stiffness if the building was designed according to the current code minimum
requirements. However, six buildings with specifications similar to the sample building
collapsed during the earthquake.
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Figure 15. Static pushover curve and limit states of TBEC and Eurocode 8.

Figure 15 illustrates that the DL and SD limits of Eurocode 8 fall between TBEC’s DD-2
and DD-3 limit states, with DD-3 being closer than DD-2. The higher limit states, DD-1
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References

and NC, have greater margins than the lower limit states. It can be concluded that the
TBEC2018 code is on the safer side.

4. Conclusions

The Pazarcik earthquake was a striking reminder of the seismic risks facing Tiirkiye.
This study focuses on the effects of the devastating earthquake that occurred on 6 February
2023 in Diyarbakir province. It was recorded that six buildings during the earthquake
and 17 buildings after the earthquake collapsed; 72 buildings required urgent demolition;
2840 buildings were extensively damaged; 2458 buildings were moderately damaged; and
28,937 buildings were slightly damaged. In the field study conducted in this context, except
for the six demolished buildings, three each of extensively damaged, moderately damaged,
slightly damaged and undamaged buildings were selected for analysis. For the analyses to
be conducted, the current location of each building was visited one by one, and the GPS
coordinates were determined on site. Site-specific PGA data were obtained thanks to the
earthquake hazard map, which started to be used with the TBEC2018 regulation. Unlike
the current regulation, these data were compared with the TSC2007 regulation, which
provides fixed PGA values for earthquake zones. In addition to the comparison of the PGA
values, the damage limit values were also compared. Eurocode 8 was used for damage
limit values. In this context, as a structure that could be found in all selected locations,
an eight-storey reinforced concrete building was modelled in SeismoStruct software, and
static pushover analysis was performed. The Eurocode 8 limit values were obtained and
compared to the Turkish codes to ensure compatibility. It appeared that the 2007 regulation
tended to be on the safer side compared to the other regulations in terms of PGA values.
In addition, the increases in the PGA values obtained by micro zonation in the current
regulation were expected to increase the seismic hazard. It is seen that this may not always
be the case because of the local soil conditions and the structural properties that resist
earthquake loads.

On the other hand, as shown in Figure 13, it is clearly seen that the spectral values
of the earthquake measured in Diyarbakir are far below the design spectra. It is thought-
provoking in terms of engineering that this earthquake, which in theory could be expected
to have weak effects on a settlement that is so far away, caused such great damage. The
outcome from the structural analysis of the selected building has already indicated notable
divergences between the projected seismic performance and the actual seismic behaviours.
Such discrepancies warrant urgent attention, as they underscore potential inadequacies in
the current earthquake design regulations and their implementation.

After evaluating all the data collected in this study, it is concluded that the last
two seismic hazard maps and seismic design regulations applied in Tiirkiye can be
considered as successful. However, despite this, significant loss of lives and property
still call for further research. A comprehensive analysis of both seismic parameters and
structural characteristics is necessary to gain a deeper understanding of the causes of the
large-scale losses.
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