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Research Article

Enhancing the mechanical performance of perforated steel
plates through fiber-reinforced composite reinforcement:

A finite element analysis study

Husam A. M. Alshabrawi #* (2, Habib Uysal 2

*Department of Civil Engineering, Atatiirk University, Erzurum 25240, Tiirkiye

ABSTRACT

ARTICLE INFO

Reinforced concrete and steel plates are widely used in civil engineering and are im-
portant components of many structural systems and ground reinforcement projects.
These plates effectively carry different loads, enhance ground support, and improve
the durability of structures. Moreover, the proper selection and use of these materials
during the design and planning stages of construction projects have a direct impact
on cost and time efficiency. In addition to their structural contributions, the effective
use of reinforced concrete and steel plates is critical for the safety and success of con-
struction projects. In order to transfer loads to the frame system, reinforced concrete
plates serve as horizontal load-carrying components. Load-bearing capacity, stiff-
ness, fire resistance, and sound insulation are important properties of reinforced
concrete plates. Perforated plates are widely used in structural applications but suf-
fer from stress concentration around openings, reducing their mechanical perfor-
mance. This study investigates the reinforcement of perforated steel plates using fi-
ber-reinforced polymer (FRP) composites around holes to enhance structural integ-
rity. The research employs finite element analysis (FEA) to assess the effects of dif-
ferent reinforcement widths under varying loads. A detailed comparison of stress
and deformation distributions before and after reinforcement is presented. The find-
ings indicate that FRP reinforcement significantly reduces stress concentration and
improves the load-bearing capacity of perforated plates, providing practical insights
for industrial and construction applications.
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1. Introduction

Plates are structural elements characterized by their
two-dimensional geometry, where their thickness is
small relative to their other dimensions. They play criti-
cal roles in enhancing structural integrity in architec-
tural applications, reinforced concrete and steel struc-
tures, the automotive industry, and various industrial
sectors.

Perforated plates are widely used in engineering pro-
jects (Zhou 2016). These plates are components made of

metals, plastics, or fiber-reinforced composites with reg-
ularly or irregularly arranged holes on their surfaces.
Steel is one of the most commonly used metallic ma-
terials for perforated plates due to its strength, durabil-
ity, and cost-effectiveness. Steel perforated plates are re-
sistant to impact, abrasion, and harsh environmental con-
ditions, making them suitable for demanding applica-
tions in industries such as construction, automotive, and
manufacturing. The high tensile strength of steel allows
for the creation of plates with various hole sizes and pat-
terns without compromising structural integrity. Moreo-
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ver, steel is easily formable and manufacturable, enabling
customization to meet specific design requirements.

Composite structures are often used in many areas
due to their lightweight nature and adaptability to
changing mechanical conditions (Demir 2024; Sunar and
Uysal 2024). Using composites called fiber-reinforced
polymers, obtained by combining fibers with high-
strength proper-ties with the help of epoxy resin, has be-
come widespread in the last twenty years. Carbon fiber
is a lightweight and high-strength reinforcement mate-
rial commonly used in advanced composite materials.
Carbon fiber composites exhibit exceptional strength-to-
weight ratios, stiffness, and resistance to temperature
variations (Hou et al. 2025). Compared to traditional ma-
terials such as steel or aluminum, these composites offer
superior mechanical properties. Carbon fiber is widely
utilized in industries such as aerospace, automotive,
wind energy, sports equipment, and high-performance
engineering. The use of carbon fiber composites helps
reduce the weight of structures without compromising
strength, making them an ideal choice for applications
where weight reduction is critical (Tarhan et al. 2025;
Xie et al. 2020).

Durability is a critical factor to consider when select-
ing perforated plates. The strength of a plate determines
its ability to withstand loads and forces without defor-
mation or failure. Plates with higher strength can sup-
port heavier loads and provide increased structural sta-
bility, making them suitable for demanding applications.
The strength of a plate depends on various factors such
as material composition, thickness, and manufacturing
processes. To effectively meet the requirements of an ap-
plication, careful attention must be given to the antici-
pated loads and forces the plate will encounter, ensuring
the selection of a plate with adequate strength.

Reinforced concrete plates are structural elements
that act as horizontal load-carrying components, trans-
ferring loads to the frame system. Key characteristics of
reinforced concrete plates include load-bearing capacity,
rigidity, fire resistance, and sound insulation. These
plates are particularly suitable for spanning large dis-
tances and allow for the addition of extra layers to struc-
tures (Bas 2024).

Reinforced concrete plates are widely used in build-
ing floors. Additionally, they are frequently preferred in
industrial facilities, bridge structures, water structures,
and infrastructure projects. Due to their high strength
and durability, they provide excellent solutions for span-
ning large distances and meeting various structural needs.

Steel plates are often made of high-strength steel al-
loys and are available in various thicknesses. These
plates can be composed of carbon steel, stainless steel,
or alloy steel, offering durability, high strength, and flex-
ibility. These characteristics make steel plates widely ap-
plicable in civil engineering.

Steel plates are commonly used in load-bearing sys-
tems of large-span structures in civil engineering. Addi-
tionally, they are preferred for industrial facilities, infra-
structure projects, bridges, viaducts, warehouses, crane
beams, and high-rise buildings. Steel plates are also ex-
tensively applied in vehicle and train passageways (De-
mirel 2023).

Perforated plates, often made of steel, are structural
components with regularly spaced holes that signifi-
cantly reduce weight while maintaining flexibility and
durability. These advantageous features make perfo-
rated plates highly effective and widely used in large-
span structural elements and ground reinforcement ap-
plications. They are preferred in engineering designs for
their combination of robustness and economic effi-
ciency, contributing significantly to the construction in-
dustry (Castur 2021).

Perforated plates are frequently used in ground rein-
forcement applications and large-span structural ele-
ments. They are also commonly applied in bridges, build-
ings, crane beams, and platforms that carry heavy loads.
By reducing weight, they provide significant cost savings
and offer greater flexibility and load-bearing capacity
compared to solid steel plates. Their versatility, durabil-
ity, and adaptability to various projects have made per-
forated plates indispensable in structural engineering
(Yiicesoy 2021).

This paper is prepared to examine the benefits of us-
ing fiber-reinforced composites, an innovative reinforce-
ment method, to improve the strength of perforated
plates. The goal is to enhance the performance of these
plates and provide engineers and designers with more
innovative and effective solutions for construction and
industrial applications. Within this scope, a steel plate
with a central hole was reinforced around the hole using
fiber-reinforced polymer (FRP) composites of varying
widths. The study investigates the effectiveness of these
reinforcements made with composite materials to
achieve higher performance in structural applications.

2. Materials and Method

Reinforced concrete and steel plates are commonly
utilized in civil engineering and play significant roles in
various structural systems and ground reinforcement
works. In addition to their structural contributions, the
effective use of reinforced concrete and steel plates is
critical for the safety and success of construction pro-
jects. Their flexibility in engineering applications, as well
as their adaptability to various climatic conditions and
subsurface environments, make these materials invalua-
ble in the field of engineering. The wide range of applica-
tions, the improvement in labor efficiency, and the accel-
eration of construction processes further highlight their
significance (Sec¢kin 2022).

2.1. Composite materials

Composite materials have been gaining increasing
popularity in both the industrial and construction sec-
tors, a trend that continues to strengthen each year. Ow-
ing to their unique advantages and distinctive proper-
ties, many industries have started to favor the use of
such materials. Composites, created by combining mate-
rials with different characteristics, are particularly nota-
ble for being lighter than metals and plastics. This quality
enables composite materials to stand out in various ap-
plications.
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Detailed investigations address topics such as the def-
inition, properties, types, classification, advantages, and
disadvantages of composites, supported by comprehen-
sive research. These studies aim to provide extensive
knowledge on how to utilize these materials most effec-
tively in both theoretical and practical fields. For in-
stance, composites are widely used in applications
where both strength and lightness are required simulta-
neously. Therefore, their application in construction
projects and engineering designs contributes to improv-
ing processes and final outcomes, enhancing safety
standards, and significantly supporting the overall effi-
ciency of projects.

Composite materials represent a type of material cre-
ated through the combination of different components to
produce a stronger and more durable result. They typi-
cally consist of a matrix material reinforced with a sec-
ondary material. The harmonious integration of these
two components endows composite materials with su-
perior characteristics, such as high strength, lightness,
flexibility, and chemical resistance. These unique attrib-
utes make composites widely utilized across various sec-
tors, including construction, aerospace, automotive, and
sports. As a result, composite materials play a significant
role in modern engineering designs and excel in diverse
applications (Yilmaz and Vural 2018).

2.2. Strengthening of plates

Extensive research conducted in the fields of struc-
tural engineering and materials science on plate
strengthening holds significant importance. Considering
that enhancing the resistance and durability of struc-
tures substantially contributes to structural safety and
extends their service life, this subject is of critical rele-
vance. Such studies aim to develop various methods and
techniques for reinforcing plates. Therefore, in-depth in-
vestigations into plate strengthening have the potential
to improve the safety and longevity of structures while
enriching the existing body of knowledge. These efforts
are valuable not only in the field of engineering but also
for offering environmentally sustainable outcomes.

The increasing number of studies on plate strength-
ening is enabling structures to become more resilient.
This trend holds great importance not only in academic
circles but also in industrial and practical applications.
The results obtained from strengthening plates in engi-
neering projects form the basis for the reliable and effi-
cient performance of numerous structures. In this con-
text, the development of innovative techniques and the
improvement of existing methods for plate strengthen-
ing offer significant contributions to researchers and en-
gineering professionals alike. As a result, projects aimed
at enhancing structural durability and safety can be fur-
ther advanced, laying the groundwork for sustainable
engineering approaches.

Furthermore, the discovery of innovative methods in
this domain serves the development of the construction
sector, thereby paving the way for a healthier future
from both economic and environmental perspectives. The
strengthening of plates will remain a noteworthy field of
research and application both now and in the future.

Plates, one of the fundamental components of a struc-
ture, are horizontal structural elements that bear and
transmit loads. Proper support and reinforcement of
plates are essential for ensuring structural integrity and
durability. Since their primary function is to transmit
and bear vertical loads, strengthening plates can en-
hance the long-term stability and performance of struc-
tures. The definition and importance of plates are funda-
mental topics for professionals in structural engineering
and the construction sector, playing a critical role in effec-
tively planning and implementing strengthening projects.

Strengthening plates offers numerous structural and
economic advantages. Structural benefits include in-
creased durability, enhanced resistance to earthquakes,
and extended service life of structures. These advantages
improve the safety of buildings and other structures, en-
suring longer-lasting performance.

2.3. Numerical modelling

Finite element analysis (FEA) is a computerized
method used to predict how a product reacts to real-
world forces, such as mechanical stresses, vibrations,
thermal fluctuations, fluid flow dynamics, and other
physical effects. FEA enables engineers to simulate the
behavior of complex structures and systems by creating
avirtual model composed of finite elements. By applying
loads, constraints, and boundary conditions, engineers
can observe and analyze the impacts on a product’s per-
formance and durability. Over the years, FEA has proven
to be an invaluable tool in the design and development
of a wide range of products, including perforated trays,
sieves, and gas-preventing mats. Its industry-specific
and application-focused approach has revolutionized
the way engineers address engineering challenges,
providing efficient and optimized designs for various
sectors (Chen et al. 2022; Abualigah et al. 2022).

In this study, a steel plate with a central hole was an-
alyzed under three different force values: 1.5 kN, 2.0 kN,
and 3.0 kN. The study considered both unreinforced and
reinforced scenarios, with FRP layers of varying widths
(40 mm, 50 mm, and 60 mm) applied symmetrically
around the hole.

An advanced finite element method based software
ANSYS were used to create and analyse the models. The
material properties used in the numerical model are pre-
sented in Table 1. Determining the mesh size, Cheng and
Zhao (2010) and Singh and Singh (2021) were taken into
account and the similar modeling procedure in these
studies was followed. Finite element analysis was per-
formed to simulate the behavior of perforated steel
plates under static loading.

3. Results and Discussion

In perforated plates, lateral buckling and stress accu-
mulation are commonly observed problems. These issues
reduce the load-carrying capacity of the plates and
shorten their service life. Additionally, significant stress
concentrations occur around the perforations. Reinforce-
ment is critically important to address these weaknesses.
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In this study, the effects of using fiber materials to en-
hance the mechanical strength of perforated plates were
analyzed in detail. The analyses were conducted using
the advanced finite element method (FEM)-based ANSYS
software, evaluating critical mechanical parameters
such as total deformation, equivalent stress (von-Mises
stress), The primary objective of this study was to sys-
tematically investigate the extent to which the fiber ma-
terial added around the perforation could improve the
overall strength of the plate.

During the modeling process, the perforated plate
was designed as a simple rectangular geometry with a
length of 300 mm, a height of 200 mm, and a width of 30
mm. At the center of the plate, a circular perforation with
a diameter of 30 mm was included.

In the first stage, the behavior of the plate was ana-
lyzed before adding the composite material using three
different forces 1.5, 2.0, and 3.0 kN as shown in Fig. 1. The
plate was fixed from the top and bottom with a fixed sup-
port as shown in Fig. 2, and the analysis results obtained
for each load value are given in Figs. 3-5, respectively.

Table 1. Material parameters used in modelling.

Material Unit volume weight Modulus of elasticity Poisson’s ratio
(kg/m?) (Pa) )

FRP composites 1600 2.30e+11 0.30

Structural steel 7850 2.00e+11 0.28

ANSYS

2021R1

ACADEMIC

SYS
2021 R
ACADEMIC

ANSYS

2021R1
ACADEMIC

SYS
2021 R
ACADEMIC

Fig. 2. Fixed support at the top and lower sides.

ANSYS

2021R1
ACADEMIC

_—
0150

ANSYS

2021 R1
ACADEMIC

=
0150

Fig. 3. Total deformation and equivalent stress distribution (1.5 kN).
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ANSYS

2021 R1

ACADEMIC

=
150

ANSYS

2021R1
ACADEMIC

=
150

Fig. 4. Total deformation and equivalent stress distribution (2.0 kN).

ANSYS

2021R1
ACADEMIC

—
0150

ANSYS

2021 R
ACADEMIC

Fig. 5. Total deformation and equivalent stress distribution (3.0 kN).

In second case, carbon fiber reinforced composite ma-
terial in varying widths was used for the plate (40x200
mm?, 50x200 mm?2 and 60x200 mm?2). Loads of 1.5, 2.0,
and 3.0 kN were applied to both the right and left edges,
respectively. Loads of 1.5, 2.0, and 3.0 kN were applied
to both the right and left edges, respectively as shown in

ANSYS

2021R1
ACADEMIC

ANSYS

2021 R
ACADEMIC

Fig. 6, and a fixed support was added to the upper and
lower edges as shown in Fig. 7.

The results were obtained by linear static analysis us-
ing ANSYS software. The total deformation and equiva-
lent stress (von Mises) distribution resulting from the
analysis are shown in Figs. 8-16.

ANSYS

2021R1

ACADEMIC

0050

SYS
2021 R1
ACADEMIC

2200(m)
0150

Fig. 7. Fixed support at the top and lower sides.
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ANSYS ANSYS

Fig. 8. Total deformation and equivalent stress distribution (FRP=40x200 mm?2 and F=1.5 kN).

ANSYS

20211
ACADEMIC

ANSYS

2021R1

ACADEMIC

A

ase s Q050

Fig. 9. Total deformation and equivalent stress distribution (FRP=40x200 mm? and F=2.0 kN).

ANSYS ANSYS

2021 R1 2021
ACADEMIC ACADEMIC

Fig. 10. Total deformation and equivalent stress distribution (FRP=40x200 mm? and F=3.0 kN).

ANSYS ANSYS

2021R1 2021R
ACADEMIC ACADEMIC

a0 aoso

Fig. 11. Total deformation and equivalent stress distribution (FRP=50x200 mm? and F=1.5 kN).
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ANSYS ANSYS

2021 1 . 2021 R1
ACADEMIC ¢ ACADEMIC

Fig. 12. Total deformation and equivalent stress distribution (FRP=50x200 mm? and F=2.0 kN).

ANSYS ANSYS

2021R1 - 2021R
ACADEMIC : ACADEMIC

ANSYS ANSYS

2021R1 2021R
ACADEMIC : ACADEMIC

Qs

Fig. 14. Total deformation and equivalent stress distribution (FRP=60x200 mm? and F=1.5 kN).

ANSYS ANSYS

2021R 2021R1
ACADEMIC : ACADEMIC

Fig. 15. Total deformation and equivalent stress distribution (FRP=60x200 mm? and F=2.0 kN).
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2562
2917e-TMax
25%0%-7
26687
19477
162067
129647
7338
842028
324i1e-8
@ Hin

Fig. 16. Total deformation and equivalent stress distribution (FRP=60x200 mm? and F=3.0 kN).

Figs. 3-5illustrate the stress concentration and defor-
mation in the unreinforced plate under different load
conditions. The results confirm that stress accumulation
is highest around the hole, leading to significant struc-
tural weakening.

Figs. 8-16 present the deformation and stress distri-
bution in the reinforced plates for different reinforce-
ment widths. The results demonstrate a clear improve-
ment in load-bearing capacity, with stress concentration

significantly reduced as the reinforcement width in-
creases.

Table 2 shows the change in total deformation and
equivalent stress values before and after reinforcement
by the composite material.

Figs. 17-19 show the linear relationship between the
stress and total deformation values induced by the ap-
plied force for the cases before and after the addition of
the composite material.

Table 2. Evaluation of the reinforcement effect.

Before After o
Parameters fiber reinforcement fiber reinforcement Bliersigs (04
Total deformation (m) 1.45e-07 1.46e-07 +0.69
F=1.5 kN
1 Equivalent stress (Pa) 6.95 e05 6.90 e05 -0.72
E
g8 Total deformation (m) 1.93e-07 1.95e-07 +1.04
% F=2.0kN
% Equivalent stress (Pa) 9.27 e05 9.22 e05 -0.54
o,
& Total deformation (m) 2.90e-07 2.92e-07 +0.69
F=3.0 kN
Equivalent stress (Pa) 1.39 e06 1.35e06 -2.88
Total deformation (m) 1.45e-07 1.47e-07 +1.38
F=1.5kN
i Equivalent stress (Pa) 6.95 e05 6.90 e05 -0.72
E
= Total deformation (m) 1.93e-07 1.95e-07 +1.04
% F=2.0kN
1.? Equivalent stress (Pa) 9.27 e05 9.20 e05 -0.76
(=¥
£ Total deformation (m) 2.90e-07 2.92e-07 +0.69
F=3.0 kN
Equivalent stress (Pa) 1.39 e06 1.32 €06 -5.04
Total deformation (m) 1.45e-07 1.46e-07 +0.69
F=1.5kN
g= Equivalent stress (Pa) 6.95 e05 6.91 €05 -0.58
El
= Total deformation (m) 1.93e-07 1.95e-07 +1.04
% F=2.0kN
% Equivalent stress (Pa) 9.27 e05 9.24 e05 -0.32
o,
£ Total deformation (m) 2.90e-07 2.92e-07 +0.69
F=3.0 kN
Equivalent stress (Pa) 1.39 e06 1.33e06 -4.32
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Fig. 17. Total deformation and equivalent stress graph (FRP=40x200 mm?2).

1e—7 Total Deformation vs Force (FRP 50x200 mm)

Before Fiber |
28l ~" After Fiber /,”
26} 555
£ Lz%
£ 24
= P
o 27
£22¢
8
820
F 18t s
1.6 2%t
v’
14L L . . . L L I |
1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
Force (kN)

l4r

13f

Equivalent Stress (Pa)

0.8F

0.7F

1.2r

11f

1.0

0.9F

1le6

Equivalent Stress vs Force (FRP 50x200 mm)

Before Fiber
After Fiber

3.0

16 18 20 22 24 26 28
Force (kN)

Fig. 18. Total deformation and equivalent stress graph (FRP=50x200 mm?2).

1e—7 Total Deformation vs Force (FRP 60x200 mm)

Before Fiber a

14}

le6

2.8

After Fiber

Equivalent Stress vs Force (FRP 60x200 mm)

Before Fiber
After Fiber

3.0

2.6 2%
2.4 P
22 2%

2.0 2%

Total Deformation (m)
\

18 27

1.6 #”

1.4 | | | L . |

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
Force (kN)

Equivalent Stress (Pa)
e = = = =
o o - N w
\
N
\
\
\
\
A}
A
\
\
A
hY
Y
A

o
0
\
!
\

0.7 w”

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
Force (kN)
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Under forces of 1.5, 2.0, and 3.0 kN applied laterally,
the unreinforced plate exhibited significant deformation
and stress concentrations around the perforation. The
stress distribution highlighted areas of high von Mises
stress around the circular hole, reducing the load-bearing
capacity of the plate. The addition of FRP material sym-
metrically around the hole significantly enhanced the me-
chanical performance of the plate. Compared to the unre-
inforced scenario, the reinforced plate showed reduced
stress concentrations. This improvement was consistent
across all loading conditions. The effective-ness of the re-

inforcement was evident from the comparison of defor-
mation and stress distributions between the reinforced
and unreinforced plates.

According to obtained results the FRP reinforcement
mitigated stress concentrations and improved the plate's
ability to distribute loads more evenly, enhancing struc-
tural integrity. The comparative analysis demonstrated
that the FRP material contributed to a substantial reduction
in von Mises stress, particularly under higher loads (3.0
kN). This indicates the potential of FRP reinforcements in
extending the lifespan and reliability of perforated plates.
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4. Conclusions

This study examined the effects of reinforcing a per-
forated steel plate with fiber-reinforced polymer (FRP)
composites around the perforation to improve its struc-
tural performance. Critical mechanical parameters such
as total deformation and equivalent stress (von Mises
stress) under varying loading conditions were evaluated
by finite element analysis (FEA) performed with ANSYS
software.

This study demonstrates that reinforcing perforated
steel plates with FRP significantly reduces stress concen-
tration, thereby improving structural integrity. The find-
ings provide valuable insights for engineers and design-
ers in optimizing reinforcement strategies for practical
applications in construction and industrial settings.

The results emphasize the importance of reinforce-
ment in extending the service life of structural elements
subjected to mechanical stress. By distributing loads
more effectively, FRP materials reduce the risk of local-
ized failure, ensuring more durable and reliable perfor-
mance over time. This is particularly relevant for indus-
tries such as aerospace, automotive, and civil engineer-
ing, where lightweight yet strong materials are essential
for efficient structural performance.

Future research could further explore experimental
validation of the findings by conducting physical load
tests on reinforced perforated plates. Moreover, study-
ing the long-term durability of FRP reinforcements un-
der dynamic and cyclic loading conditions will provide
deeper insights into their practical applications. Investi-
gations into alternative reinforcement configurations
and fiber orientations could also enhance the effective-
ness of strengthening techniques.
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Historic masonry structures are subjected to various negative effects from the time
they are built. As a result, these structures suffer damage, leading to restoration and
reinforcement efforts. Hydraulic lime-based mortars (HLMs), which are compatible
with the nature of historic structures, are used in restoration and reinforcement. This
study investigated the fire resistance of hydraulic lime-based mortars. Within the
scope of this study, HLMs were prepared in accordance with restoration standards,
and prism specimens were prepared with HLMs. These specimens were exposed to
high temperatures ranging from 200 °C to 700 °C, and bending and compression tests
were conducted on the specimens exposed to temperature. During the elevated tem-
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reference specimens. While the reference specimens were tested at room tempera-
ture, the other specimens were kept until they reached room temperature after the
ETTs were completed and then tested under the same conditions as the reference
specimens. No tests were performed on the temperature monitoring specimens, and
these specimens were only used to monitor the temperatures inside the specimens
with thermocouples placed inside. As a result of the experimental studies and evalu-
ations, it was determined that the HLMs began to lose their mechanical properties
with increasing temperature, but even after 700 °C, they still exhibited mechanical
properties observed in low-grade mortars.
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1. Introduction

Historic masonry structures are subjected to a multi-
tude of adverse conditions, enduring ravages of time,
natural disasters, and human interventions. In addition
to their behavior against atmospheric conditions and ag-
ing, historic mortars are also exposed to harsh conditions
during natural disasters, such as earthquakes, landslides,
air pollution, extreme temperatures, floods, and fires.
Fire poses a particularly formidable threat to these ar-
chitectural treasures, capable of erasing centuries of his-
tory in hours and causing irreversible damage. In addi-
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tion to architectural and cultural value loss, fires can lead
to costly and destructive situations in historical struc-
tures. The performance of structural elements during and
after a fire is crucial for the future of a building. In partic-
ular, the thermal behavior of construction materials dur-
ing and after a fire and the changes in their physical and
mechanical properties are critical for structural perfor-
mance. The mortar in joint areas, considered the weakest
link in the chain, is the construction material that most
significantly affects the fire performance of historical
structures. It is known that even the smallest weak-
nesses occurring at the connection points can lead to ir-
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reversible damage throughout the entire structure. Alt-
hough the composition of mortar varies depending on the
era, historical mortars primarily consist of lime-based ma-
terials, including air lime mortars, lime-pozzolan mortars,
natural hydraulic lime mortars, and ternary mortars.

Although the fire resistance and physical and mechan-
ical performance of hydraulic lime-based mortars HLM
after a fire are significant topics, studies conducted in the
literature are quite limited. Studies in the literature have
primarily focused on cement-based mortars. For exam-
ple, Neto etal. (2022) investigated the impact of post-fire
curing on the mechanical behavior of cement-lime based
masonry mortars, which are often overlooked in con-
temporary structures. Three mortar mixes were sub-
jected to fire tests and cured at different post-fire ages.
Mechanical tests revealed that longer post-fire curing led
to reduced mechanical properties and increased deform-
ability, particularly in mortars with higher lime content.
The mortars exhibited progressive deterioration and be-
came more ductile over time during the post-fire curing.
Additionally, a theoretical model with correlations accu-
rately predicted the post-fire mechanical behavior of
masonry mortars. Bamonte et al. (2021) focused on the
behavior of three bed-fixing cement-lime based mortars
at high temperatures (up to 900 °C) to understand their
mechanical properties and thermal diffusivity. This
study aimed to expand knowledge on this subject and
develop stress-strain relationships for potential use in
masonry structure design. Their study emphasized that
while the mechanical decay at high temperatures is sim-
ilar to that of ordinary concrete, they exhibit higher mass
loss, lower thermal diffusivity, and greater ductility. This
led to the calibration of an analytical stress-strain law for
compression, which considered the specific characteris-
tics of the mortars.

Pachta et al. (2021) conducted a study on the use of
brick residues in historic mortars to enhance poz-
zolanicity and resistance to humidity, as well as to assess
their performance at elevated temperatures. Three mor-
tar series were tested: lime, lime with natural pozzolan,
and lime with natural pozzolan and brick dust. Physico-
mechanical properties were tested at 28 and 90 days,
and mortars were exposed to temperatures ranging
from 200 °C to 1000 °C. The study suggested that the 90-
day age is more representative, and the inclusion of
crushed brick and brick dust improves the structural in-
tegrity at extreme temperatures. Rais et al. (2019) dis-
cussed how high temperatures affect the fresh and aged
strengths, as well as the microstructure properties of fly
ash mortars. Various blends were tested, and after expo-
sure to temperatures ranging from 100 °C to 500 °C,
compression strengths was measured and compared be-
tween blended and plain mortars. Mortars with 10% fly
ash exhibited superior performance at 500 °C. The pro-
posed model accurately predicted the aged strength of
blended mortar after heating, offering potential benefits
for concrete construction and sustainability. Pachta et al.
(2018) examined the impact of elevated temperatures
on lime-based mortars used in historical restoration.
Mortar specimens were exposed to temperatures from
200 °C to 1000 °C, and their properties were tested be-
fore and after exposure. The results indicated that lime-

based mortars generally retain their structure and char-
acteristics after exposure to high temperatures, with the
lime-pozzolan matrix displaying particularly high re-
sistance. Zhang et al. (2018) investigated the impact of
heat treatment on fly ash (FA) cement mortar, focusing
on color and thermal conductivity changes. Different FA
replacement percentages (10%, 20%, and 40%) were
examined across 45 samples exposed to temperatures
ranging from room temperature to 800 °C. The study em-
phasized a critical temperature range (400-600 °C)
causing pH reduction due to carbonization and calcium
hydroxide decomposition, shortening mortar lifespan.
The thermal conductivity decreased at higher tempera-
tures, which correlated with the density ratio. The find-
ings suggest an optimal FA percentage for improved
mortar properties heat exposure.

Horszczaruk et al. (2017) investigated the impact of
nanosilica on cement mortars containing quartz, mag-
netite, and barite aggregates exposed to high tempera-
tures (200 °C to 800 °C). The mortars were modified
with nanosilica in various proportions. The findings re-
vealed that an optimal nanosilica content enhances ther-
mal resistance and prevents crack extension, particu-
larly in mortars with quartz and magnetite aggregates.
However, mortars containing barite aggregates tend to
crack and exhibit spalling owing to the lower thermal re-
sistance of the aggregate. Pan et al. (2017) examined the
high-temperature performance of cementitious materi-
als containing fine glass powder (GP) as a partial re-
placement for ordinary Portland cement. Various mix-
tures were prepared using different proportions of GP.
Compressive strength tests were conducted at tempera-
tures ranging from 20 °C to 800 °C, alongside X-ray dif-
fraction (XRD), scanning electron microscopy (SEM),
and thermal strain tests on corresponding pastes. The
results indicate two distinct temperature ranges for the
effects of GP on the mortar strength. Below 500 °C, mor-
tars with 20% GP showed superior performance because
of reduced calcium hydroxide content. Between 500 °C
and 800 °C, GP mortars exhibited higher strength loss,
attributed to greater thermal incompatibility arising
from paste shrinkage and sand particle expansion.

Pachta et al. (2018) and Bamonte et al. (2021) re-
ferred that the chemical composition and hydration
products, carbonation and thermal stability, microstruc-
tural porosity and permeability, thermal expansion and
ductility factors collectively explain why high-perfor-
mance concrete (HLM) retains residual mechanical
properties even at 700 °C, whereas cementitious mor-
tars undergo rapid deterioration beyond 400 °C. isafca
et al. (2022) investigated the effect of elevated tempera-
ture on polypropylene fiber reinforced Khorasan mortar.
Aruntas et al. (2021) investigated lime usage in cement
paste and mortar with different proportion of lime at
room temperature.

Although studies have been conducted on the fire re-
sistance or post-fire mechanical properties of cement-
based mortars or mortars reinforced with other materi-
als as a result of literature research, studies on HLMs are
quite scarce and insufficient. Therefore, in this study, the
effects of fire exposure at different levels on the mechan-
ical strength of HLMs were investigated. As part of the
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investigation, the HLM was formulated following resto-
ration standards, and prism-shaped specimens were
prepared with HLMs. Subsequently, the specimens were
exposed to elevated temperatures ranging from 200 °C
to 700 °C. This was followed by a series of bending and
compression tests. It is believed that the conducted re-
search and experimental studies will fill this gap in the
literature and present an original study.

2. Materials and Method

In this study, the fire resistance of HLMs is investi-
gated. Within the scope of this research, these mortars
were prepared according to restoration standards, and
prism samples were created with HLMs. These samples

Test Sample Preperation
(Phase 1)

Mortar Hardenning Stage Under Standard
Laboratory Conditions
(Phase 2)

v

Elevated Temperature Exposure
(Phase 3)

l

st group

200 and 300 °C Elevated Temp. conditioning

2nd group

400 and 500 °C Elevated Temp. conditioning

3rd group

600 and 700 °C Elevated Temp. conditioning

Inner temperature measurements conducted
As reached to the inner temperature goal, the

natural cooling stage conducted

l

Mechanical Testing
(Phase 4)

l

Bending Strength

l

Compressive Strength

l

Overall evaluation of test Results
(Phase 5)

were then subjected to bending and compression tests at
temperatures ranging from 200 °C to 700 °C after being
exposure to high temperatures. A total of 27 samples
were included in the high-temperature tests, with three
experimental samples, one temperature-monitoring
sample, and three reference samples for each tempera-
ture. The reference samples were tested at room temper-
ature, whereas the other samples were held at room
temperature after completing the fire test and then
tested under the same conditions as the reference sam-
ples. No tests were conducted on the temperature-mon-
itoring samples; they were only used to monitor the in-
ternal temperatures of the samples using the embedded
thermocouples that differs from past studies. In this
study, all steps were performed according to the
flowchart (Fig. 1).

Preperation of mortar according to
manufacturer’'s declerations and also EN 1015-3
requirements followed

27 test samples prepared

EN 1015-11 requirements
2 days in the mould
(Mould 40x40x160 mm)
5 days in a PE bag
21 days in standard laboratory conditions
(23+2°C 50+5 RH%)

(Reference Samples)
Ambient Temperature Bending and
compressive strength measurement
(28 Days)

Fig. 1. Flowchart for the study.
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2.1. Hydraulic lime-based mortar

Mortar serves as an adhesive substance that binds
stones or bricks and plays a crucial role in masonry con-
struction. It functions to fill the spaces between building
blocks (mortar joints), thereby enhancing structural in-
tegrity. Additionally, mortar provides resistance to air
and water infiltration, which bolsters the durability of
masonry structures. The key properties of mortars in-
clude their workability, cohesiveness, resistance to ex-
ternal forces, and ease of spreading. The strength and
durability of masonry structures are significantly influ-
enced by the physical properties of the mortar. The bond
strength and binding characteristics of mortar play a
crucial role in determining the overall performance of a
building. A well-formulated mortar with a strong bond
strength enhances the structural integrity of the ma-
sonry, ensuring stability and resilience against various
external forces and environmental factors. Conse-
quently, understanding and optimizing these mortar
properties are essential for ensuring the longevity and
effectiveness of masonry structures. Cakir (2011) inves-
tigated the required volume of mortar varies based on
the type of masonry, typically ranging from 0 to 20 per-
cent of the total volume. Despite its relatively small vol-
ume, mortar plays a crucial role in masonry structures.
The initial state of the mortar was plastic, but it rapidly
commenced a hardening process. Mortar is typically pro-
duced by blending sand, lime, cement, and water. Previ-
ously, traditional mortar was composed of mud, clay,
and lime. Lime mortars, among the earliest variants,
trace back to Babylonian origins, although Egyptians ad-

vanced mortar technology by incorporating lime and
gypsum to construct pyramids. Historical masonry
structures commonly use HLM. However, Sanchez
(2007) described Romans revolutionized mortar pro-
duction by introducing cement, which subsequently be-
came the predominant material for mortar applications.

HLMs are most commonly used to repair and restore
historical masonry structures, and are special mortars
prepared for historical structures without cement. It
provides breathability and high water vapor permeabil-
ity. It is compatible with historical structures and allows
the production of mortars with different properties. Nat-
ural hydraulic lime (NHL) acquires its characteristics by
calcining argillaceous or siliceous limestones, followed
by pulverization via slaking with or without grinding.
HLMs solidify via a dual process involving hydration,
which forms a calcium-silicate-hydrate structure, and car-
bonation, which occurs as calcium hydroxide reacts with
carbon dioxide in the air. Bompa and Elghazouli (2020)
investigated commercial binders are categorized based
on their hydraulicity levels, which correlate with the
strength development. Natural hydraulic limes are cate-
gorized based on their compressive strengths. For exam-
ple, the compressive strengths of the NHL2, NHL3.5, and
NHLS5 mortars were 2.0, 3.5, and 5.0 MPa, respectively.

In the scope of this study, a Teknorep 520 mortar
(TEKNO Construction Chemical, Turkey), specially de-
veloped for historical buildings in accordance with the
TS EN 998-2:2011 “Specification for mortar for masonry
- Part 2: Masonry mortar” standard, was used utilizing
NHLS5 class natural hydraulic lime. The technical data for
Teknorep 520 are listed in Table 1.

Table 1. Technical data of Teknorep 520.

General Information

Material structure

Cement content 0%
Appearance

Shell life

Package

Special blend with natural hydraulic lime based and adjusted gradients

Off-white and white coffee
12 months in dry place in unopened packaging

20 kg kraft bag

Application Information

Implementation process
Application ground temperature
Grain size <2mm

Application thickness

Min. 30 minutes

(+5 °C)~(+35 °C)

Each storey 1-5 cm

Performance Information

Flexural strength

Compressive strength (EN 1015-11)

>2.0 N/mm?

10-15 N/mm? (M10 Class)

Water vapor permeability (EN 1745) pu<35
Capillary water absorption (EN 1015-18) 0.2kgm-2h-05
Bond strength > 0.15 N/mm?

Reaction to fire Al
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2.2. Preparation of hydraulic lime-based mortar
specimens

To prepare the specimens, Teknorep520 was mixed
at 20/6 water content ratio in the laboratory. Subse-
quently, the mixed mortar was poured into molds meas-
uring 40 x 40 x 160 mm, according to the specifications
outlined in EN 1015-11. These specimens were then en-

closed in polyethylene bags to maintain a relative hu-
midity of 95% =+ 5, as to the guidelines provided in EN
1015-11 (Fig. 2). After a period of five days, the speci-
mens were extracted from the molds and kept in poly-
ethylene bags for an additional two days, for a 7-day du-
ration. Subsequently this, the specimens were trans-
ferred to laboratory conditions of 65% + 5% relative hu-
midity and 20 °C for further testing.

Fig. 2. Test specimens.

3. Elevated Temperature Tests (ETTSs)

In this study, the experimental studies took place at
the Construction Materials, Fire and Acoustic Laboratory
of the Turkish Standards Institution (TSE) in Istanbul,
Tiirkiye. The specimens were subjected to a designated
constant temperature using the ISO 834-1 temperature-
time curve. A specialized furnace powered by natural gas
burners was to achieve these temperatures. To adhere to
the EN 1363-1 standard and prevent direct flame con-

Temperature Control
Specimen

tact, the specimens were positioned 750 mm away from
the furnace burner. Two-plate K-type thermocouples
were deployed throughout the tests to regulate the fur-
nace temperature and positioned 100 mm from the spec-
imens, following the guidelines outlined in EN 1363-1.
Additionally, a K-type Inconel thermocouple was utilized
to accurately gauge the temperature of the specimens
(Fig. 3). This controlled specimen, which is distinct from
those used for mechanical property evaluation, served
solely to monitor the temperature levels.

Fig. 3. ETT system.
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This study conducted six ETTs spanning tempera-  the furnace cover was removed, and both the furnace
tures ranging from 200 °C to 700 °C in increments of 100  and specimen were allowed to cool until below 100 °C,
°C. For each test, four specimens were used, with one des-  with the cooling phases meticulously recorded. The stand-
ignated for measuring the mortar temperature and there-  ard temperature-time curve obtained from the thermo-

maining three for assessing the mechanical properties. couples is shown in Fig. 4, and the temperature profiles
Upon reaching the target temperature for each specimen,  for elevated conditions are depicted in Figs. 5-10.

1200
1100 ——AFK200 Specimen (in °C) ——AFK300 Specimen (in °C) AFK400 Specimen (in °C)
1000
— AFK500 Specimen (in °C) —AFK600 Specimen (in °C) —AFK700 Specimen (in °C)
900 |g
goo &
®
700
(=%
600 &
500
400
300
200
100 Time (minute)
0
0 10 20 30 40 50 60 70 80 90 100
Fig. 4. Standard temperature-time curve (ISO 834).
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Fig. 5. Time-temperature exposure curve for 200 °C test specimen.
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Fig. 6. Time-temperature exposure curve for 300 °C test specimen.
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4. Mechanical Tests After ETTs

After the ETTs were completed, subsequent mechan-
ical assessments were conducted to evaluate the struc-
tural integrity of the specimens under varying tempera-
ture conditions. Both bending and compression tests
were performed to comprehensively analyze the me-
chanical properties following EN 1015-11. For each tem-
perature increment tested during the ETTs, the speci-
mens underwent three-point bending tests (Fig. 11) to
assess their flexural strength and stiffness. The speci-
mens were subjected to controlled loading until failure
or until a predefined displacement limit was reached.
Bending tests provide crucial insights into the ability of
a material to withstand bending forces, which are essen-
tial for assessing its performance in real-world applica-
tions.

In addition to the bending tests, compression tests
were conducted on separate specimens exposed to each
temperature level during ETTs (Fig. 12). The specimen
mechanical tests were performed 1-day after ETTs in or-
der to be sure cooled to room temperature. Compression
tests involve the application of axial loads to specimens
to determine their compressive strength and defor-
mation behavior. These tests help to understand how the
material responds to compressive forces, which is vital
for evaluating its structural stability and load-bearing
capacity.

5. Results and Discussion

In this section, the findings of the study are presented
and engaged in a comprehensive discussion to interpret
the results. Additionally, the findings are contextualized
within relevant literature and theoretical frameworks,
fostering a perspective that enriches the discourse sur-
rounding the findings.

5.1. Flexural strength

The flexural strength exhibited a distinct pattern with
an increase in temperature. At 200 °C, the flexural
strength decreased to approximately 70% of the ambi-
ent level, followed by a gradual decline of approximately
10% per 100 °C until reaching 700 °C. Ultimately, the
flexural strength to a mere 20% of the ambient level at
the highest temperature point. This gradual decrease un-
derscores the susceptibility of the material to thermal
degradation over prolonged exposure to elevated tem-
peratures (Figs. 13-19).

G-y SN = 5 ‘ A

Fig. 11. Three-point bending test on the specimens.
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Fig. 12. Compression test on the specimens.
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Fig. 19. The flexural strength at 700 °C.

Table 2 presents the results of the flexural tests con-
ducted on HLM specimens subjected to varying temper-
atures. As observed from the data, there was a clear
trend in the flexural strength of the mortar as the tem-
perature increased. At lower temperatures (20 °C), the
control specimens exhibited the highest flexural
strength, gradually decreased with increasing tempera-
ture rises. This decline became more pronounced at
higher temperatures, with a significant reduction ob-
served at 400 °C and above. The average flexural
strength across all the specimens followed a similar pat-
tern, indicating a consistent response of the mortar to
thermal exposure. These findings suggest that the HLMs
experienced a decline in flexural strength as they under-
went thermal stress, which has implications for their
suitability for applications subjected to elevated temper-
atures (Table 2 and Fig. 20). In a similar manner, Pachta
et al. (2018) concluded that the flexural strength of the
lime-based mortars gradually decreases up to 800 °C,
and at 1000 °C, it is minimized. Pachta and Stefanidou

(2021) observed the flexural strengths of the lime- and
cement-based mortars were reduced around 85-90% at
1000 °C.

Table 3 presents the energy absorption values ob-
tained from the flexural tests conducted on HLM speci-
mens exposed to varying temperatures. Flexural tests
were performed to assess their ability to dissipate en-
ergy under different thermal conditions, providing in-
sights into their structural integrity and performance. At
temperatures ranging from 20 °C to 700 °C, the speci-
mens exhibited varying levels of energy absorption, in-
dicating a response to thermal stress of the material. No-
tably, as the temperature increased, discernible fluctua-
tions were observed in the energy absorption values
across the specimens. This decline in energy absorption
could be attributed to the thermal degradation of HLMs,
resulting in alterations to their microstructure and me-
chanical properties. Such changes might lead to compro-
mised structural performance and durability, particu-
larly under elevated-temperature conditions.
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Table 2. Data obtained from flexural test results in N/mm?2 (MPa).

Specimen

Control (20 °C) 200°C 300°C 400 °C 500 °C 600 °C 700 °C

1
2
3

1.840
1.810
1.740

1.040 1.380 0.850 0.890 0.580 0.320
1.520 0.750 0.930 0.630 0.510 0.270
1.400 1.220 0.920 0.530 0.570 0.460

Average

1.797

1.320 1.117 0.900 0.683 0.553 0.350

Flexural strength (in N/mm?)
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Fig. 20. Summary of flexural strength test results.

Table 3. Energy absorption of the specimens (Joule).

Specimen

Control (20 °C) 200°C 300°C 400°C 500 °C 600 °C 700 °C

1
2
3

0.2406
0.4347
0.4865

0.3223 0.5590 0.2078 0.1467 0.1527 0.1835
0.4154 0.2402 0.2564 0.3593 0.1458 0.0820
0.4057 0.5290 0.2791 0.2291 0.1391 0.1353

Average

0.3873

0.3811 0.4427 0.2478 0.2450 0.1459 0.1336

Energy absorption (Joule)
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Fig. 21. Summary of energy absorption capacities.
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5.2. Compression strength

Similarly, compression strength analysis revealed no-
table trends across various temperature ranges. Initially,
up to 300 °C, the compressive strength remained rela-
tively constant. However, a significant decrease was ob-
served at 400 °C, where the strength decreased to 60%
compared to ambient temperature conditions. This
trend continued as temperature increased, with com-
pression strength reaching a mere 30% of ambient levels
at 700 °C. These findings suggest a critical temperature
threshold, beyond which the structural integrity of the
material is significantly compromised (Figs. 22-28).

In this study, the results showed that at lower temper-
atures (between 20 °C and 300 °C), the mortar generally
exhibited higher compressive strength, indicating its
structural integrity and stability under typical environ-
mental conditions. However, as the temperature ex-
ceeded 300 °C, a significant reduction in compressive
strength was observed in all specimens. This decline be-

came particularly pronounced at temperatures exceed-
ing 500 °C, indicating a critical threshold which the me-
chanical properties of the material were significantly
compromised (Table 4 and Fig. 29). With an increase in
temperature, a decrease in the mechanical properties
and structural integrity of mortar and stones is sup-
ported in the literature. For example, Neto et al. (2022)
reported that the deformability of masonry mortars in-
creased significantly as the post-fire curing time and
lime content of the mixture increased. Mortars with ele-
vated lime content and extended post-fire curing periods
displayed a more pliable nature. Karahan (2010) re-
sulted that there is a significant decrease in compressive
strength compared to the strength of the control refer-
ence mortar when temperature rise from 400 to 1000 °C.
Bamonte et al. (2021) emphasized that for M15 class
mortar, there is a slight increase in compressive strength
at 200 °C with an increase. However, it is noted that as
the temperature continued to increase, the compressive
strength gradually decreased.
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Fig. 22. The compressive strength at 20 °C.
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Fig. 23. The compressive strength at 200 °C.
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Table 4. Data obtained from compression test results in N/mm?2 (MPa).

Specimen Control (20 °C) 200°C 300 °C 400°C 500 °C 600 °C 700 °C
1 5,600 5,950 5,620 3,570 3,160 2,310 1,650
2 5,250 5,340 5,570 3,430 3,230 2,310 1,570
3 5,400 5,940 5,040 3,150 3,000 2,120 1,860
4 5,280 5,950 5,170 3,110 3,200 2,080 1,780
5 5,380 5,180 4,890 3,710 3,050 1,980 1,680
6 5,740 5,930 5,410 3,830 3,110 2,080 1,700

Average 5,442 5,715 5,283 3,467 3,125 2,147 1,707

The findings were compared with existing standards
and codes, particularly Eurocode 6 and Turkish Seismic
Code (TBDY-2018). It was observed that the Eurocode 6
assumption regarding the disappearance of strength val-
ues at 600 °C appeared conservative because the actual

strength values at this temperature were higher than an-
ticipated. Additionally, our results indicated alignment
with class M1-2 as per TBDY-2018, highlighting the sig-
nificance of considering the reduced material properties
post-fire exposure for structural evaluation and safety.
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In comparison to the assumption outlined in Euro-
code 6, which suggests the disappearance of strength
values at 600 °C, the actual compression strength at 600
°C diminishes to nearly 40% (2.1 MPa) of the ambient

compression strength, whereas the flexural strength re-
duces to approximately 30% (0.6 MPa) of the flexural
strength. This indicates that the Eurocode 6 assumption
may have been overly conservative.
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Fig. 29. Summary of compression strength test results.

6. Conclusions

From the moment historic masonry structures are
erected, they face a myriad of challenges over time.
These challenges inevitably result in damage, necessitat-
ing restoration and reinforcement endeavors. Among
the materials employed in these efforts, HLMs stand out
for their compatibility with the innate characteristics of
historic construction. This research delves into assessing
the fire resistance capabilities of HLMs.

In this study, HLMs were prepared in adherence to
restoration standards followed by the crafting of prism
specimens. These specimens were exposed to high tem-
peratures ranging from 200 °C to 700 °C, after which
bending and compression tests were carried out. A total
of 27 specimens were meticulously prepared for ETTs,
comprising three test specimens and one temperature-
monitoring specimen for each temperature, along with
three reference specimens. While the reference speci-
mens were tested at room temperature, the remaining
specimens were allowed to cool to room temperature
post-fire exposure, following which they were tested un-
der identical conditions to the reference specimens. In
this study, the temperature monitoring specimens were
solely utilized to track internal temperatures through
embedded thermocouples; hence, no mechanical tests
were conducted on them. The findings gleaned from
these comprehensive experimental studies underscored
that HLMs progressively lose their mechanical proper-
ties with escalating temperature. The flexural strength
reduced to approximately 70% of the ambient value at
200 °C. Subsequently, from 200 °C onwards, there was a

gradual decrease of approximately 10% until reaching
700 °C, resulting in a final flexural strength of approxi-
mately 20% of the ambient level. The compressive
strength remains relatively stable at 300 °C. However, at
400 °C, it decreased to 60% of the compressive strength
observed at ambient temperature. By the time it reached
700 °C, the compression strength had diminished to 1.7
N/mm?, representing 30% of the strength recorded at
ambient temperature. It is clearly seen that the compres-
sion strength experiences a slight decrease until reach-
ing 300 °C. However, beyond this temperature, particu-
larly after exposure to temperatures exceeding 300 °C,
there was a significant decline in compressive strength,
with values dropping by almost 30% compared to ambi-
ent conditions. Similarly, the flexural strength exhibits a
gradually decreased up to 700 °C. However, even after
exposure to temperatures as high as 700 °C, they still re-
tained mechanical properties akin to those observed in
lower-grade mortars. A compression value of 1.7 N/mm?
at 700 °C exceeds the normal strength of masonry struc-
tures, suggesting that the Eurocode 6 assumption re-
garding strength loss at 600 °C is indeed conservative.
Nevertheless, further evaluations, particularly those in-
volving brick structural elements, are necessary to vali-
date our conclusions. Despite the decline in strength, the
compression strength at 700 °C (1.7 MPa) still retained
considerable strength. Therefore, it can be inferred that
it aligns with class M1-2, as per TBDY 2018.

Both energy absorption and compression strength of
mortar declined significantly after 300 °C. Understand-
ing how the mechanical strength of mortar varies with
temperature is essential for designing structures that
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can effectively withstand thermal fluctuations. The re-
sults obtained can be utilized for the purpose of conduct-
ing a detailed micro-modelling of masonry structures.
Furthermore, they can be employed as input data for the
mortar part of the structural elements after fire expo-
sure (thermal analysis) at related elevated temperature.

Further analysis and modeling based on these test re-
sults can provide valuable insights into the behavior of
HLM under different environmental conditions, aiding in
the development of more resilient and durable construc-
tion materials. In the event of collapse of historical struc-
tural elements following fire exposure, it is imperative to
conduct further assessments considering the reduced
material properties post-fire exposure. Further assess-
ments will be performed for the structural analysis of
masonry arch structures at elevated temperatures in ac-
tual fire cases.
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This study examines the mechanical behavior of polylactic acid (PLA) components
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1. Introduction

With the rapid evolution of modern technology and
the accelerating transformation of industrial systems,
significant progress has been achieved in both materials
and manufacturing techniques to address the increas-
ingly complex and diverse demands of industry. Among
these innovations, additive manufacturing (AM) has
gained widespread attention for its ability to produce
three-dimensional components directly from computer-
aided design (CAD) models, without the need for conven-

tional molds or tooling. Unlike subtractive manufactur-
ing methods that remove material to achieve the desired
shape, AM builds parts layer by layer, offering significant
advantages such as reduced material waste, enhanced
design flexibility, and shortened production cycles
(Huangetal. 2013; Zhou et al. 2024). These benefits have
led to the rapid adoption of AM technologies across var-
ious sectors, including aerospace, automotive, biomedi-
cal engineering, architecture, and education, particularly
in applications requiring complex geometries, rapid pro-
totyping, and product customization.
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Among AM techniques, Fused Deposition Modeling
(FDM) has emerged as one of the most prevalent meth-
ods, particularly for the fabrication of polymer-based
components. Its widespread adoption is largely at-
tributed to its operational simplicity, cost-effectiveness,
and accessibility across both industrial and desktop-
scale platforms. In this process, a thermoplastic fila-
ment—commonly PLA or acrylonitrile butadiene sty-
rene (ABS)—is fed into a heated nozzle, melted, and ex-
truded in a controlled manner along a predefined tool-
path. The material is deposited layer by layer onto a
build platform, where it solidifies and bonds with pre-
ceding layers to form the final three-dimensional struc-
ture. FDM technology offers several advantages over tra-
ditional subtractive techniques, including reduced mate-
rial waste, shortened production lead times, and the abil-
ity to fabricate components with complex geometries,
hollow sections, and customized internal infill patterns
(Rajpurohit and Dave 2018; Solomon et al. 2020; Le et al.
2022; Equbal et al. 2024). Other FDM advantage is the
elimination of dies and molds, which is an investment
that needs to be made whenever the designs are
changed. This makes FDM or AM a useful technique
when high customization is necessary. FDM is still a
novel technology that produces parts with a quality that
is not currently comparable to the injection molding
parts (Alafaghani and Qattawi 2018). These attributes
make FDM particularly well-suited for rapid prototyping
and low-volume manufacturing. Furthermore, materials
such as PLA are frequently preferred due to their biodeg-
radability, low warping behavior, and favorable
strength-to-weight ratio (Equbal et al. 2024).

However, despite its many advantages, the mechani-
cal integrity of FDM-printed parts is highly sensitive to
various process parameters, including layer thickness,
nozzle temperature, printing speed, infill density, and
build orientation. Among these, build orientation and
raster angle are particularly critical due to the aniso-
tropic nature of the layer-by-layer deposition process.
When the applied load is aligned either parallel or per-
pendicular to the printed layers, significant variations in
tensile strength, ductility, and failure behavior can oc-
cur—primarily resulting from differences in interlayer
bonding and internal stress distribution. Numerous
studies have demonstrated that even slight changes in
build orientation or raster angle can lead to substantial
differences in mechanical performance, including elas-
tic modulus and fracture behavior (Casavola et al. 2016;
Yao et al. 2019; Tasdemir 2024). This anisotropic re-
sponse presents a major challenge in functional applica-
tions where uniform mechanical properties are essen-
tial under complex loading conditions. Therefore, un-
derstanding and optimizing these build orientation-re-
lated parameters is crucial for enhancing the structural
reliability and overall performance of FDM-printed com-
ponents (Alafaghani and Qattawi 2018; Ambade et al.
2023).

Several recent studies have systematically explored
the influence of FDM process parameters, internal struc-
tures, and deposition strategies on the mechanical per-
formance and consistency of printed parts. Dezaki and
Ariffin (2020) showed that combining infill patterns like

grid and honeycomb can significantly improve mechani-
cal integrity compared to single-pattern designs. In
terms of fracture behavior, Marsavina et al. (2022)
demonstrated that crack propagation paths vary signifi-
cantly with build orientation, highlighting the strong an-
isotropy induced by the layer-wise process. Similarly,
Zhao et al. (2019) focused on how internal geometry and
wall thickness affect stress distribution and found that
optimized internal designs can delay failure and increase
energy absorption. Akhoundi and Behravesh (2019) fur-
ther reported that concentric infill patterns outper-
formed other patterns such as rectilinear or honeycomb
in tensile and flexural tests, indicating a pattern-depend-
ent load distribution mechanism. Le et al. (2022) empha-
sized the importance of balancing mechanical perfor-
mance with production efficiency, demonstrating that
specific combinations of infill density, nozzle diameter,
and shell count can reduce build time without signifi-
cantly compromising strength. Laureto and Pearce
(2018) provided quantitative insight into anisotropic
mechanical behavior, noting a nearly 48% reduction in
tensile strength for vertically printed PLA specimens
compared to horizontal ones. Valean et al. (2020) inves-
tigated the effects of spatial printing directions (0°, 45°,
90°) and specimen thickness on tensile properties, find-
ing that orientation strongly influences tensile strength
but has a lesser impact on Young's modulus, and also
showed that key FDM parameters such as infill density,
layer thickness, and print speed significantly affect ten-
sile strength of PET-G parts. Ambade et al. (2025)
demonstrated that optimized build orientation com-
bined with specific infill geometries can significantly en-
hance tensile performance without increasing print
time. Zhou et al. (2024) highlighted the role of advanced
infill architectures, such as triply periodic minimal sur-
faces, in improving both load distribution and energy ab-
sorption in lightweight structural applications. These
studies demonstrate that ensuring directional strength
and structural consistency in FDM requires process-
aware and multivariable optimization approaches.
While several studies have individually optimized infill
pattern or build orientation to enhance the mechanical
properties of FDM-printed components, comprehensive
investigations that address the combined and simultane-
ous optimization of both parameters remain limited.
This gap is particularly evident for PLA-based applica-
tions, where anisotropic behavior and load distribution
mechanisms are strongly influenced by the interaction
between internal geometry and build orientation. The
present study addresses this gap through a systematic
Taguchi-based approach.

In this study, the mechanical behavior of FDM-printed
PLA components was systematically investigated with
respect to infill pattern and build orientation—two key
parameters known to affect part strength and anisot-
ropy. Standard tensile specimens were produced using
three distinct infill geometries (Cubic Subdivision, Gy-
roid, and Tri-Hexagon) at three different printing angles
(0°,45°, and 90°), in accordance with ASTM D638 stand-
ards. An L9 Taguchi orthogonal array design was em-
ployed to efficiently explore the influence of these pa-
rameters on tensile strength and deformation character-
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istics. The objective is to identify optimal combinations
of internal structure and build orientation that improve
the mechanical performance of PLA-based FDM compo-
nents. The findings of this study are expected to support
parameter optimization in additive manufacturing pro-
cesses, particularly for applications where dimensional
accuracy, mechanical reliability, and load-bearing capac-
ity are critical.

2. Experimental Methodology

This article analyzes the mechanical performance of
parts manufactured using PLA as a filament. Table 1
shows the data provided by the manufacturer for the fil-
ament used. The additive manufacturing equipment to
be used is the Creality Ender 3 V3 SE 3D printer using
FDM technology (Fig. 1).

Table 1. Technical specifications of the filament used.

Tensile strength

Color (MPa)

Material

Elongation at break

Tensile modulus
(%) (MPa)

Density
(g/cm3at 21.5 °C)

PLA+ White 40-50

7-8 750-910 1.24 £0.1

CREALITY

Fig. 1. FDM 3D printer used
in the production of experimental samples.

The Creality Print software is used to transfer the 3D
models of the samples to G-code. The basic technical spec-
ifications of the FDM printer are described in Table 2.

The samples used in this study to evaluate the dimen-
sional accuracy, repeatability, and mechanical proper-
ties were modeled according to the American Society for
Testing and Materials ASTM D638 type IV standards for
plastic tensile testing. Fig. 2 shows the dimensions used
to create the CAD model.

Fig. 3 presents schematic representations of three fill-
ing patterns of Gyroid, Cubic Subdivision and Tri-Hexag-
onal structures. Gyroid pattern, a continuous wave-like
3D surface without flat planes, providing isotropic load
distribution and improved interlayer adhesion. Its
smooth curvature minimizes stress concentrations, po-
tentially enhancing both strength and ductility (Khaderi
et al. 2014; Silva et al. 2021). Cubic subdivision, a lattice-
like cubic structure subdivided into smaller cells, offer-
ing balanced rigidity and weight reduction, with load
transfer primarily along straight struts (Jasim et al.
2022; Rahman et al. 2023). Tri-Hexagon, a planar pat-
tern composed of interlinked triangular and hexagonal
cells, forming a stiff and lightweight grid. While this de-
sign provides high rigidity, stress concentrations at the
vertices may reduce ductility (Tandon et al. 2021, 2025;
Abdullah and Abbas 2023). After printing, dimensional
accuracy of the specimens was verified using a digital
caliper with +0.01 mm resolution. Measurements were
taken on critical features defined by the ASTM D638
Type IV standard, including overall length, gauge length,
and width. All printed specimens were within 0.2 mm of
the nominal CAD dimensions, ensuring compliance with
the standard’s dimensional tolerance requirements.

Table 2. Technical specifications of the FDM 3D printer.

Printing technology

Build volume (mm)

Printing speed (typical - max) (mm/s)
Acceleration (mm/s?)

Layer height (mm)

Extruder type

Nozzle temperature (°C)

Heatbed temperature (°C)

Nozzle diameter (mm)

Fused deposition modelling
220%220%250

180-250

2500

0.1-0.35

“Sprite” direct extruder
<260

<100

0.4
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Fig 2. ASTM D638 type IV samples.

Gyroid

Cubic Subdivision Tri-Hexagon

Fig. 3. The schematic representations of three filling patterns of
Gyroid, Cubic Subdivision and Triple Hexagonal structures.

This 3D model was then transferred to the Creality
Print slicing software to generate the appropriate G-
code for printing, as illustrated in Fig. 4. After slicing, the
printer settings were optimized. The fixed printing pa-
rameters were as follows: nozzle temperature (200 °C),
heatbed temperature (60 °C), print speed (180 mm/s),
layer height (0.2 mm), and nozzle diameter (0.4 mm).
Variable parameters infill pattern and build orientation
were selected as controllable factors in this study and
are listed in Table 3. Each parameter was tested at mul-
tiple levels using a L9 orthogonal Taguchi Design of Ex-
periments (DoE) approach to ensure robust statistical
evaluation. The results were analyzed by signal-to-noise
ratio (S/N), mean values and standard deviations. In ad-
dition, the statistical significance of the factors was eval-
uated by ANOVA. All statistical analyses were per-
formed using Minitab® Statistical Software (version
21.1.1). Both the ANOVA and signal-to-noise (S/N) ratio
calculations were conducted using parametric methods.

Prior to analysis, the Anderson-Darling test con-
firmed that residuals followed a normal distribution
(p>0.05), and Levene’s test verified homogeneity of var-
iances (p>0.05), meeting the assumptions required for

valid parametric inference. The Taguchi L9 orthogonal
array was selected to evaluate the effects of two control
factors—infill pattern (Cubic Subdivision, Gyroid, Tri-
Hexagon) and build orientation (0°, 45°, 90°)—each at
three levels. According to Taguchi design principles, an
L9 array provides a balanced comparison of factor lev-
els while reducing the total number of experiments
from 27 (full factorial) to 9, thereby conserving mate-
rial, time, and experimental resources without sacrific-
ing statistical validity for main effects analysis. The
choice of these two parameters was guided by prior lit-
erature identifying them as the most influential on the
anisotropic tensile performance of FDM-printed PLA
parts. Other process variables, including layer height,
nozzle temperature, print speed, and infill density, were
held constant to isolate the effects of the selected fac-
tors. The main limitation of this approach lies in its ina-
bility to fully capture higher-order interaction effects or
responses under different environmental conditions.
Furthermore, the analysis was restricted to PLA mate-
rial and a specific set of geometries, which may limit di-
rect generalization to other materials or process set-
tings.

Table 3. Variable parameters for all specimens.

Process parameters Level 1 Level 2 Level 3
Infill pattern Cubic Subdivision Gyroid Tri-Hexagon
Build orientation 0° 45° 90°
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Tri - Hexagon

Fig. 4. Slicing in flash print software tensile model.

An experimental matrix consisting of nine test condi-
tions was developed, incorporating three different build
orientations (0° 45° and 90°) and three infill patterns
(Cubic Subdivision, Gyroid, and Tri-Hexagon). As shown
in Table 4, for each of the nine experimental conditions
defined in the L9 Taguchi orthogonal array, two identical
specimens were fabricated and tested to assess repeata-

bility and minimize experimental error. The number of
repetitions was limited to two to preserve the efficiency
of the Taguchi design. Statistical analyses, including
ANOVA and S/N ratio evaluation, were performed to ver-
ify the consistency of the results. Images of samples with
different infill pattern after production are shows in Fig.
5.

Table 4. Taguchi experiment L9 matrix.

Exp.no. Nomenclature samples Infill pattern Build orientation
1 (o] Cubic Subdivision 0°
2 C45 Cubic Subdivision 45°
3 C90 Cubic Subdivision 90°
4 GO Gyroid 0°
5 G45 Gyroid 45°
6 G90 Gyroid 90°
7 TO Tri-Hexagon 0°
8 T45 Tri-Hexagon 45°
9 T90 Tri-Hexagon 90°

Fig. 5. Tensile test samples produced in different orientations.
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After fabrication, the samples were subjected to ten-
sile testing using an INSTRON 5982 universal testing ma-
chine to evaluate their mechanical performance tensile
strength and elongation at break. As illustrated in Fig. 6,
the tests were conducted at room temperature on a
static testing machine with a constant crosshead speed
of 5 mm/min, in accordance with ASTM D638 Type IV
standards for FDM-fabricated specimens.

Fig. 6. The image of experimental samples
in the tensile test device.

3. Results and Discussion

The Taguchi optimization technique, employed in
process improvement, follows an eight-step methodol-
ogy involving the design, execution, and evaluation of

Cubic Subdivision

matrix experiments to determine the ranking and opti-
mal levels of control factors (Arora et al. 2023). The
Taguchi method was applied to systematically evaluate
the effects of infill pattern and build orientation on the
tensile strength and elongation at break of PLA-based
FDM specimens. An L9 orthogonal array design was se-
lected to reduce the number of experiments while main-
taining statistical validity. The experimental results
were then analyzed to determine the optimal levels of
control factors and their relative influence on mechani-
cal properties.

3.1. Analysis of experimental tensile tests

In this section, the results of all tensile tests are pre-
sented by systematically grouping the data according to
constant infill patterns and build orientations. The me-
chanical performance of each group is evaluated under
distinct headings to facilitate a clearer comparison of the
effects of individual parameters. Fig. 7 presents the post-
tensile test appearance of specimens fabricated via FDM
using different infill patterns (Gyroid, Cubic Subdivision,
Tri-Hexagon) and build orientations (0°, 45°, 90°). It is
observed that fractures predominantly occurred in the
central region, with fracture surfaces varying depending
on the infill pattern and build orientation. Specimens
printed at 90° exhibited greater deformation, indicating
a more ductile fracture behavior, whereas those printed
at 0° showed sharper and more brittle fracture charac-
teristics. In the 45° oriented specimens, inclined and ir-
regular fracture surfaces suggest that interlayer interac-
tions had a significant influence on the failure behavior.
The slight drop in force observed around 200 N in the all
tensile curves can be attributed to early micro-failure at
interlayer zones or void collapse in transition regions
between outer shell and internal infill. Adragna et al.
(2021) and Marsavina et al. (2022) reported similar be-
havior in PLA specimens with complex infill geometries,
where local instabilities caused a momentary force re-
duction, followed by stress redistribution across the in-
fill, allowing for a secondary rise in force prior to failure.

Tri - Hexagon

Fig. 7. Images of samples after tensile testing.
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3.1.1. Effect of infill pattern on mechanical properties

The tensile graphs of different infill patterns, keeping
the build orientation constant as 0°, are presented in Fig.
8. The maximum load and maximum elongation of the
samples in different infill patterns of this figure were eval-
uated. The load-displacement curves obtained as a result
of the tensile tests clearly reveal the effects of different in-
ternal structure patterns on mechanical performance.
Samples with GO, TO and CO patterns were produced with
the same build orientation (0°) and showed significant dif-
ferences in terms of their load carrying capacities and duc-
tility during deformation. The T 0 sample with the Tri-

hexagon pattern reached the highest maximum load value
of approximately 800 N, indicating that this pattern was
the most advantageous structure in terms of strength.
However, this sample exhibited a sudden load loss after
reaching the peak point and fractured at a lower displace-
ment; this situation suggests that the structure exhibited
a relatively brittle behavior. On the other hand, the GO
sample with the Gyroid pattern reached a similar load
level but showed a longer deformation zone before rup-
ture. This situation reveals that the Gyroid structure has
high ductility and energy absorption capacity. The cubic
patterned CO sample exhibited a moderate performance
in terms of both maximum load and ductility.
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Fig. 8. Effect of infill geometry on tensile behavior at 0° orientation.

Fig. 9 shows the tensile force-displacement behavior
of specimens manufactured with a Gyroid infill pattern
under 45° build orientation. The load-displacement
curves of the samples with 45° built-up orientation once
again revealed the effect of infill patterns on the mechan-
ical behavior. When the G45, T45 and C45 patterns were
compared, the Gyroid structure had the highest maxi-
mum load capacity (~840 N) and the largest defor-
mation area. This shows that the Gyroid pattern main-
tained its high ductility and toughness properties even at
the 45° built-up orientation. The T45 and Cubic C45 pat-
terns reached lower peak loads around 740-760 N and
showed earlier fracture. Especially the T45 sample ex-
hibited a relatively brittle behavior with a sudden load
drop. The Cubic C45 patterned sample exhibited a more
stable behavior, but was limited in terms of ductility. It
is also understood that the 45° orientation changes the
bond strength between layers and affects the direction
of load transfer, thus differentiating the mechanical re-
sponse. In this context, it is seen that the Gyroid pattern
stands out with both its high load carrying capacity and
its ability to absorb energy during the deformation pro-
cess, and that it can maintain its structural integrity even
in the 45° build orientation. Jasim et al. (2022) reported
that the choice of infill pattern alone can change PLA ten-
sile strength by more than 25% and that gyroscopic type
patterns consistently outperform linear and honeycomb
designs in terms of strength-to-weight ratio.

Fig. 10 shows the tensile force-displacement behav-
ior of specimens manufactured with a Gyroid infill pat-

tern under 90° build orientation. The load-displacement
curves of the samples produced in 90° build orientation
made the effect of infill patterns on mechanical perfor-
mance more evident. The sample with G90 pattern
reached the highest maximum load value of approxi-
mately 1000 N and maintained its superiority in terms of
strength at this orientation angle. In addition, the G90
sample not only carried high loads but also showed a
longer deformation until the point of failure. This shows
that the Gyroid structure exhibits both ductile and tough
behavior. The samples with Tri-hexagon T90 and Cubic
C90 patterns reached a maximum load carrying capacity
of approximately 850-880 N. These patterns showed
higher strength at 90° compared to the previous orien-
tations, but the deformation time was shorter compared
to the Gyroid pattern. In particular, the T90 sample ex-
hibited a more brittle fracture behavior characterized by
a sudden drop. The Cubic patterned C90 sample has a
relatively more balanced fracture profile and shows a
more positive behavior in terms of ductility than T90.
However, these results obtained along the 90° build ori-
entation reveal that aligning the layers perpendicular to
the load direction increases the load carrying capacity
and especially the Gyroid pattern is the most advanta-
geous structure mechanically under this orientation.
Consistent with the present findings, recent work on
TPMS-based gyroid structures confirmed their superior
isotropic load distribution and higher specific strength
compared to lattice or grid designs, particularly under
multi-axial loading (Alemayehu and Todoh 2024).



208 Ergiider and Bulut / Challenge Journal of Structural Mechanics (2025) 11(4) 201-214

900

800

700

Foree (N)
[ %] (7] S i =
= < = = =
(= S (=] (=] (=]

=
o

S

0 0.5 L 1.5

Displacement (mm)

G45
=T45
w45

25 3 3:5 4

Fig. 9. Effect of infill geometry on tensile behavior at 45° orientation.
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Fig. 10. Effect of infill geometry on tensile behavior at 90° orientation.

3.1.2. Effect of build orientations on mechanical
properties

Fig. 11 shows the tensile force-displacement behav-
ior of specimens manufactured with a Gyroid infill pat-
tern under three different build orientations: 0°, 45°, and
90°. The results clearly demonstrate the significant influ-
ence of build orientation on mechanical performance.
The G90 specimen exhibited the highest tensile strength,
reaching approximately 1000 N, along with the greatest
displacement before failure. This indicates a more duc-
tile fracture behavior and suggests that aligning the
printed layers parallel to the loading direction enhances
interlayer adhesion and load transfer. In contrast, the GO
specimen, where the printed layers are perpendicular to
the tensile axis, recorded the lowest maximum force
(~780 N) and fractured with minimal elongation, exhib-
iting a brittle failure mode. The G45 specimen showed
intermediate behavior in terms of both strength (~860
N) and ductility. These observations confirm the aniso-
tropic nature of FDM-printed components and under-
score the importance of build orientation in optimizing
mechanical properties, even when using geometrically
continuous infill patterns like Gyroid. Dawood and
AlAmeen (2024), in their study on carbon fiber-rein-
forced PLA parts, similarly reported that the Gyroid infill

pattern provided higher tensile strength and fatigue re-
sistance compared to other infill types. They noted that,
particularly at high infill densities, the Gyroid structure
distributed the load more uniformly and delayed crack
propagation, significantly increasing both the strength
and fatigue life of the part. A similar orientation-depend-
ent trend was reported by Vanaei et al. (2023), who
found that changing the build orientation of FDM-
printed PLA from 0° to 90° increased Young’s modulus
by approximately 40% and ductility by nearly 70%, with
numerical simulations (Tsai-Hill, Tsai-Wu criteria) and
FE models confirming the experimental results.

Fig. 12 illustrates the tensile force-displacement be-
havior of PLA specimens fabricated using the Cubic Sub-
division infill pattern at three different build orienta-
tions: 0°, 45°, and 90°. The results demonstrate a clear
orientation-dependent mechanical response, consistent
with the anisotropic behavior commonly observed in
FDM-printed parts. Among the tested samples, the C90°
specimen exhibited the highest tensile strength, reach-
ing approximately 900 N, along with the steepest force
increase during loading. However, the displacement at
fracture was relatively limited, suggesting a stiffer but
more brittle failure mode. This behavior may be at-
tributed to the alignment of the printed layers perpen-
dicular to the tensile axis, where interlayer bonding
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plays a dominant role in resisting the applied load. In
contrast, the CO specimen demonstrated a lower peak
force (~770 N) but sustained deformation over a longer
displacement range, indicating a more ductile fracture
mode. Since the printed layers were aligned parallel to
the tensile direction, the load was distributed more uni-
formly along the filament paths, which enhanced elonga-

tion prior to failure despite a moderate tensile strength.
The C45 specimen showed intermediate performance,
with a maximum force of approximately 750 N and mod-
erate ductility. This result can be attributed to the
oblique alignment of the filament layers, which intro-
duces complex stress paths and partial shear contribu-
tions during loading.
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Fig. 11. Effect of Gyroid infill geometry on tensile behavior in 0° - 45° - 90° orientation.
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Fig. 12. Effect of Cubic Subdivision infill geometry on tensile behavior in 0° - 45° - 90° orientation.

Fig. 13 illustrates the tensile force-displacement
curves for PLA specimens produced using the Tri-Hexa-
gon infill pattern at three build orientations: 0°, 45°, and
90°. The results reveal a clear dependence of mechanical
performance on build direction. Among the samples, T90
exhibited the highest tensile strength, reaching approxi-
mately 840 N, and also demonstrated the greatest elon-
gation before failure. This indicates enhanced ductility
and improved interlayer bonding when the print layers
are oriented parallel to the applied load. Conversely, the
TO specimen, with layers-oriented perpendicular to the
loading direction, showed a lower peak force (~780 N)
and reduced displacement, suggesting a more brittle
fracture mechanism. The T45 sample performed inter-
mediately in both strength (~800 N) and ductility. Alt-
hough the differences among the orientations are less
dramatic compared to other infill patterns, the T90 ori-
entation still offers measurable mechanical advantages.

These findings confirm the anisotropic behavior of FDM-
fabricated parts and highlight the importance of aligning
the build orientation with the loading direction to opti-
mize mechanical performance, even in complex infill
structures like the Tri-Hexagon pattern.

3.1.3. Analyses of maximum force and maximum
displacement

The effects of infill geometry and structure orienta-
tion (0°, 45° and 90°) on the maximum force and maxi-
mum displacement are presented in Fig. 14. Error bars
in Fig. 14 indicate the mean * standard deviation, provid-
ing a visual representation of variability across the two
repeated tests for each configuration. When analyzing
the maximum force, the highest value was observed for
the Gyroid infill with 90° build orientation (G90: 987.3
N). This result suggests that the continuous, wave-like
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three-dimensional geometry of the Gyroid structure,
when aligned perpendicularly to the loading axis, allows
for more efficient stress distribution and improved layer
adhesion, resulting in enhanced load-bearing capacity.
Additionally, G90 outperformed all other combinations,
indicating that the synergistic effect of a complex infill
geometry and optimized orientation contributes signifi-
cantly to tensile strength. In comparison, the Tri-Hexa-
gon infill exhibited lower maximum force values across
all orientations. The T90 sample recorded a maximum
force of 830.1 N, which is approximately 16% lower than
G90. Although the Tri-Hexagon pattern offers rigidity
due to its hexagonal grid, it may not align as effectively
with the tensile load direction, leading to stress concen-
trations and earlier failure. Nevertheless, an increasing
trend was observed with build orientation: TO (783.5 N),
T45 (762.8 N), and T90 (830.1 N), suggesting that higher

build angles may contribute positively to interlayer
strength and filament alignment. The Cubic Subdivision
infill generally showed the lowest tensile strength in 0°
and 45° orientations, with values of 757.7 N (C0) and
745.7 N (C45). However, a significant increase was ob-
served at 90° orientation, reaching 884.2 N (C90). This
improvement is likely due to the cubic cell structures be-
ing better aligned with the tensile axis at 90°, facilitating
improved load transfer. Nevertheless, even C90 re-
mained approximately 10% lower in strength than G90,
indicating the superior mechanical response of the Gy-
roid pattern under optimized orientation. Le et al. (2022)
demonstrated that specific combinations of infill density,
nozzle diameter, and shell count can significantly reduce
print time while maintaining over 90% of the original
tensile strength, stated the potential for balancing manu-
facturing efficiency with mechanical performance.
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Fig. 13. Effect of Tri - Hexagon infill geometry on tensile behavior in 0° - 45° - 90° orientation.

In terms of maximum displacement, a different trend
was observed. The Gyroid infill exhibited the highest de-
formation capacity, with G45 reaching 3.39 mm, fol-
lowed by GO (3.10 mm) and G90 (2.91 mm). This demon-
strates the ductile nature of the Gyroid pattern, which
can undergo larger elastic deformation due to its iso-
tropic and smoothly interconnected geometry. Such
characteristics are beneficial for energy-absorbing or
impact-resilient applications. In contrast, the Tri-Hexa-
gon infill resulted in the lowest displacement values
among all patterns, with TO (1.88 mm), T45 (1.95 mm),
and T90 (1.68 mm). These findings reflect the more rigid
and brittle mechanical response of this infill type, possi-
bly due to its limited ability to distribute stress evenly
under tensile loading. This behavior may be suitable for
applications requiring dimensional stability but not for
that demanding ductility. The Cubic Subdivision infill
showed moderate displacement values, with CO at 2.73
mm, C45 at 2.11 mm, and C90 at 2.14 mm. These results
suggest that the Cubic structure offers a balance between
rigidity and deformation, behaving less ductile than Gy-
roid but more flexible than Tri-Hexagon. Overall, the re-
sults confirm that the mechanical performance of FDM-
printed PLA+ parts is strongly dependent on the interac-
tion between infill geometry and build orientation. The
Gyroid infill provided the most favorable performance,

offering both high strength and high deformation capac-
ity, particularly in the 90° orientation. The Cubic Subdi-
vision pattern, while less effective than Gyroid, benefit-
ted significantly from increased build orientation, espe-
cially in terms of strength. The Tri-Hexagon infill, on the
other hand, demonstrated the most rigid and brittle be-
havior, making it more suitable for applications where
dimensional precision and low deflection are prioritized
over toughness. These findings emphasize the im-
portance of selecting appropriate infill strategies and
orientation settings based on the intended functional re-
quirements of the printed part.

The effects of infill pattern (Gyroid, Tri-Hexagon, Cu-
bic Subdivision) and structure direction (0°, 45°, 90°) on
mechanical performance were investigated with
Taguchi L9 experimental design. The obtained results
are presented in Table 5 and S/N, Means and Std. Dev
graph is presented in Fig.15, showing that both factors
have different levels of influence on performance.

Fig. 15a shows that the infill pattern factor (Delta:
4.627) has a significant dominant effect on performance
compared to the build orientation (Delta: 1.227). Espe-
cially, the Gyroid (G) infill pattern provided the highest
performance in terms of both mean values and S/N ra-
tios. The Tri-Hexagon (T) infill pattern had a negative ef-
fect on performance, while the Cubic (C) pattern had a
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moderate effect. In the graphical analysis of the S/N ra-
tios, the delta (difference) value of the infill pattern fac-
tor was higher than the build orientation. This reveals
that the infill pattern plays a key role in improving the
mechanical properties. When the average values are ex-
amined (Fig. 15b), the Delta value of the infill pattern
(38.8) is lower than the build orientation (62.8). In this
case, the effect of the build orientation becomes more
prominent compared to the average values. The in-
creased standard deviation observed for specimens
printed at 90° orientation suggests a notably higher de-
gree of performance variability compared to the 0° and
45° orientations (Fig. 15c). This variability can affect the
reliability and repeatability of FDM-printed parts, espe-
cially in critical applications where consistent mechani-
cal behavior is essential. This effect may be due to the in-

creased sensitivity of interlayer bonding when the
printed layers are aligned parallel to the loading direc-
tion. Minor variations in extrusion temperature, filament
feed, or local void distribution could disproportionately
affect tensile strength in these orientations. Zhou et al.
(2020) Megersa et al. (2024) reported that vertically ori-
ented specimens exhibited a significantly wider distribu-
tion in tensile metrics compared to flatly oriented speci-
mens in their study using Taguchi methods. From a prac-
tical standpoint, although the 90° orientation yields
higher mean tensile strength, ensuring consistent part
performance under this orientation necessitates en-
hanced process control and robust quality assurance
protocols—such as tighter thermal regulation, opti-
mized filament flow, and increased replicate testing—to
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Fig. 14. Effects of infill geometry and build orientation on:
(a, ¢) Maximum tensile force; (b, d) Maximum displacement.

Table 5. Response table for S/N, means and std. deviations (larger is better).

S/N Means Standard deviations
Lol Infill Build Infill Build Infill Build
pattern orientation pattern orientation pattern orientation
1 12.910 11.031 435.8 388.6 611.9 546.0
2 8.283 10.632 397.0 391.9 558.8 550.7
3 10.275 9.805 399.1 451.4 561.1 635.2
Delta 4.627 1.227 38.8 62.8 53.0 89.2
Rank 1 2 2 1 2 1




212 Ergiider and Bulut / Challenge Journal of Structural Mechanics (2025) 11(4) 201-214
Kain Effacts Plot for SN ratice According to the results of the ANOVA presented in
(@) Batableans Table 6, the infill pattern explained 86.52% of the total

Mean of SN ratios

Infill Pattern Build Orientation

131
12
11
10 \
9
G T C 0

45 90

(b)

Mean of Means

Main Effects Plot for Means

Data Means

Infill Pattern Build Orientation

\//

T

460
450
440
430
420
410
400
390

380

G G 0 45 S0

()

Mean of StDevs

Main Effects Plot

Data Mea

for StDevs

Build Orientation

0 45 90

Infill Pattern

=S

- |

640
630
620
610
600
590
580
570
560
550

Fig. 15. Main effect plot for:
(a) S/N; (b) Means; (c) Standard deviation.

variance (p=0.006) and confirmed its statistical signifi-
cance; while the contribution of the build orientation re-
mained limited to 6.29% (p=0.285). Standard deviation
analyses and related graphs show that the variation in-
creased depending on the build orientation and the
standard deviation value increased especially in the 90°
orientation. This finding suggests that orientation
changes may lead to greater performance differences be-
tween parts.

The regression model results are presented in Table 7
and show that there is a high agreement between the ex-
perimental data and the obtained values (R?=92.81%).
In the model, it is confirmed that the Gyroid infill pattern
has a positive effect on the mechanical performance,
while the Tri-Hexagon pattern has a negative effect. As a
result, the findings show that the infill pattern has a de-
cisive effect on the mechanical properties, while the
build orientation affects the performance variation
more. Graphical analysis also shows that the Gyroid infill
pattern stands out and the 90° build orientation creates
a significant difference in terms of both mean and varia-
tion.

The findings show that the infill pattern has a decisive
effect on the mechanical properties, while the build ori-
entation affects the performance variation more. Graph-
ical analysis also shows that the Gyroid infill pattern
stands out and the 90° build orientation creates a signif-
icant difference in terms of both mean and variation.

4., Conclusions

In this study, the effects of different infill patterns (Gy-
roid, Tri-Hexagon, Cubic Subdivision) and build orienta-
tions (0°, 45° 90°) on the mechanical performance of
parts manufactured with PLA material using the FDM
method were systematically investigated using the
Taguchi L9 experimental design. The findings show that
both factors affect the mechanical performance to differ-
ent extents, and the detailed results are presented be-
low:

Table 6. Analysis of variance.

Source DF Seq SS Contribution Adj SS Adj MS F-value P-value

Infill pattern 2 32.320 86.52% 32.320 16.1600 24.07 0.006
Build orientation 2 2.349 6.29% 2.349 1.1743 1.75 0.285
Error 4 2.685 7.19% 2.685 0.6713 - -
Total 8 37.354 100.00% = = = =
Table 7. Model summary

S R-sq R-sq (adj) PRESS R-sq (pred) AlCc BIC

0.819330 92.81% 85.62% 13.5939 63.61% 68.66 27.84
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e The Gyroid infill pattern exhibited superior mechani-
cal properties, achieving the highest tensile strength
(987.3 N) at 90° build orientation, while the 45° ori-
entation provided the highest ductility (3.39 mm).
This reflects the anisotropic behavior of FDM-printed
parts and highlights a trade-off between strength and
deformation capacity.

e The Tri-Hexagon pattern showed the lowest perfor-
mance, with brittle fracture behavior, while the Cubic
Subdivision pattern demonstrated intermediate results.

e A 90° build orientation consistently enhanced tensile
strength across all infill patterns, particularly for Gy-
roid, due to improved interlayer adhesion and align-
ment with the load direction.

e Specimens printed at 0° and 45° displayed lower
strength and varied fracture modes, highlighting the
anisotropic nature of FDM-printed parts.

e ANOVA revealed that the infill pattern accounted for
86.52% of the variance in mechanical performance,
confirming its dominant role.

¢ Build orientation contributed only 6.29%, though its
interaction with infill geometry influenced ductility
and failure modes.

o The Gyroid infill pattern at 90° orientation demonstrated
the highest tensile strength together with notable ductil-
ity, making it a promising choice for lightweight struc-
tural components in aerospace applications and for au-
tomotive parts, including interior trim components.

e The superior energy absorption capacity of the Gyroid
structure also indicates its potential use in biomedical
implants, medical splints, and protective devices
where controlled deformation is advantageous.

This study is limited to a single polymer material
(PLA+) and a specific set of infill patterns. Future re-
search should investigate other materials, including bio-
compatible and high-performance polymers, explore a
broader range of infill strategies and densities, and eval-
uate performance under varied environmental condi-
tions (e.g., temperature, humidity) and loading scenarios
(e.g., fatigue, impact). Such studies would help establish
a more comprehensive understanding of the applicabil-
ity of these findings in diverse engineering contexts.
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Over time deterioration in material properties, unauthorized modifications, or con-
struction defects can negatively affect the seismic behavior of structural members.
Therefore, the in-situ identification and performance analysis of reinforced concrete
elements, carried out to ensure the safety of the existing building stock, have become
a fundamental part of examining structural characteristics and developing disaster
risk reduction strategies. In this study, the structural performance analysis of an ex-
isting reinforced concrete building with a mixed slab system was conducted by using
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sults of nonlinear multi-mode pushover analysis, the damage states of the structural
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ated. The targeted performance level of controlled damage, as defined in the Turkish
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residential-type reinforced concrete building. However, the collapse prevention per-
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ments.
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1. Introduction

Due to its geological location, Tiirkiye is situated on
the Alpine-Himalayan earthquake belt, one of the most
active seismic zones in the world. This condition exposes
the country to significant seismic hazards. Numerous ac-
tive fault lines are distributed across the country, with
major seismic sources such as the North Anatolian Fault,
East Anatolian Fault, and active fault systems in Western
Anatolia capable of generating earthquakes that can
cause widespread damage. These fault lines have histor-
ically produced destructive earthquakes, resulting in se-
vere loss of life and property. The fact that a large por-

tion of Tiirkiye’s settlements are located in close proxim-
ity to active fault zones further increases the seismic risk
and renders structural safety a top priority. In order to
mitigate the impacts of earthquakes, one of the leading
natural disasters causing significant loss of life and prop-
erty, it is of great importance not only to design new
buildings in earthquake-prone regions such as Tiirkiye to
be earthquake-resistant but also to assess the structural
safety of existing buildings. Therefore, in the context of
addressing seismic hazards, the condition of the existing
building stock, urban planning policies, and disaster
management strategies must be addressed through an
integrated and comprehensive approach.
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Earthquakes that have occurred during both the his-
torical and instrumental periods clearly reveal the sever-
ity of Tiirkiye’s seismic characteristics. This reality has
necessitated the revision of seismic codes in line with
scientific data. In particular, the 1999 Marmara Earth-
quake exposed serious structural deficiencies and led to
significant regulatory changes through the issuance of
the 2007 Earthquake Code for Buildings to be Con-
structed in Seismic Zones. In the following years, consid-
ering advances in scientific research, engineering prac-
tices, and the increasing availability of seismic records,
the existing code was comprehensively revised, result-
ing in the Turkish Building Earthquake Code-2018 TBEC
(2018), which came into effect on January 1, 2019. The
new code incorporates the performance-based design
approach and includes detailed provisions not only for
the design of new buildings but also for the evaluation
and, when necessary, retrofitting of existing structures.
It is regarded as a significant step toward enhancing
earthquake safety. Additionally, the Tiirkiye Earthquake
Hazard Map, which expresses the seismic hazard of a
given location in terms of peak ground acceleration
based on geographical coordinates, was issued sepa-
rately and implemented on a different date.

Structures subjected to seismic effects are exposed to
sudden and significant lateral forces. The compliance
and load-bearing capacities of existing reinforced con-
crete elements, particularly columns, beams, and slabs,
with current seismic codes play a decisive role in the
seismic performance of buildings. Reinforced concrete
structural elements are the fundamental components re-
sponsible for safely transferring a building's vertical and
horizontal loads to the ground. Elements such as col-
umns, beams, slabs, and shear walls work together to en-
sure the strength and stiffness of the structure. The load
transfer between these elements forms the basis of the
structural design, improper load transmission can lead
to significant deficiencies in structural performance.
Therefore, the sizing of reinforced concrete elements, re-
inforcement detailing, and the design of connection re-
gions must be carried out in accordance with current
codes and standards. A properly designed structural sys-
tem contributes to maintaining the integrity of the build-
ing not only under service loads but also under extreme
loading conditions such as earthquakes. Compliance
with design principles is essential for the construction of
structures that are both safe and economically efficient.

Reinforced concrete slabs are an integral part of the
structural system, ensuring the safe transfer of loads to
vertical load-bearing elements such as beams and col-
umns. They also contribute to the horizontal stiffness of
the structure, significantly influencing its behavior un-
der lateral loads such as those generated by earth-
quakes. Designing slabs with adequate thickness and
proper reinforcement is critical for effective load trans-
fer and for ensuring the integral action of the structural
system. Within the scope of TBEC (2018), irregularities
in plan, specifically type A2 irregularities referred to as
slab discontinuities, are associated with the presence of
openings or voids that may compromise the validity of
the rigid diaphragm assumption in the slab plane TBEC
(2018). Such discontinuities can lead to uncertainties in

horizontal load transfer and reduced structural perfor-
mance. Therefore, these effects must be taken into ac-
count during slab design, and the seismic safety of the
structure should be thoroughly evaluated. Researchers
have investigated the effects of voids on the slab behav-
ior in the literature (Kalib 2021; Khajehdehi and
Panahshahi 2016; Ozbayrak 2021).

Structural performance refers to whether a building's
behavior under a given level of loading remains within
acceptable limits, and it is particularly evaluated in
terms of meeting the performance level targets defined
in seismic design codes. In the assessment of the seismic
safety of buildings, nonlinear analysis methods are pre-
ferred as they provide more realistic results (Erdem
2016; Ricci et al. 2018; Ozkul et al. 2019; Lin and Chuang
2023; Kuria and Kegyes-Brassai 2023; Gupta and Gupta
2024; Ergin and Secer 2025). One such method, nonlin-
ear pushover analysis, enables the identification of the
structure’s lateral load capacity and collapse mechanism
by revealing plastic hinge formations and displacement
capacities. Therefore, nonlinear pushover analysis has
become widely used in recent years for the performance
evaluation of existing buildings, due to its practicality in
engineering applications and its compatibility with
code-based requirements (Golghate et al. 2013; Joyner
and Sasani 2020; Bento and Simodes 2021; Sullivan et al.
2021; Erdem and Karal 2022; Erdem and Uyan 2025).

A mixed slab system refers to a structural configura-
tion in which different types of slabs such as one-way
ribbed, flat, waffle, or conventional beam-supported
slabs are used within the same building. These systems
are often encountered in residential buildings where ar-
chitectural design plays a prominent role. Due to the var-
ying stiffness, mass, and load transfer characteristics of
different slab types, the overall structural behavior be-
comes more complex and difficult to accurately repre-
sent using conventional analysis methods. This complex-
ity hinders the reliable assessment of the overall perfor-
mance of the load-bearing system. Therefore, in existing
buildings with mixed slab systems, nonlinear analysis
methods are preferred, as they offer a more realistic and
reliable representation of structural behavior under
seismic effects (Eski et al. 2020; Mene and Nilawar 2022;
Hulke and Solanke 2023; Shende et al. 2024).

In this study, the structural safety of an existing resi-
dential type reinforced concrete building with a mixed
slab system was investigated. The STA4CAD V13.1
(2023) software was utilized to assess the seismic per-
formance of the structure. As the analysis method, non-
linear incremental pushover analysis was applied to the
building. Initially, a single-mode pushover analysis was
performed. However, according to TBEC (2018), the
mass participation ratio of the dominant vibration mode
in the direction considered must exceed 0.70 for the sin-
gle-mode pushover method to be valid. The analysis re-
sults showed that the mass participation ratio remained
below 0.70. Furthermore, the torsional irregularity coef-
ficient must be less than 1.40, as stipulated by the code.
In the examined building, neither of these two conditions
was satisfied. Therefore, a multi-mode pushover analy-
sis was applied. Based on the performance analysis con-
ducted for each seismic direction, the damage states of
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the structural members were identified, and the seismic
performance level of the existing building was subse-
quently determined. Within the scope of this study, both
the investigation of a reinforced concrete building with a
mixed slab system and the implementation of multi-
mode pushover analysis are considered to offer valuable
contributions to the literature.

2. Materials and Method

As part of this study, the existing building whose seis-
mic performance was investigated is a six-story residen-
tial reinforced concrete structure constructed in 1995.
The building has a total floor area of 274.17 m? and in-
cludes one partial basement floor, one ground floor,
three typical floors, and one roof floor. The story heights
are 250 cm in the basement, 302 cm on the ground floor,
270 cm on the first and second floors, 302 cm on the
third floor, and 260 cm in the roof floor. Based on the ge-
otechnical investigation conducted for the building, the
local soil class was identified as ZC, corresponding to
very dense sand, gravel, and stiff clay layers. Examina-
tion of the slab system revealed the use of a mixed slab
system. Ribbed (hollow block) slabs were used on the
ground and third floors, while beam-and-slab systems
were employed on the other floors. The front elevation
of the building is shown in Fig. 1.

Following the on-site verification of the building's
structural drawings, core sampling was carried out to
determine the concrete compressive strength. For this
purpose, a total of 13 core samples were extracted from
the building. Three samples were taken from the ground
floor, while two samples were taken from each of the re-
maining floors. Laboratory results were obtained from
axial compression tests conducted on the core samples.
The test results for each sample are presented in Table

1. In the table, the value F; represents the correction fac-
tor for core diameter, and F,; indicates the corrected
compressive strength of the core sample.

Fig. 1. Front elevation of the residential building.

Table 1. Experimental results of concrete samples.

Diameter and

Sar:g)le Floor Ele::)ent S}:;il %iz fgﬁg Te(slf/I li)eas)ult : nfga) : 1\};](}?3)
1 Basement S107 94/94 11.01 1.03 11.3
2 Basement P104 94/94 10.16 1.03 10.5
3 Ground S217 94/94 9.66 1.03 9.9
4 Ground S228 94/94 7.81 1.03 8.0
5 Ground 15222 94/94 8.06 1.03 8.3
6 1. Floor S317 94/94 9.88 1.03 10.2
7 1. Floor S318 94/94 13.58 1.03 14.0
8 2. Floor S417 94/94 16.06 1.03 16.5
9 2. Floor S418 94/94 13.05 1.03 13.4
10 3. Floor S517 94/94 8.25 1.03 8.5
11 3. Floor S518 94/94 13.24 1.03 13.6
12 4. Floor S617 94/94 8.48 1.03 8.7
13 4. Floor S618 94/94 12.81 1.03 13.2
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According to the laboratory test results conducted on
identical core samples, as detailed in Table 1, the average
compressive strength was calculated as 11.50 MPa, with
a standard deviation of 2.70 MPa. The difference be-
tween these two values is 8.80 MPa. By applying a reduc-
tion factor of 0.85 to the average compressive strength,
the final value was determined to be 9.80 MPa. In accord-
ance with Article 15.2.5.3 of TBEC (2018), the concrete

compressive strength to be used in the structural analy-
sis software for all load-bearing elements was defined as
C10 (10 MPa).

Following the determination of the compressive
strength of concrete, a reinforcement detection study
was conducted to identify the existing reinforcement. As
an example, the rebar exposure process performed on
one beam and one column is presented in Fig 2.

Fig. 2. Exposure of rebars.

The column dimensions used in the structural system
are 25x50 cm, 25x60 cm, 30x60 cm, 25x100 cm, and
25x125 cm. The dimensions of columns S06, S07, S08,
and S18 vary on the roof floor. Shear walls are present as
vertical load-bearing elements in the basement floors
and around the stairwell. Additionally, two shear walls
are located around the elevator shaft. The dimensions of
these elements are 25x200 cm and 20x290 cm. Columns
with varying cross-sectional dimensions and their rein-
forcement layouts are presented in Fig. 3.

To determine the cross-sectional loss in the reinforce-
ment of reinforced concrete columns, rebar exposure
tests were conducted. As an example, the structural ele-
ments on the ground floor where reinforcement investi-
gation was performed are marked in Fig. 4. Based on the
investigation, the column reinforcements were identi-
fied as S420 ribbed reinforcement steel. Additionally, no
signs of corrosion were observed in the column rein-
forcements.

The longitudinal reinforcement details of the rein-
forced concrete columns are presented in Table 2. Dou-
ble-legged vertical stirrups were used as transverse re-
inforcement in the columns. The stirrups have a diame-
ter of 8 mm and are spaced at 20 cm intervals. Addition-
ally, it was determined that the stirrups do not have 135-
degree hooks; instead, the hooks are implemented at 90
degrees.

After determining the column dimensions and rein-
forcement, the characteristics of the beams in the build-
ing were evaluated. According to the existing project,
longitudinal reinforcement in the beams consists of
2@12 bars on floors with slab systems and 3®12, 4912,
or 5912 bars on floors with hollow block slab systems.
It was observed that the stirrup hooks used as trans-
verse reinforcement were implemented at 90 degrees.
Additionally, no stirrup confinement was provided at the
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Fig. 3. Column sections.

beam end regions. One beam per floor was subjected to
rebar exposure, and no signs of corrosion were detected
in these beams’ reinforcement. However, differences
were noted between the beam reinforcement shown in
the project and the reinforcement observed during the re-
bar exposure tests. The details of the beams subjected to
rebar exposure are presented in Table 3. Additionally, as
an example, the reinforcement layout of three beams lo-
cated at grid line 6 on the ground floor is shown in Fig. 5.
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Table 2. Dimension and reinforcement details of the columns.
Column no Dimensions (cm) Longitudinal reinforcement
Basement columns
SBO05, SB08, SB09, SB15 25x60 10014
SB06 25x100 14916
SB01, SB02 25x125 6d14 + 12912
Ground floor columns
SZ03 25x50 10014
SZ05, SZ08, SZ09, SZ10, SZ15, SZ20, SZ21, SZ23 25x60 109014
S704,SZ11, S714, S719, SZ22 30x60 12014
SZ06,SZ07,SZ16,SZ17,S7Z18 25x100 14916
SZ01, SZ02 25x125 614 +12P12
Roof floor columns
SZ08 25x50 109014
S7.06, SZ07,SZ18, SZ10, SZ15, SZ23 25%x60 10014
S714 30x60 12914
S716,SZ17 25x100 14916
Table 3. Dimension and reinforcement details of the beams.
Existing reinforcement (S420) Project reinforcement (S420)
N Fl B Beam dimensions
o oor €am (cm) Longitudinal Stirrups Longitudinal Stirrups
reinforcement (S420) (cm) reinforcement (S420) (cm)
Top 1912
1 Basement K101 20x50 Bottom 3914 8919 ®8/20/10
Bottom 29014
Top 2912
2 Ground K253 25x32 Bottom 3912 8014 ®8/20/10
Bottom 3912
Top 1912 ®8/20/10
3 1. Floor K314 20x50 Bottom 8917 8917
Bottom 2014
Top 2012
4 2. Floor K414 25%x40 Bottom 8912 8912 ®8/16/8
Bottom 2912
Top 2012
5 3. Floor K514 20x60 Bottom 8025 8025 ®8/16/8
Bottom 2912
50032 ®xez4 50132 ]_,x_©rczes - (50732
{ ] sa — [ } sy [ ‘Dé|_ i
a W I - | L& TN IW

R B T i

J D KEST
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Fig. 5. Reinforcement details of K222, K224, and K225 beams.

An examination of the reinforced concrete beam-
and-slab floor thickness revealed that the slab thickness
is 12 c¢cm on all floors and 15 cm on the roof floor. The
hollow block slabs on the ground and third floors have
a thickness of 7 cm, with rib heights measuring 32 cm.
The live load value for the slabs was taken as 2.00

kN/m? (TS-498 1997). Additionally, exterior walls were
modeled as 20 cm thick and interior walls as 10 cm thick
in the structural analysis software. The beam-and-slab
and ribbed slab systems used in the existing building are
illustrated on the floor formwork plans shown in Figs. 6

and 7.
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Fig. 6. Formwork plan of 1t floor.
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3. Performance Analysis

In this section, the structural performance analysis of
the existing reinforced concrete building was conducted
in accordance with TBEC (2018). The building was first
modeled digitally using the STA4CAD V13.1 (2023) soft-
ware. The beam elements and the three-dimensional
solid model of the building are shown in Fig. 8.

Using the Tiirkiye Seismic Hazard Map application
prepared for TBEC (2018), the building's location infor-

"A
1
I/

\]
"‘lli; .lii
!‘i%e!a
5 % I
égA-A

‘ -= = !—*_-
== Tt D
w\ A a ,-‘.Er-a i
-!l"‘“- > -..4!-1.]"
B S B
= iy = ==l [l
=§?2|“ ‘Egiiagn.:l‘
1l A <l | —F B 1
e AT
TR P
2o~ LT >
L TR AL
=

¥
\J

{

==
A\

N}

\

\

mation, including latitude and longitude details, seismic
ground motion level, and local soil classification were
defined. The seismic ground motion level was applied as
“DD2”, corresponding to a 10% probability of exceed-
ance in 50 years (return period of 475 years).

Following the modeling process, the building’s loca-
tion, soil, and seismic level data were entered into the
system using the TDTH application, and the values ob-
tained for the DD2 earthquake level from the interactive
web application are presented in Table 4.

| | i G5
I
Fig. 8. Existing building model.
Table 4. Spectral parameters.
Parameter Value
Maximum ground acceleration, PGA 0.409
Maximum ground velocity, PGV (cm/s) 23.102
Short-period spectral acceleration coefficient, Sg 0.977
Spectral acceleration coefficient for 1.0 s period, S1 0.234
Short-period design spectral acceleration coefficient, Sy 1.172
Design spectral acceleration coefficient for 1.0 s period, Sa1 0.351

Since the existing building is used for residential pur-
poses, it falls under the “other buildings” category ac-
cording to TBEC (2018). Therefore, the building use class
was assigned as 3, and the building importance factor
was taken as 1.0. The fundamental periods of the build-
ing were determined as 0.88 seconds and 0.71 seconds
in the x and y directions, respectively. For the building’s
performance analysis, a deformation-based assessment
and design approach was applied, requiring the achieve-
ment of the controlled damage performance objective
for the DD2 earthquake level.

The global performance limits of are determined
based on the damage levels observed in structural ele-
ments as a result of nonlinear pushover analysis, and
these limits are largely consistent across various seismic

design codes. As illustrated in Fig. 9, these performance
limits defined within the internal force-deformation re-
lationship are categorized as Immediate Occupancy (10),
Life Safety (LS), and Collapse Prevention (CP). At the Im-
mediate Occupancy level, minor cracking may be ob-
served in structural elements, yet the overall integrity
and functionality of the structure are preserved. The Life
Safety limit is characterized by more extensive damage,
with certain elements exhibiting significant deformation
within designated damage zones, yet structural collapse
is still avoided. The Collapse Prevention limit represents
a near-collapse condition, where severe damage com-
promises the structural system's capacity to resist fur-
ther loading. Exceeding this threshold results in global
structural collapse TBEC (2018).
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Recent studies in earthquake engineering have re-
vealed the limitations of traditional force-based design
approaches, leading to an increasing shift toward dis-
placement-based design methods. This approach pro-
vides a more appropriate framework for evaluating the
realistic responses of structures to seismic demands.
Particularly in determining the seismic performance of
newly designed or existing reinforced concrete build-
ings, nonlinear static or dynamic analysis methods
which yield more reliable results compared to linear
analysis techniques have become prominent. However,
nonlinear static analysis methods are more frequently
preferred in practical engineering applications due to
their ease of implementation, reduced computational ef-
fort, and compatibility with widely used engineering
software. This preference highlights the prominence of
static methods in performance-based assessments of ex-
isting structures.

The nonlinear incremental pushover analysis is a
widely used method in performance-based seismic eval-
uation of structures. In this approach, lateral loads are
incrementally applied to a structural model until a target
displacement is reached, allowing the assessment of the
structure’s behavior beyond the elastic range. The anal-
ysis captures the sequence of yielding in structural ele-
ments and provides insight into damage progression and
failure mechanisms.

Sa  Pushover Analysis - X Direction

One of the main advantages of the nonlinear pushover
analysis is its relative simplicity compared to fully non-
linear dynamic analyses, while still offering valuable in-
formation about global and local performance levels. It
enables engineers to estimate the capacity curve of the
structure, determine the target performance points, and
evaluate the distribution of possible damage regions,
making it an effective and practical tool for the seismic
assessment of both new and existing buildings. The
modal capacity diagram is obtained using the coordinate
transformation defined in TBEC (2018). As shown in Fig.
10, the modal capacity diagram is plotted together with
the earthquake spectrum.

Nonlinear pushover analyses were performed in both
directions of the existing building for the relevant seis-
mic level. Target displacement values were determined
as 7.9 cm and 6.6 cm for the x and y directions, respec-
tively. The damage states of the structural system ele-
ments were evaluated as the building was pushed up to
the defined performance points. The base shear force-
roof displacement curves for the building are presented
in Figs. 11 and 12.
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Fig. 10. Modal capacity diagram.

Fig. 11. Pushover curve in x direction.
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Fig. 12. Pushover curve in y direction.

The mass participation ratios were calculated as
66.9% and 69.4% in the x and y directions, respectively.
These values fall below the 70% threshold. Additionally,
the torsional irregularity coefficient was found to be
1.45, exceeding the limit of 1.40. Since the conditions for
applying the single-mode pushover method were not
met according to TBEC (2018), a multi-mode pushover
analysis was conducted on the building. In this method,
the structure is incrementally pushed using a general-
ized load vector until a specific story reaches its target
inter-story drift ratio.

As a result of the multi-mode pushover analyses per-
formed for each earthquake direction, the damage re-
gions in the structural system elements were identified.
The damage states for each floor are presented in Tables
5 and 6. Columns and shear wall elements are referred
to as vertical elements in these tables.

Table 5. Damage regions in x direction.

Element Floor LDR MDR MDR CR
Basement 11 3 0 0
Ground 8 15 0 0
1. Floor 11 12 0 0
Vertical
2. Floor 8 15 0 0
3. Floor 16 7 0 0
4. Floor 4 6 0 1
Basement 3 0 0 0
Ground 36 0 0 0
1. Floor 18 4 0 0
Beam
2. Floor 19 3 0 0
3. Floor 39 2 0 0
4. Floor 6 2 2 0

Table 6. Damage regions in y direction.

Element Floor LDR MDR MDR CR
Basement 10 4 0 0
Ground 4 19 0 0
1. Floor 5 18 0 0
Vertical
2. Floor 7 16 0 0
3. Floor 17 6 0 0
4. Floor 1 10 0 0
Basement 0 0 0 0
Ground 32 2 0 0
1. Floor 8 15 0 0
Beam
2. Floor 9 14 0 0
3. Floor 32 3 0 0
4. Floor 7 5 0 0

To visually present the damage states occurring in
each direction, the percentage distribution of damage re-
gions for the structural system elements on each floor is
shown in Figs. 13-16.

The structural safety of the existing reinforced con-
crete building is determined based on the damage states
of its vertical and horizontal load-bearing elements. As a
result of the analyses, the fourth floor i.e., the roof level,
where the lowest stiffness is observed and changes in
column dimensions occur, has been identified as the
most critical story in terms of performance level. For the
Design Earthquake Level 2 (DD2), the building is ex-
pected to meet the performance target of life safety. This
performance level corresponds to a state where the
structural elements sustain damage that is not exces-
sively severe and, in most cases, repairable. According to
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the analysis results, it has been determined that the  and remains at the "collapse prevention" performance
building does not meet the targeted performance level level.
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Fig. 13. Damage distributions of vertical elements in x direction.
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Fig. 14. Damage distributions of beams in x direction.
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Fig. 15. Damage distributions of vertical elements in y direction.
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Fig. 16. Damage distributions of beams in y direction.

4., Conclusions

In this study, the seismic performance of an existing
residential reinforced concrete building with a mixed
slab system was investigated. Initially, in-situ inspec-
tions of the structural system elements were conducted.
Subsequently, the soil classification of the site was deter-
mined. The compressive strength of the concrete was
calculated based on the results of core sample tests.
Through surface stripping and rebar scanning studies
performed on the structural elements, the longitudinal
and transverse reinforcement layout was identified. As a
result, the concrete class of the building was determined
to be C10, and the reinforcement steel was classified as
S420 ribbed bars.

The building was modeled in the computer environ-
ment via STA4CAD V13.1 (2023) software. As a result of
the analysis, since the obtained mass participation ratio
and torsional irregularity coefficient were outside the
limits permitted by the Turkish Building Earthquake
Code TBEC (2018), a multi-mode nonlinear analysis was
conducted instead of a single-mode analysis. For each
earthquake direction, target displacement values were
determined for the DD2 earthquake level. The damage
states of all vertical and horizontal structural elements
on each floor were identified. Based on the obtained
damage ratios, the seismic performance of the existing
building was evaluated.

Since the examined building is a residential structure,
it is expected to meet the life safety performance level
under the relevant earthquake scenario. The damage
conditions of the reinforced concrete beams, columns,
and shear walls in the building were investigated. De-
spite the presence of a partial basement floor, low con-
crete compressive strength, variations in column cross-
section dimensions between floors, insufficient stirrup
confinement, and the improper implementation of 135-
degree stirrup hook angles, these factors have nonethe-
less contributed positively to the building's overall per-
formance. Except for one column located in the collapse
region of the critical story, no other vertical load-bear-

ing element was found within the collapse zones. Addi-
tionally, two beams were observed to fall within the se-
vere damage region on the critical floor. However, due
to the presence of a vertical structural element within
the collapse region, the life safety performance level tar-
geted for the DD2 earthquake level could not be
achieved.

The seismic performance of existing reinforced con-
crete buildings can be assessed using linear and nonlin-
ear methods. In this study, a nonlinear pushover analysis
was applied to the building to achieve a more realistic
evaluation. Since the conditions permitted by TBEC
(2018) were not met, the analysis was conducted in a
multi-mode framework. It is considered that the findings
obtained from this study will guide future research on
the design and performance evaluation of buildings with
mixed slab systems and contribute to the literature in
the field of earthquake engineering.
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ARTICLE INFO

Dams are crucial for water supply, flood prevention, and hydroelectric power gener-
ation. Often located in seismically active regions, they are vulnerable to main shock-
aftershock (MS-AS) sequences, which can compromise structural integrity and hy-
draulic safety. Critical aspects of dam response to MS-AS events remain unclear, par-
ticularly the required rest time between successive events and threshold AS-to-MS
intensity measure ratios that could serve as predictors of additional damage. This
study addresses these gaps by analyzing concrete gravity dam-reservoir systems of
three heights (50 m, 100 m, and 150 m) using the developed discrete element-based
approach coupled with displacement/pressure-based mixed finite elements for the
reservoir. Empirical rest time equations were derived from 124 as-recorded ground
motions, while seismic performance under varying intensity levels was evaluated us-
ing 14 as-recorded MS-AS sequences. Damage was quantified using discrete indices
of base crack length, maximum base crack width, and maximum total upstream crack
width. Results indicate that AS primarily propagate existing cracks at lower intensi-
ties, whereas higher intensities generate new cracks along the upstream face, in-
creasing crack widths by 25-30% on average. The 50 m high dam remained within
the mild damage category, while taller dams occasionally reached moderate levels,
posing potential seepage risks. Threshold AS-to-MS ratios for four different intensity
measures were identified. These findings provide mechanistic insight into crack
propagation under MS-AS events, providing practical guidance for post-earthquake
dam safety assessment, inspection prioritization, and incorporating sequential seis-
mic effects into design and emergency planning.
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1. Introduction

Dams are crucial structures constructed for water
storage. The stored water in the reservoir is used to sup-
ply water, prevent floods, and generate hydroelectric
power. The Jawa Dam, located in Jordan and constructed
around 3000 BC, is recognized as the earliest known dam
(Fahlbusch 2009). As of 2023, the global count of dams
exceeds 62000 (ICOLD 2023). Given their frequent con-

struction in active seismic zones (SRC n.d.), dams neces-
sitate seismic performance evaluations (Haciefendioglu
et al. 2015; Akkose et al. 2016) due to the potential for
catastrophic loss of life and severe property damage
upon failure.

Earthquakes consist of foreshocks, main shocks, and
aftershocks. While foreshocks can indicate an impend-
ing earthquake, their typically smaller magnitudes (Mi-
gnan 2014) preclude significant structural damage.
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However, historical earthquake events have demon-
strated that aftershocks can exhibit magnitudes compa-
rable to main shocks (Risk Management Solutions
2008; Wen et al. 2009; USGS 2015). If a structure is al-
ready damaged by a main shock, a subsequent strong
aftershock can intensify the structural damage, poten-
tially leading to collapse (Alliard and Leger 2008;
Hariri-Ardebili and Kianoush 2014; Pang et al. 2019;
Sadeghi and Moradloo 2022). Many studies have con-
firmed this effect. Analyses of single-degree-of-free-
dom (SDOF) systems revealed increased damage accu-
mulation under seismic sequences (Amadio et al. 2003;
Hatzigeorgiou and Beskos 2009; Hatzigeorgiou 2010).
Investigations of steel frames (Amadio et al. 2003;
Fragiacomo et al. 2004) and concrete frames (Faisal et
al. 2013) demonstrated that aftershocks substantially
increased damage. Similarly, Guo et al. (2020) proposed
a fragility function including aftershocks and showed
that strong aftershocks increased bridge collapse prob-
abilities.

Concrete dams are also vulnerable to main shock-af-
tershock (MS-AS) sequences. Alliard and Leger (2008)
analyzed a gravity dam considering reduced drainage ef-
ficiency after main shocks and found that aftershocks
could induce additional damage and sliding displace-
ments. The seismic performance of the Koyna Gravity
Dam under MS-AS sequences has been investigated ex-
tensively (Zhang et al. 2013; Wang et al. 2017, 2020;
Sadeghi and Moradloo 2022; Ashna et al. 2024). Re-
ported damage measures included local and global dam-
age indices (Zhang et al. 2013; Wang et al. 2017; Ashna
etal. 2024), crest displacement (Wang etal. 2017, 2020),
damage patterns (Wang et al. 2020), and sliding of the
top block (Sadeghi and Moradloo 2022). These studies
consistently showed that the dam’s neck region was par-
ticularly susceptible to aftershocks, with strong after-
shocks leading to greater damage accumulation. Similar
findings were reported for other gravity dam-founda-
tion systems (Zhang et al. 2019, 2021; Zhai et al. 2022)
and for arch (Hariri-Ardebili and Kianoush 2014) and
CFRD dams (Pang et al. 2019). More recently, Akpinar et
al. (2023) investigated post-seismic effects without ex-
plicitly applying aftershocks and found increased dam-
age in concrete gravity dams.

A crucial aspect of successive seismic analyses is de-
termining the appropriate time interval between the
main shock and aftershocks, ensuring the structure re-
turns to a resting state before the subsequent seismic
event. For SDOF and steel frames, Pirooz et al. (2021)
proposed formulations to estimate this interval. How-
ever, no comprehensive rest time study exists for dams.
Previous research employed intervals ranging from 10
seconds (Pang etal. 2019; Wang et al. 2017, 2020; Zhang
etal. 2019, 2021; Zhai et al. 2022; Ashna et al. 2024) to
100 seconds (Zhang et al. 2013).

Although prior studies have confirmed the damaging
potential of aftershocks, several key issues remain unre-
solved. No empirical data are available on the required
rest time between consecutive seismic events for dam-
reservoir systems. Threshold values of aftershock-to-
main shock intensity measure ratios that can serve as
predictors of damaging aftershocks have not been estab-

lished. Moreover, most existing analyses considered only
a single dam height and a limited number of MS-AS se-
quences, while relying mainly on finite element methods
that cannot directly compute discrete damage indices
such as crack widths.

This study introduces a discrete element-based
framework developed by the author to directly model
crack initiation and propagation in dam-reservoir sys-
tems of varying heights. The novelty lies in (i) developing
empirical rest time equations for dam-reservoir systems
of different heights, and (ii) identifying threshold after-
shock-to-main shock intensity measure ratios that can
serve as predictors of damaging aftershocks. These con-
tributions provide practical indicators directly linked to
discrete damage indices such as base crack length, max-
imum base crack width, and maximum total crack width
on the upstream face, the latter being particularly rele-
vant for seepage risks.

The manuscript is organized as follows: Section 2 pre-
sents the theoretical formulation of the MAEM and the
displacement/pressure-based mixed finite element res-
ervoir model. Section 3 provides validation of these
models using three different benchmark cases. Section 4
describes the dam-reservoir models and input ground
motions. Section 5 presents the proposed rest time equa-
tions. Section 6 evaluates the seismic performance of
dam systems by means of discrete damage indices for
various seismicity levels and examines the influence of
ground motion parameters, and Section 7 summarizes
the conclusions.

2. Theory and Formulation
2.1. Modified applied element method

The Applied Element Method (AEM) is a discrete ele-
ment-based approach where a structure is discretized
into rigid elements interconnected by normal and shear
spring pairs (Meguro and Tagel-Din 2000). This method
is modified (MAEM) by incorporating two additional di-
agonal springs between elements to accurately model
Poisson's effect (Fig. 1(a)). The stiffness values for the
normal (k,), shear (k;), and diagonal, (k,4) springs,
which represent the macroscopic material properties of
Young’s modulus (E) and Poisson’s ratio (v), are calcu-
lated based on the Cauchy-Born rule and hyper-elastic
theory (Eq. 1). The details of the formulation of MAEM
can be found in Soysal et al. (2023).

Et Et Etv
T (1+v)s T (14v)s kna = (1-v2) 1)

n

In Eq. (1), t denotes the thickness of the structure, and
s represents the number of normal-shear spring pairs
connecting the elements.

The nonlinear behavior of concrete, specifically ten-
sile cracking, is modeled by implementing the Maekawa
tension softening material model (Maekawa et al. 2003)
(Fig. 1(b) and Eqg. (2)). Mesh independence is achieved
by incorporating fracture energy into the system (Soysal
etal. 2023).
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Fig. 1. Modified Applied Element Method and the reservoir element: (a) Modified applied elements;
(b) Tension softening model; (c) Displacement/pressure-based mixed finite element.
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Here, € represents the tensile strain of concrete, o is
the corresponding tensile stress, o; is the uniaxial con-
crete tensile strength, and ¢, is the corresponding tensile
cracking strain. c is the softening parameter that defines
the post-peak behavior. &, and ;. denote the maxi-
mum tensile strain experienced and its corresponding
tensile stress, respectively. The current strain and stress
are denoted as g, and g, respectively. The unloading
stiffness is computed as E a, where « is the stiffness pa-
rameter.

For all springs, compressive behavior is assumed to
be linear. Conversely, the shear springs exhibit brittle
behavior. Once the normal spring pair enters the nonlin-
ear loading regime (i.e., ¢ > &), the corresponding shear
spring pair loses its capacity to carry force or contribute
to the system's stiffness.

2.2. Displacement/pressure-based mixed finite
element

In this study, the dam-reservoir interaction is ac-
counted for by coupling the modified applied elements
with the displacement/pressure-based mixed finite ele-
ments proposed by Wang and Bathe (1997). The imple-
mented finite element possesses nine displacement and
three pressure degrees of freedom (Fig. 1(c)). The matrix
formulation of the finite element is presented in Eq. (3).

M 0IfE e ][22 o

In this equation, M denotes the mass term of the ele-
ment, U and P are the displacement and pressure solu-
tion vectors, respectively, and Ky, Ky, Ky, and K,
represent the corresponding stiffness sub-matrices. The
pressure unknowns can be statically condensed for a fi-
nite bulk modulus, simplifying the solution to Eq. (4).

MU + (—K,p Kpp Ky ) U=R (4)

For almost incompressible materials, the displace-
ment/pressure-based mixed formulation satisfies the
inf-sup conditions, thereby eliminating spurious zero-
energy modes (Wang and Bathe 1997).

The Sommerfeld radiation boundary condition (Som-
merfeld 1949) is applied at the far end of the reservoir
to account for radiating waves.

3. Validation Studies

Several validation studies, including pure tension,
splitting tension, push-over loading of a scaled concrete
dam, tensile testing of double-edged notched specimens,
and the cracking response of the Koyna Dam-reservoir
system, have been conducted to verify the MAEM and its
coupling with fluid finite elements (Soysal Albostan
2021; Soysal et al. 2023). Further validation (Soysal and
Arici 2024) was carried out by simulating the variability
in concrete properties utilizing the random field theory
(Wei et al. 2024). The direct tension test (Gopalaratnam
and Shah 1985) and the push-over loading of a scaled
concrete dam (Carpinteri et al. 1992) were modeled with
five random samples, and the corresponding load-dis-
placement and cracking behaviors were obtained. For
brevity, this manuscript presents the cracking response
of the Koyna Dam-reservoir system under nonlinear dy-
namic analysis, along with the aforementioned random
field results. Detailed information on these validations
can be found in the works of Soysal Albostan (2021),
Soysal et al. (2023), and Soysal and Arici (2024).

The simulated damage in the Koyna Dam-reservoir
system is compared with the observed damage in Fig.
2(a). The model successfully reproduced the localized
cracking at the heel and neck of the dam. Additional
cracks appeared on the downstream face, likely due to
mesh discretization and localized stress concentrations.
Overall, the simulated cracking pattern is compatible
with the actual damage observed in the Koyna Dam.
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The random field results for the direct tension test ex- was further demonstrated in the push-over test, where
hibited a similar distribution of load-displacement val- the load-CMOD response closely matched the experi-
ues around the experimental result. The crack patterns mental data. The resulting fracture patterns followed es-
obtained were also consistent with the experimental sentially the same crack path and agreed well with the
findings (Fig. 2(b)). The robustness of the methodology  experimental result (Fig. 2(c)).
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Fig. 2. Verification results: (a) Damage of Koyna Dam-reservoir system; (b) Random field results for direct tension
test (Gopalaratnam and Shah 1985); (c) Random field results for push-over test (Carpinteri et al. 1992).

4. Dam Systems and Ground Motions 2016; Chen et al. 2019; Ghallab 2020), ensuring realistic
material representation for a generic dam model where

4.1. Coupled MAEM - Finite element models specific site data are unavailable. The first three frequen-
cies of the systems are presented in Table 1. A 5% Ray-

The seismic performance of concrete gravity dam- leigh damping ratio, applied at the first and third modes

reservoir systems under main shock-aftershock events of the systems, was utilized in the nonlinear transient
was evaluated by considering three distinct concrete analyses.

gravity dam sections: 50 m (Model I), 100 m (Model II),

and 150 m in height (Model III) (Fig. 3). The cross-sec- 4.2. Selected earthquake ground motions

tional properties of the dams were selected based on the

“standard” dam cross-section (Chopra 1978; Lokke and The required time interval between main shocks and
Chopra 2013), featuring a vertical upstream face and a  aftershocks was estimated using 124 acceleration rec-
0.8/1 downstream slope. The reservoir height was as- ords from 21 different events, sourced from the PEER

sumed to be 2 m lower than the dam height, and its NGA-West2  (http://ngawest2.berkeley.edu) ground
length was three times the dam height. The dam body =~ motion database and COSMOS strong motion virtual data
was discretized into 1m x 1m modified applied elements, center (https://www.strongmotioncenter.org/) (Table
while the reservoir mesh consisted of 2m x 8m finite el- A1). These records had fault distances (R) of 0-85 km,
ements. The Young’s modulus, Poisson’s ratio, tensile magnitudes (M) of 5.3-7.6, and shear wave velocity
strength, and fracture energy of the concrete dams were (Vs30) above 203 m/s, with the minimum value corre-
assumed to be 28 GPa, 0.2, 2.4 MPa, and 200 N/m, re- sponding to stiff soil according to NEHRP soil classifica-
spectively. The acoustic wave speed, Poisson’s ratio, and tion. The dataset was compiled from prior studies on

water density for the reservoir were 1438.66 m/s, seismic analyses of concrete gravity dams (Lokke and
0.4999, and 1000 kg/m?, respectively. These material Chopra 2013; Zhang et al. 2013; Huang 2014; Toikka et
properties are within the typical range for concrete grav- al. 2019; Wang et al. 2017), and assessments of various

ity dam-reservoir systems reported in the literature structures under main shock-aftershock events (Li et al.
(Leger and Leclerc 1996; Hariri-Ardebili and Saouma 2014; Khanal 2019; Mangalathu et al. 2019).
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Seismic performance of concrete gravity dams was
evaluated using 14 selected main shock-aftershock events
(Table A2), with main shock fault distances (R) of 0-19.5
km and magnitudes (M) of 6.0-7.6, and corresponding af-
tershock distances (R) of 3.4-25 km and magnitudes (M)
of 5.3-6.2. Shear wave velocities (Vs30) were greater than
382 m/s, with the minimum value corresponding to very
dense soil /soft rock per NEHRP soil classification.

Table 1. The first three frequencies of
dam-reservoir systems.

Model I Model II  Model III
f1 (Hz) 6.1 3.1 2.1
f> (Hz) 13.8 7.5 5.3
f3 (Hz) 19.6 11.1 7.6

RH

Viscous dampers

Fig. 3. Coupled dam-reservoir systems.

5. The Estimation of the Required Time Interval
Between Main Shocks and Aftershocks
for Concrete Gravity Dams

Many aftershocks occur after a main shock, causing
further damage to structures, especially if the damage is
not repaired. These aftershocks typically occur after a
time interval, allowing the structure to come to rest be-
fore the subsequent seismic event. Consequently, in nu-
merical modeling, it is crucial to apply aftershocks once
the structure has returned to a stable, resting state. This
requires defining an appropriate time interval between
successive seismic events. For dams, this time interval
has been assumed as fixed values, ranging from 10 sec-
onds (Pang et al. 2019; Wang et al. 2017, 2020; Zhang et
al. 2019, 2021; Zhai et al. 2022; Ashna et al. 2024) to 100
seconds (Zhang et al. 2013).

This section proposes empirical rest time equations
between main shocks and aftershocks specifically for
concrete gravity dam-reservoir systems to reduce com-
putational analysis time in numerical simulations, while
ensuring the structure is at rest before the subsequent
event. To this end, the three dam-reservoir systems
shown in Fig. 3 were subjected to the 124 as-recorded
ground motions (Table A1). After each motion, a zero-
acceleration period was introduced to determine the
time required for the dams to return to a resting state.
Following Pirooz et al. (2021), the dams are considered
at rest when the free vibration velocity of their crest is
<0.1% of the maximum free vibration velocity.

Fig. 4 presents the horizontal PGA component versus
the normalized rest time (NRT), defined as the estimated
rest time divided by the corresponding horizontal PGA
component of the ground motion, for the three dam-res-
ervoir systems. A clear nonlinear correlation between
NRT and PGA is evident for all models, with Model I (50
m height) showing the lowest NRT, and Model III (150 m
height) showing the highest. The natural frequency de-
creases as the dam height increases, leading to longer
rest times. For Models I and III, the rest times ranged
from 2.2-3.5 s and 4.6-6.7 s, respectively.

Model I| Model 11| Model III
DH (m)| 50 100 150
CL(m)| 4 8 12
CH(m)| 8 15 20
RL (m)| 160 320 456
RH(m)| 48 98 148
160
) O Model 1
120 8 @) Model 1T | 7
O Model 111
E 80
pd
40
0
0 1.2

Fig. 4. Normalized rest time (NRT) for concrete gravity
dam-reservoir systems.

For the scatter data presented in Fig. 4, a nonlinear
curve of the form y = ax? + ¢ was fitted using the non-
linear least squares method (indicated by solid lines in
Fig. 4). The proposed equations for the required time in-
terval between main shock and aftershocks, denoted as
NRTtreq, are given in Egs. (5-7), for Models I-111, respec-
tively.

NRTttedModel1 = 2.9358PGA™1052 — 0.9129 (5)
NRTfitted,Model In= 2.2684PGA_1'2651 + 2.6195 (6)
NRTfitted Model 111 = 4-3935PGA™110%6 + 1,6151 (7

It should be noted that these equations are based on
empirical regression of 124 as-recorded ground mo-
tions, specifically derived for concrete gravity dam-res-
ervoir systems with PGAs ranging from 0.05g to 1.02g
and dam heights of 50-150 m, with 5% Rayleigh damp-
ing. They may not be generalized to other dam types,
geometries, or damping ratios without further valida-
tion.
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6. Seismic Performance Evaluation of Concrete
Gravity Dam-Reservoir Systems under Main Shock-
Aftershock Events

This section investigates the seismic performances of
three concrete gravity dam-reservoir systems with var-
ying heights (Model I - 50 m, Model II - 100 m, Model 111
- 150 m) under 14 as-recorded main shock-aftershock
(MS-AS) earthquake sequences (Table A2). It also evalu-
ates the influence of MS-AS ground motion properties on
structural damage to identify the characteristics of dam-
aging AS on concrete gravity dams. The time interval be-
tween each sequence was determined using Eqgs. (5-7)
for the three models. The discrete modeling of the dam
body enabled damage assessment through three dis-
crete damage measures: base crack length, maximum
base crack width, and maximum total crack width on the
upstream (U/S) face.

Four analysis sets were performed. In the first, the
Peak Ground Acceleration (PGA) of MS was scaled to 0.5g
to ensure nonlinear behavior (Wang et al. 2020), and the
same scaling factor was subsequently applied to the cor-
responding AS. Scaling factors ranged from 0.6 to 4.1 and

were uniformly applied to both horizontal and vertical
components. In the subsequent sets, the MS PGA was
fixed at 0.5g, while the AS PGA was varied at 0.3g, 0.4g,
and 0.5g to reflect the observed variability of aftershock
intensities in real events (Wang et al. 2017; Guo et al.
2020).

6.1. Damage to concrete gravity dam-reservoir
systems for the same scaling factor

Damage indices were computed directly as ratios of
MS-AS to MS-only results for each earthquake record
(EQ#1 to EQ#14), with a value above 1.0 indicating ad-
ditional damage due to aftershocks (Table 2).

In most cases, AS did not significantly increase base
crack length or width, except Model I, which showed an
11% increase in base crack length for EQ#13 and a 22%
increase in base crack width. For Model I, damage was
most pronounced at the base, while upstream cracking re-
mained limited. Increases in maximum total crack width
on the U/S face ranged from 4% (Model I-EQ#12: from
14.3 mm to 14.9 mm) to 31% (Model II-EQ#14: from 39
mm to 51.2 mm), as illustrated in Table 2 and Fig. 5.

Table 2. Damage measure ratios of MS-AS to MS-only for the same scaling factor of MS-AS.

Model I
EQ#1 EQ#2 EQ#3 EQ#4 EQ#5 EQ#6 EQ#7 EQH8 EQ#9 EQ#10 EQ#11 EQ#12 EQ#13 EQ#14
sl 100 100 100 1.00 100 1.00 1.00 1.00  1.00 1.00 1.00 111 1.00
Length
ELlen 1.00 1.00 100 100 1.00  1.00 1.00  1.00  1.00 1.00 1.00 1.22 1.00
Width
U/SCrack 160 100 100 100 100  1.00 1.00  1.00  1.00 1.01 1.04 1.12 1.06
Width
Model I1
EQ#1 EQ#2 EQ#3 EQ#4 EQ#5 EQ#6 EQ#7 EQ#8 EQ#9 EQ#10 EQ#11 EQ#12 EQ#13 EQ#14
R 1.00 1.00 100 100 1.00  1.00 1.00  1.00  1.00 1.00 1.00 1.00 1.00
Length
EEED O, 100 1.00 100 100 1.00 1.00 1.00 1.00  1.00 1.00 1.00 1.00 1.00
Width
U/SCrack 460 100 100 100 100  1.00 1.00  1.00  1.00 1.01 1.04 1.10 131
Width
Model III
EQ#1 EQ#2 EQ#3 EQ#4 EQ#5 EQ#6 EQ#7 EQ#8 EQ#9 EQ#10 EQ#11 EQ#12 EQ#13 EQ#14
EEED O, 1.00 100 1.00 1.00 100 1.00 1.00  1.00  1.00 1.00 1.03 1.00 1.00
Length
(e 1.00  1.00 100 100 1.00  1.00 1.00  1.00  1.00 1.00 1.00 1.00 1.00
Width
%ztchr“k 1.00 1.00 100 100 1.00  1.00 1.00  1.00  1.00 1.10 1.07 1.01 1.00

A closer inspection of crack evolution reveals the me-
chanical basis of the damage patterns. Aftershocks pri-
marily propagated existing cracks, facilitated by stress
concentrations formed at the crack tips during the main
shock. The arrival of aftershock seismic waves intensi-
fied these stresses at vulnerable zones, further widening
and extending the cracks. This effect was most pro-
nounced in Model I, where base cracks exhibited the
greatest widening in zones of maximum tensile stress.

While propagation was the dominant mechanism,
some new cracks also formed. In Models II and III, sev-
eral new cracks at the neck and along the upstream face,
below the neck region, developed. This indicates that
taller dams, influenced by higher vibration modes and
reservoir hydrodynamic pressures, can experience crack
initiation at multiple elevations, resulting in a more com-
plex damage pattern (Wang et al. 2018).
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Fig. 5. Maximum total U/S crack width results of dam-reservoir systems under MS-only and MS-AS sequence.

6.2. Damage to concrete gravity dam-reservoir
systems under different seismicity levels

Extending the previous analyses, the seismic perfor-
mance of the three dam-reservoir systems was further
evaluated by keeping the main shock (MS) PGA constant
at 0.5g while varying the aftershock (AS) PGA to 0.3g,
0.4g, and 0.5g. This approach enabled assessment of
crack initiation and propagation while also addressing
seepage-related implications for hydraulic safety and
dam operation across different AS scenarios. In addition
to evaluating overall damage measure ratios, the maxi-
mum opening of base cracks and individual U/S cracks
was examined for each earthquake record to more pre-
cisely assess structural severity and hydraulic implica-
tions. The severity of simulated cracks was quantified
using the RILEM TC 104 (1991) classification for non-re-
inforced concrete, in which crack widths are categorized
as very mild (<1 mm), mild (1-10 mm), moderate (10-
20 mm), and severe (20-25 mm).

The ratios of MS-AS to MS-only damage measure indi-
ces are presented in Tables 3-5 for Models I-III, respec-
tively. At 0.3g-0.4g AS intensities, aftershocks generally
widened existing U/S cracks or initiated new ones, with
limited extension of base cracks. For instance, in Model
I, the maximum total crack width on the U/S face in-
creased by 29% at 0.4g (EQ#2: from 6.3 mm to 8.1 mm,
Table 3).In Model I], it increased by 20% for EQ#2 (from
45.8 mm to 55.1 mm) and by 30% for EQ#14 (from 39.0
mm to 50.7 mm) (Table 4). In Model III, the maximum
total crack width on the U/S face increased by 67% at
0.4g (EQ#11: from 23.6 mm to 39.5 mm, Table 5). A no-
table case was observed in Model [ (EQ#10 at 0.4g) for
the base cracks: here, the maximum base crack width in-
creased by 96%, and the crack length extended by 50%.
This occurred because the MS produced only a single
crack at the base, while the AS both extended it and ini-
tiated new cracks at the neck, resulting in a substantial
increase in all damage measures.

At 0.5g, new upstream cracks became more frequent,
particularly in taller dams. For Model I (EQ#2), the max-
imum total crack width on the U/S face doubled (from
6.3 mm to 12.7 mm), entirely from the propagation of ex-
isting cracks. In Model 1, the width increased by 78%
(from 45.8 mm to 81.5 mm) due to both new crack for-
mation and propagation of existing cracks. EQ#11 in
Model III showed a 2.4-fold increase (from 23.6 mm to

56.8 mm), mainly from new cracks below the neck. The
evolution of U/S crack widths with increasing AS inten-
sity isillustrated in Fig. 6. On average, excluding outliers,
the maximum total crack width on the U/S face increased
by approximately 25-30% at 0.5g AS PGA across all
models.

Overall, at 0.3-0.4g AS intensities, aftershocks pri-
marily propagated existing U/S cracks, with occasional
base crack extension. At 0.5g, they initiated new cracks at
different elevations, creating a more complex damage
pattern, especially in taller dams, consistent with the
findings of the previous section. Model I highlights neck
cracks as critical vulnerabilities. Models II and III show
that taller dams are more susceptible to complex AS-in-
duced responses driven by higher modes and reservoir
hydrodynamic pressures, which create new tensile stress
fields beyond the initial crack zones (Wang et al. 2018).

Applying the RILEM TC 104 (1991) classification, due
to the maximum opening of a single crack, Model I con-
sistently remained in the mild category, suggesting a ro-
bust safety margin. Models Il and III exhibited similar re-
sponses: mild damage was dominant for many events,
while several records produced moderate cracks both at
the base and U/S regions, indicating higher sensitivity to
seismic effects. These findings emphasize practical im-
plications for dam operations and safety. Smaller dams
maintain stable performance with minimal risk to dam
functionality. In contrast, taller dams (Models II and III)
are more vulnerable to U/S cracking and seepage, often
accompanied by more distributed damage patterns. Be-
cause cracks in the upstream face are in direct contact
with reservoir water, they may compromise hydraulic
safety by facilitating seepage, which can accelerate inter-
nal erosion or induce localized instability (Pekau and
Zhu 2008). Even moderate U/S crack widths may there-
fore have significant implications for dam safety and op-
erational management, necessitating careful monitoring,
possible mitigation measures, and explicit consideration
of aftershocks in design checks and emergency opera-
tion planning.

6.3. The effect of ground motion properties on the
damage to concrete gravity dam-reservoir systems

Following the findings in the preceding section, it is
evident that aftershocks can significantly increase dam-
age to dam-reservoir systems, ranging from minor per-
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centages to over 200%. To better understand this phe- were examined, this section presents only the results for
nomenon, a comprehensive study explored how specific ~ Arias Intensity, sustained maximum acceleration, effec-
ground motion characteristics contribute to additional  tive design acceleration (EDA), and damage index to
damage. Although over 25 intensity measures (IMs) maintain conciseness.

Table 3. Damage measure ratios of MS-AS to MS-only under different seismicity levels for Model I.

MS PGA: 0.5g - AS PGA: 0.3g

EQ#1 EQ#2 EQ#3 EQ#4 EQ#5 EQ#6 EQ#7 EQ#8 EQ#9 EQ#10 EQ#11 EQ#12 EQ#13 EQ#14

e 100 100 100 100 100 100 100 100 100 107 1.00 1.00 1.00 1.00
Length

Base Cr.

Widh 100 100 1.00 100 100 100 100 100 100 118 1.00 1.00 1.00 1.00
‘%Zglr“k 100 100 100 100 100 100 100 100 100 580 1.01 1.00 1.00 1.00

MS PGA: 0.5g - AS PGA: 0.4g
EQ#1 EQ#2 EQ#3 EQ#4 EQ#5 EQ#6 EQ#7 EQ#8 EQ#9 EQ#10 EQ#11 EQ#12 EQ#13 EQ#14

EES( 100 125 100 100 100 100 113 1.00 1.00 150 1.00 1.00 1.00 1.00
Length

Base Cr.

Width 100 107 100 100 100 100 100 100 100 196 1.00 1.00 1.00 1.00

:/J\l/ifl&raCk 1.00 1.29 1.00 1.00 1.00 1.00 1.07 1.00 1.09 8.99 1.06 1.03 1.00 1.05

MS PGA: 0.5g - AS PGA: 0.5g

EQ#1 [EQ#2 [EQ#3 EQ#4 EQ#5 EQ#6 EQ#7 EQ#8 EQ#9 EQ#10 EQ#11 EQ#12 EQ#13 EQ#14

EEED O, 100 173 106 100 103 104 113 102 102  2.00 1.00 1.00 1.03 1.07
Length
S\j‘if;}fr' 1.00 281 103 116 100 100 100 1.06 100  3.00 1.00 1.00 1.00 1.00
%zgad‘ 100 201 113 123 104 103 195 1.02 132 1448 117 1.07 1.00 1.10
Table 4. Damage measure ratios of MS-AS to MS-only under different seismicity levels for Model II.
MS PGA: 0.5g - AS PGA: 0.3g
EQ#1 EQ#2 EQ#3 EQ#4 EQ#5 EQ#6 EQ#7 EQ#8 EQ#9 EQ#10 EQ#11 EQ#12 EQ#13 EQ#14
el 100 100 100 100 100 100 100 1.00 100  1.00 1.00 1.00 1.00 1.00
Length
Base Cr.
Width 1.00 1.00 100 100 100 100 100 1.00 1.00  1.00 1.00 1.00 1.00 1.00
‘%Zglr“k 1.00 1.04 100 100 100 100 100 1.00 1.00  1.00 1.02 1.00 1.00 1.00
MS PGA: 0.5¢ - AS PGA: 0.4¢
EQ#1 EQ#2 EQ#3 EQ#4 EQ#5 EQ#6 EQ#7 EQ#8 EQ#9 EQ#10 EQ#11 EQ#12 EQ#13 EQ#14
el 1.00 102 100 103 100 100 100 100 100 110 1.05 1.00 1.00 1.00
Length
Base Cr.
Width 1.00 113 100 100 100 1.00 100 1.00 100 125 1.00 1.00 1.00 1.00

%Zt(;lrack 1.00 1.20 1.05 1.10 1.01 1.03 1.00 1.02 1.21 1.26 1.06 1.01 1.00 1.30

MS PGA: 0.5g - AS PGA: 0.5g

EQ#1 EQ#2 EQ#3 EQ#4 EQ#5 EQ#6 EQ#7 EQ#8 EQ#9 EQ#10 EQ#11 EQ#12 EQ#13 EQ#14

s L 100 119 100 110 1.00 102 100 1.00 1.00 119 1.19 1.00 1.00 1.00
Length

Base Cr.

Width 100 110 100 100 100 100 100 1.00 1.00 149 1.18 1.00 1.00 1.00
U/SCrack 105 178 116 172 103 110 102 104 154 215 117 1.10 1.00 1.45

Width
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Table 5. Damage measure ratios of MS-AS to MS-only under different seismicity levels for Model III.

MS PGA: 0.5g - AS PGA: 0.3g

EQ#1 EQ#2 EQ#3 EQ#4 EQ#5 EQ#6 EQ#7 EQ#8 EQ#9 EQ#10 EQ#11 EQ#12 EQ#13 EQ#14
E:zzt(}:lr' 100 101 100 101 100 100 100 1.00 100  1.00 1.00 1.00 1.00 1.00
s\sztfr' 1.00 1.00 100 100 100 100 100 100 100  1.00 1.00 1.00 1.00 1.00
%z&rad‘ 1.00 1.02 100 105 100 100 103 100 102  1.00 1.10 1.02 1.00 1.00
MS PGA: 0.5g - AS PGA: 0.4g
EQ#1 EQ#2 EQ#3 EQ#4 EQ#5 EQ#6 EQ#7 EQH8 EQ#9 EQ#10 EQ#11 EQ#12 EQ#13 EQ#14
e 100 112 100 110 100 100 100 100 1.02 102 1.00 1.01 1.00 1.00
Length
‘E;;‘iffﬂfr' 1.00 118 100 106 100 100 100 100 100  1.00 1.00 1.00 1.00 1.00
%Ztchr“k 1.00 125 100 128 100 100 109 1.00 138  1.18 1.67 1.06 1.00 1.00
MS PGA: 0.5¢ - AS PGA: 0.5¢
EQ#1 EQ#2 EQ#3 EQ#4 EQ#5 EQ#6 EQ#7 EQ#8 EQ#9 EQ#10 EQ#11 EQ#12 EQ#13 EQ#14
E:flgtchr' 1.00 122 100 123 100 104 100 100 109  1.08 1.04 1.07 1.00 1.00
Séfjeﬂfr' 100 135 100 131 100 100 100 1.00 103  1.00 1.01 1.09 1.00 1.00
%z&rad‘ 1.00 161 102 171 101 101 126 101 176 156 2.41 1.18 1.01 1.00
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Fig. 6. Maximum total U/S crack width results of dam-reservoir systems under MS-only and under different seismicity lev-
els of MS-AS sequence: (a) MS PGA: 0.5g — AS PGA: 0.3g; (b) MS PGA: 0.5g - AS PGA: 0.4g; (c) MS PGA: 0.5g - AS PGA: 0.5g.
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Fig. 7 illustrates the influence of selected ground mo-
tion IMs on the increase of the maximum total crack
width on the U/S face for the 0.5g AS case. In this figure,
the horizontal axis represents the ratio of AS-to-MS in-
tensity measures, while the vertical axis shows the ratio
of maximum total crack width on the U/S face for MS-AS
sequences to that for MS-only events. A ratio above 1.0
on the y-axis indicates that the aftershock caused addi-
tional damage in terms of U/S crack width. Outlier data
from EQ#10 in Model I are excluded from the plots to re-
veal the overall trends better.

For Arias Intensity (Fig. 7(a)), in Model I, AS increased
U/S crack widths when the AS-to-MS intensity measure
ratio exceeded 0.34. This threshold was lower for Mod-
els II and III, at 0.28. In total, 39 out of 42 sequences
across all models showed further damage when the Arias
Intensity ratio exceeded 0.27.

Sustained maximum acceleration (Fig. 7(b)) showed a
similar pattern. For Model I, U/S cracks widened further
when the AS-to-MS intensity measure ratio exceeded
0.46; for Models II and III, this threshold was lower at
0.38. Again, 39 of the 42 MS-AS sequences across the
three models resulted in additional U/S damage when the
sustained maximum acceleration ratio exceeded 0.37.

In the case of effective design acceleration (EDA) (Fig.
7(c)), the threshold for increased U/S crack widths in
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Model I was an AS-to-MS intensity measure ratio of 0.95.
For Models Il and II], the thresholds were 0.86. When the
EDA ratio exceeded 0.85, further U/S cracking was ob-
served in 39 of the 42 earthquake sequences.

Lastly, for the damage index (Fig. 7(d)), the threshold
AS-to-MS intensity measure ratio across all dam models
was 0.28. As with the other IMs, 39 of the 42 sequences
led to increased U/S crack widths when the damage in-
dex ratio exceeded 0.26.

The uncertainty of the reported threshold values
was quantified by applying a non-parametric boot-
strapping method (Mooney and Duval 1993). Using
10000 resamples with replacement, the 95% Confi-
dence Intervals for Arias Intensity, sustained maximum
acceleration, EDA, and damage index were computed as
[0.27-0.45], [0.37-0.73], [0.85-0.96], and [0.26-0.40],
respectively. These damage thresholds are intended for
use with concrete gravity dams 50-150 m in height, un-
der MS-AS sequences where both PGAs are scaled to
0.5g with 5% Rayleigh damping. They may not be di-
rectly extended to other dam types, geometries, damp-
ing ratios, or seismic intensity ranges without further
validation. Given the small sample size (14 cases), these
values should be regarded as empirical indicators, with
larger datasets needed for rigorous statistical infer-
ence.
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Fig. 7. Ground motion intensity measures on the damage to concrete gravity dam-reservoir systems for 0.5g scaled
AS PGA: (a) Arias Intensity; (b) Sustained maximum acceleration; (c) Effective design acceleration; (d) Damage index.
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7. Conclusions

This study investigated the seismic performance of
three concrete gravity dam-reservoir systems (Model I -
50 m, Model II - 100 m, Model III - 150 m) under as-rec-
orded main shock-aftershock (MS-AS) earthquake se-
quences using the Modified Applied Element Method
(MAEM). Horizontal and vertical components of ground
motions were applied in nonlinear transient analyses, and
damage was quantified using discrete measures of base
crack length, maximum base crack width, and maximum
total crack width on the upstream (U/S) face. The use of
MAEM provided mechanistic insight into how aftershocks
influenced crack patterns and damage accumulation in
concrete gravity dams, thereby addressing dam safety.

The results obtained in this study are summarized as
follows:

e The rest times between MS-AS sequences ranged
from 2.2 to 6.7 s. As the dam height increases, the nat-
ural frequency decreases, requiring longer times for
taller dams. The empirical Egs. (5-7) predict these
rest times for dams with 50-150 m heights under a
PGA range of 0.05g-1.02g with 5% Rayleigh damping.

e Under the same scaling factor, AS primarily propa-
gated existing cracks through stress concentrations
formed at crack tips, which was most evident at the
base of Model I. In taller dams, in addition to propaga-
tion, new cracks developed along the upstream face
due to the effects of higher vibration modes and hy-
drodynamic pressures.

e At 0.3g-0.4g AS intensities, AS generally widened ex-
isting upstream cracks or initiated new ones, with
limited extension of base cracks. New upstream
cracks became more frequent at 0.5g intensity, espe-
cially in taller dams. At this seismicity level, the AS in-
creased the maximum total crack width on the up-
stream face by approximately 25-30% on average,
across all models.

Appendix A. Selected earthquake ground motions

e The evaluation of the severity of cracks according to
RILEM TC 104 (1991) classification revealed that
Model I remained within the mild category across all
cases, while Models II and III occasionally reached
moderate damage levels both at the base and up-
stream regions. Since the upstream cracks are in di-
rect contact with the reservoir, they may pose direct
hydraulic safety risks. Therefore, even moderate
crack openings may increase the potential for seep-
age, internal erosion, or localized instability, thereby
compromising dam functionality.

e A 93% probability was observed for increased maxi-
mum total crack width on the upstream face in the
three dam systems when the ratios of 0.5g scaled AS
to 0.5g scaled MS exceeded 0.27 for Arias Intensity,
0.37 for sustained maximum acceleration, 0.85 for ef-
fective design acceleration, and 0.26 for damage in-
dex. 95% Confidence Intervals were determined us-
ing 10000 bootstrap resamples: [0.27-0.45] for Arias
Intensity, [0.37-0.73] for sustained maximum accel-
eration, [0.85-0.96] for effective design acceleration,
and [0.26-0.40] for damage index. These threshold
intervals are empirical, with larger datasets needed
for rigorous statistical inference.

With a focus on assessing cracking on dam bodies, the
soil-structure interaction was not modeled; therefore,
the results are applicable for monoliths on stiff founda-
tions (i.e., foundation moduli, Ef, over structure moduli,
Eg, more than 4), or for monoliths in narrow valleys with
Ef/Es < 2 (Bybordiani and Arici 2017).

This study demonstrates that aftershocks can signifi-
cantly amplify damage in concrete gravity dams, partic-
ularly in taller dams, through combined crack propaga-
tion and initiation mechanisms. The findings provide
guidance for assessing dam vulnerability, prioritizing in-
spections, evaluating hydraulic risks from upstream
cracking, and incorporating sequential seismic events
into design and emergency planning.

The selected 124 acceleration records for the estimation of the required time interval between main shocks and
aftershocks are presented in Table A1l.

Table A1l. Selected earthquake motions.

# Year Event Station Comp Mag R (km) PGA (g)
1 1966 Parkfield Cholame Shandon Array 50 6.2 (Mw) 17.6 0.06
2 1966 Parkfield Cholame Shandon Array 320 6.2 (Mw) 17.6 0.06
3 1971 San Fernando LA - Hollywood Stor FF 90 6.6 (Mw) 22.8 0.22
4 1971 San Fernando LA - Hollywood Stor FF 180 6.6 (Mw) 22.8 0.19
5 1971 San Fernando Lake Hughes 4 111 6.6 (Mw) 19.5 0.20
6 1971 San Fernando Lake Hughes 4 201 6.6 (Mw) 19.5 0.16
7 1979 Imperial Valley-06 Agrarias 3 6.5 (Mw) 0.0 0.29
8 1979 Imperial Valley-06 Agrarias 273 6.5 (Mw) 0.0 0.19
9 1979 Imperial Valley-06 El Centro Array 7 140 6.5 (Mw) 0.6 0.34
10 1979 Imperial Valley-06 El Centro Array 7 230 6.5 (Mw) 0.6 0.47
11 1979 Imperial Valley-06 Holtville Post Office 225 6.5 (Mw) 5.4 0.26




240

Soysal / Challenge Journal of Structural Mechanics (2025) 11(4) 229-244

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

1979
1979
1979
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1983
1983
1983
1983
1983
1983
1983
1983
1984
1984
1986
1986
1986
1986
1986
1986
1986
1986
1987
1987
1987
1987
1987
1987
1987
1987
1987
1987
1987
1987

Imperial Valley-06
Imperial Valley-06
Imperial Valley-06
Mammoth Lakes-01
Mammoth Lakes-01
Mammoth Lakes-01
Mammoth Lakes-01
Mammoth Lakes-02
Mammoth Lakes-02
Irpinia, Italy-01
Irpinia, Italy-01
Irpinia, Italy-01
Irpinia, Italy-01
Irpinia, Italy-01
Irpinia, Italy-01
Irpinia, Italy-01
Irpinia, Italy-01
Irpinia, Italy-02
Irpinia, Italy-02
Mammoth Lakes-11
Mammoth Lakes-11
Coalinga-05
Coalinga-05
Coalinga-05
Coalinga-05
Coalinga-05
Coalinga-05
Morgan Hill
Morgan Hill
N. Palm Springs
N. Palm Springs
N. Palm Springs
N. Palm Springs
Chalfant Valley-02
Chalfant Valley-02
Chalfant Valley-02
Chalfant Valley-02
Whittier Narrows-01
Whittier Narrows-01
Whittier Narrows-01
Whittier Narrows-01
Whittier Narrows-01
Whittier Narrows-01
Whittier Narrows-01
Whittier Narrows-01
Whittier Narrows-01
Whittier Narrows-01
Whittier Narrows-01

Whittier Narrows-01

Holtville Post Office
Victoria
Victoria
Long Valley Dam (Upr L Abut)
Long Valley Dam (Upr L Abut)
Mammoth Lakes H. S.
Mammoth Lakes H. S.
Long Valley Dam (Upr L Abut)
Long Valley Dam (Upr L Abut)
Auletta
Auletta
Bagnoli Irpinio
Bagnoli Irpinio
Brienza
Brienza
Rionero In Vulture
Rionero In Vulture
Bagnoli Irpinio
Bagnoli Irpinio
Convict Creek
Convict Creek
0il City
0il City
0il Fields Fire Station - FF
0Oil Fields Fire Station - FF
Transmitter Hill
Transmitter Hill
Gilroy Array 2
Gilroy Array 2
San Jacinto - Valley Cemetary
San Jacinto - Valley Cemetary
Sunnymead
Sunnymead
Benton
Benton
Bishop - Paradise Lodge
Bishop - Paradise Lodge
Alhambra - Fremont School
Alhambra - Fremont School
Glendale - Las Palmas
Glendale - Las Palmas
Glendora - N Oakbank
Glendora - N Oakbank
LA - Century City CC North
LA - Century City CC North
Pasadena - CIT Kresge Lab
Pasadena - CIT Kresge Lab
Pomona - 4th & Locust FF
Pomona - 4th & Locust FF

315
75
345

90
254
344

90

270

270

270

270

270
90
180
270
360
270
360
270
360

90
270
360
205
315
270
360

70
160
180
270
177
267

80
170

90
90
360
12
102

6.5 (M)
6.5 (Muw)
6.5 (Muw)
6.1 (Mw)
6.1 (Mw)
6.1 (M)
6.1 (M)
5.7 (Mu)
5.7 (Mw)
6.9 (M)
6.9 (M)
6.9 (Mw)
6.9 (Mw)
6.9 (My)
6.9 (M)
6.9 (Mw)
6.9 (M)
6.2 (Mw)
6.2 (Mw)
5.3 (Mw)
5.3 (Mw)
5.8 (Mu)
5.8 (Mw)
5.8 (Mw)
5.8 (Mw)
5.8 (Mu)
5.8 (Mu)
6.2 (Mw)
6.2 (Mw)
6.1 (M)
6.1 (M)
6.1 (Mw)
6.1 (Mw)
6.2 (Mw)
6.2 (Mw)
6.2 (Mw)
6.2 (Mw)
6.0 (My)
6.0 (M)
6.0 (M)
6.0 (My)
6.0 (My)
6.0 (M)
6.0 (M)
6.0 (M)
6.0 (My)
6.0 (M)
6.0 (M)
6.0 (M)

5.4
31.9
31.9
12.6
12.6
45
4.5
14.3
14.3
9.5
9.5
8.1
8.1
22.5
22.5
27.5
27.5
17.8
17.8
7.1
7.1
2.0
2.0
6.3
6.3
3.7
3.7
13.7
13.7
30.7
30.7
37.7
37.7
21.6
21.6
15.0
15.0
L7
1.7
14.7
14.7
13.7
13.7
26.1
26.1
6.8
6.8
25.1
25.1

0.22
0.12
0.17
0.43
0.27
0.32
0.24
0.19
0.07
0.06
0.06
0.13
0.19
0.22
0.18
0.10
0.10
0.06
0.05
0.15
0.09
0.84
0.42
0.22
0.19
0.78
1.02
0.16
0.21
0.07
0.06
0.10
0.12
0.21
0.18
0.17
0.16
0.29
0.39
0.30
0.18
0.10
0.11
0.07
0.10
0.11
0.09
0.07
0.05
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61 1987 Whittier Narrows-02 Alhambra - Fremont School 180 5.3 (Mw) 3.6 0.18
62 1987 Whittier Narrows-02 Alhambra - Fremont School 270 5.3 (Mw) 3.6 0.21
63 1987 Whittier Narrows-02 LA - Hollywood Stor FF 90 5.3 (Mw) 21.0 0.05
64 1987 Whittier Narrows-02 LA - Hollywood Stor FF 360 5.3 (Mw) 21.0 0.09
65 1989 Loma Prieta Point Bonita 207 6.9 (Mw) 83.4 0.07
66 1989 Loma Prieta Point Bonita 297 6.9 (Mw) 83.4 0.07
67 1989 Loma Prieta So. San Francisco, Sierra Pt. 115 6.9 (Mw) 63.0 0.05
68 1989 Loma Prieta So. San Francisco, Sierra Pt. 205 6.9 (Mw) 63.0 0.11
69 1992 Landers Mission Creek Fault 0 7.3 (Mw) 27.0 0.13
70 1992 Landers Mission Creek Fault 90 7.3 (Mw) 27.0 0.13
71 1994 Northridge-01 Beverly Hills - 12520 Mulhol 35 6.7 (Mw) 12.4 0.62
72 1994 Northridge-01 Beverly Hills - 12520 Mulhol 125 6.7 (Mw) 12.4 0.45
73 1994 Northridge-01 Burbank - Howard Rd. 60 6.7 (Mw) 15.9 0.11
74 1994 Northridge-01 Burbank - Howard Rd. 330 6.7 (Mw) 15.9 0.16
75 1994 Northridge-01 LA - Centinela St 155 6.7 (Mw) 20.4 0.45
76 1994 Northridge-01 LA - Centinela St 245 6.7 (Mw) 20.4 0.32
77 1994 Northridge-01 LA - Obregon Park 90 6.7 (Mw) 35.4 0.35
78 1994 Northridge-01 LA - Obregon Park 360 6.7 (Mw) 35.4 0.56
79 1994 Northridge-01 LA - Wonderland Ave 95 6.7 (Mw) 15.1 0.10
80 1994 Northridge-01 LA - Wonderland Ave 185 6.7 (Mw) 15.1 0.16
81 1994 Northridge-01 LA 00 180 6.7 (Mw) 9.9 0.26
82 1994 Northridge-01 LA 00 270 6.7 (Mw) 9.9 0.38
83 1994 Northridge-01 Lake Hughes 12A 90 6.7 (Mw) 20.8 0.17
84 1994 Northridge-01 Lake Hughes 12A 180 6.7 (Mw) 20.8 0.26
85 1994 Northridge-01 Santa Monica City Hall 90 6.7 (Mw) 17.3 0.88
86 1994 Northridge-01 Santa Monica City Hall 360 6.7 (Mw) 17.3 0.37
87 1994 Northridge-01 Sylmar - Converter Sta East 11 6.7 (Mw) 0.0 0.85
88 1994 Northridge-01 Sylmar - Converter Sta East 281 6.7 (Mw) 0.0 0.45
89 1999 Kocaeli, Turkey Arcelik 0 7.5 (Mw) 10.6 0.21
90 1999 Kocaeli, Turkey Arcelik 90 7.5 (Mw) 10.6 0.13
91 1999 Chi-Chi, Taiwan CHY035 E 7.6 (Mw) 12.6 0.25
92 1999 Chi-Chi, Taiwan CHY035 N 7.6 (Mw) 12.6 0.25
93 1999 Chi-Chi, Taiwan CHY042 E 7.6 (Mw) 27.5 0.10
94 1999 Chi-Chi, Taiwan CHY042 N 7.6 (Mw) 27.5 0.07
95 1999 Chi-Chi, Taiwan CHY052 N 7.6 (Mw) 38.7 0.15
96 1999 Chi-Chi, Taiwan CHY052 w 7.6 (Mw) 38.7 0.09
97 1999 Hector Mine Twentynine Palms 90 7.1 (Mw) 42.1 0.07
98 1999 Hector Mine Twentynine Palms 360 7.1 (Mw) 42.1 0.07
99 1999 Chi-Chi, Taiwan-03 TCUO079 E 6.2 (Mw) 0.0 0.34
100 1999 Chi-Chi, Taiwan-03 TCUO079 N 6.2 (Mw) 0.0 0.27
101 1999 Chi-Chi, Taiwan-04 CHYO035 E 6.2 (Mw) 25.0 0.13
102 1999 Chi-Chi, Taiwan-04 CHYO035 N 6.2 (Mw) 25.0 0.12
103 1999 Chi-Chi, Taiwan-05 TCUO054 E 6.2 (Mw) 45.3 0.06
104 1999 Chi-Chi, Taiwan-05 TCUO054 N 6.2 (Mw) 45.3 0.05
105 1999 Chi-Chi, Taiwan-06 TCUO75 E 6.3 (Mw) 24.3 0.11
106 1999 Chi-Chi, Taiwan-06 TCUO75 N 6.3 (Mw) 24.3 0.06
107 1999 Chi-Chi, Taiwan-06 TCU120 E 6.3 (Mw) 30.9 0.06
108 1999 Chi-Chi, Taiwan-06 TCU120 N 6.3 (Mw) 30.9 0.06
109 2009 L'Aquila, Italy L'Aquila - V. Aterno - Colle Grilli E 6.3 (Mw) 0.0 0.48
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110 2009 L'Aquila, Italy L'Aquila - V. Aterno - Colle Grilli N 6.3 (Mw) 0.0 0.52
111 2009 L'Aquila (aftershock 1), Italy L'Aquila - V. Aterno - Colle Grilli E 5.6 (Mw) 111 0.15
112 2009 L'Aquila (aftershock 1), Italy L'Aquila - V. Aterno - Colle Grilli N 5.6 (Mw) 11.1 0.11
113 2008 Iwate, Japan IWTH17 EW 6.9 (Mw) 72.4 0.06
114 2008 Iwate, Japan IWTH17 NS 6.9 (Mw) 72.4 0.06
115 2008 Iwate, Japan MYG011 EW 6.9 (Mw) 82.9 0.06
116 2008 Iwate, Japan MYG011 NS 6.9 (Mw) 82.9 0.08
117 1995 Kozani, Greece ITSAK 90 6.1 (ML) 19.5 0.14
118 1995 Kozani, Greece ITSAK 90 5.3 (Mw) 12.1 0.12
119 1980 Mammoth Lakes 54099 Convict Creek 90 6.1 (ML) 9.1 0.41
120 1980 Mammoth Lakes 54099 Convict Creek 90 5.7 (ML) 3.4 0.35
121 1995 Kozani, Greece ITSAK 0 6.1 (ML) 19.5 0.22
122 1995 Kozani, Greece ITSAK 0 5.3 (ML) 12.1 0.13
123 1980 Mammoth Lakes 54099 Convict Creek 180 6.1 (M) 9.1 0.40
124 1980 Mammoth Lakes 54099 Convict Creek 180 5.7 (ML) 3.4 0.50

The 14 ground motion records to evaluate the seismic performances of concrete gravity dam-reservoir systems
are given in Table A2.

Table A2. Selected main shocks-aftershocks.

# MS/AS Year Event Station Comp Mag R (km) PGA (g)
MS 1980 Mammoth Lakes-01 Long Valley Dam (Upr L Abut) 0 6.1 (Mw) 12.6 0.43
! AS 1980 Mammoth Lakes-02 Long Valley Dam (Upr L Abut) 0 5.7 (Mw) 14.3 0.19
MS 1980 Mammoth Lakes-01 Long Valley Dam (Upr L Abut) 90 6.1 (Mw) 12.6 0.27
2 AS 1980 Mammoth Lakes-02 Long Valley Dam (Upr L Abut) 90 5.7 (Mw) 14.3 0.07
MS 1980 Irpinia, Italy-01 Bagnoli Irpinio 0 6.9 (Mw) 8.1 0.13
: AS 1980 Irpinia, Italy-02 Bagnoli Irpinio 0 6.2 (Mw) 17.8 0.06
MS 1980 Irpinia, Italy-01 Bagnoli Irpinio 270 6.9 (Mw) 8.1 0.19
+ AS 1980 Irpinia, Italy-02 Bagnoli Irpinio 270 6.2 (Mw) 17.8 0.05
MS 1987 Whittier Narrows-01 Alhambra - Fremont School 180 6.0 (Mw) 1.7 0.29
> AS 1987 Whittier Narrows-02 Alhambra - Fremont School 180 5.3 (Mw) 3.6 0.18
MS 1987 Whittier Narrows-01 Alhambra - Fremont School 270 6.0 (Mw) 1.7 0.39
¥ AS 1987 Whittier Narrows-02 Alhambra - Fremont School 270 5.3 (Mw) 3.6 0.21
MS 1999 Chi-Chi, Taiwan CHYO035 E 7.6 (Mw) 12.6 0.25
7 AS 1999 Chi-Chi, Taiwan-04 CHYO035 E 6.2 (Mw) 25.0 0.13
MS 1999 Chi-Chi, Taiwan CHYO035 N 7.6 (Mw) 12.6 0.25
8 AS 1999 Chi-Chi, Taiwan-04 CHYO035 N 6.2 (Mw) 25.0 0.12
MS 2009 L'Aquila, Italy L'Aquila - V. Aterno - Colle Grilli E 6.3 (Mw) 0.0 0.48
K AS 2009  L'Aquila (aftershock 1), Italy L'Aquila - V. Aterno - Colle Grilli E 5.6 (Mw) 111 0.15
MS 2009 L'Aquila, Italy L'Aquila - V. Aterno - Colle Grilli N 6.3 (Mw) 0.0 0.52
10 AS 2009  L'Aquila (aftershock 1), Italy L'Aquila - V. Aterno - Colle Grilli N 5.6 (Mw) 111 0.11
MS 1995 Kozani, Greece ITSAK 0 6.1 (ML) 19.5 0.22
1 AS 1995 Kozani, Greece ITSAK 0 5.3 (Mw) 12.1 0.13
MS 1995 Kozani, Greece ITSAK 90 6.1 (ML) 19.5 0.14
12 AS 1995 Kozani, Greece ITSAK 90 5.3 (Mw) 12.1 0.12
MS 1980 Mammoth Lakes 54099 Convict Creek 180 6.1 (ML) 9.1 0.40
13 AS 1980 Mammoth Lakes 54099 Convict Creek 180 5.7 (ML) 3.4 0.50
14 MS 1980 Mammoth Lakes 54099 Convict Creek 90 6.1 (ML) 9.1 0.41

AS 1980 Mammoth Lakes 54099 Convict Creek 90 5.7 (Mv) 3.4 0.35
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