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Long-term durability of red mud-modified cement mortars:
Effects of high temperature and freeze-thaw cycles
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2 Department of Civil Engineering, Atatiirk University, Erzurum 25240, Tiirkiye
® Department of Civil Engineering, Sana’a University, 13341 Sana’a, Yemen
¢ Department of Civil Engineering, Emirates International University, 16881 Sana’a, Yemen

ABSTRACT

ARTICLE INFO

The use of industrial by-products such as red mud in cementitious materials ad-
dresses sustainability by reducing environmental impact and improving perfor-
mance. As a hazardous waste from aluminium production, red mud offers a promis-
ing solution for waste management and improves the mechanical and durability
properties of mortar when used as a partial cement replacement. This study investi-
gates the long-term mechanical and durability properties of cement mortars modi-
fied with red mud, a by-product of alumina production. Red mud was incorporated
at substitution percentages of 5%, 10%, 15%, 20%, 25%, 30% and 35% by weight of
cement. The mortars were subjected to harsh environmental conditions such as high
temperatures (200°C to 600°C), freeze-thaw cycles (50 and 100 cycles), and normal
curing conditions at 365 days of age. The study showed that partial replacement of
cement with red mud significantly affected the mechanical and durability properties
of the mortars. The optimum red mud replacement level of 10% showed that micro-
structural compactness and hardness were improved by increasing the ultrasonic
pulse velocity, dynamic modulus of elasticity and flexural strength. Durability tests
showed improved thermal resistance at moderate levels of red mud content, while
higher levels adversely affected freeze-thaw performance. These findings confirm
thata 10% red mud substitution offers the best balance between strength, durability,
and sustainability.
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1. Introduction

Cement has been increasingly consumed worldwide
every year since 1970 (Vedaiyan and Govindarajalu
2023; Verma et al. 2023). Especially in recent years, it
has been emphasized that some limitations should be
brought in the amount of production and use of cement
in terms of both environmental and energy consumption
(Alameri and Oltulu 2020; Oltulu and Alameri 2019).

Optimum use of industrial by-products in the con-
crete (Bergonzoni et al. 2023; Neves et al. 2023), brick
(Kostrzewa-Demczuk et al. 2023; Sruthi and Gayathri

2023), tile manufacturing (Pei et al. 2023) and ceramic
industries (Liang et al. 2023)reduces the environmental
impact of these materials by minimizing the damage
from the disposal of residues as well as conserving avail-
able resources (Venkatesh et al. 2019, 2020).

Growing social and environmental concerns have
driven the increased use of recycled waste materials as
partial replacements for natural resources in construc-
tion applications (Yavuz 2024; Aboalella and Elmalky
2023). Red mud is a popular industrial waste, which is
an alkaline residue (pH value 10-13.5) formed during
alumina production. One ton of alumina production usu-
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ally yields 0.8 to 1.8 tons of red mud (Hou et al. 2021;
Tang et al. 2019). The main recycling method for red clay
is landfilling, which pollutes the surrounding soil and
groundwater, posing serious threats to human health,
food safety and ecosystem sustainability (Hou et al.
2021; Wang et al. 2020).

Red mud is usually discharged as a slurry with a solids
content of 15-40% (Yuan et al. 2020). Its chemical and
mineralogical composition depends on the source and
processing method of bauxite ores, with the main oxides
in typical red mud are CaO, SiOz, Al203, Fe203, TiO2 and
Naz0 (Gao et al. 2023; Yuan et al. 2020). Red mud exhib-
its the properties of porous materials and offers ad-
vantages such as high specific surface area, significant
reactivity, cost-effectiveness, and significant solid waste
utilization potential. Consequently, it can be used as a
partial replacement in the production of cement-based
materials (Liu et al. 2019).

In the last decade, red mud has been used as a partial
substitute of cement and fine aggregates in concrete
(Gou etal. 2023; Zhu et al. 2023). The fine particle size of
red mud contributes to the densification of the concrete
matrix, reducing microcrack formation and increasing
durability. Its inclusion reduces workability while in-
creasing both flexural and compressive strength, espe-
cially in the later stages of curing. The higher content of
red mud-based concretes resulted in a reduction in
strength but a lower rate of corrosion (Venkatesh et al.
2019, 2020). Most studies have limited the incorpora-
tion of red mud in cement composites to a maximum of
30% (Anirudh et al. 2021; Diaz et al. 2015; Kang and
Kwon 2017; Liu et al. 2019; Nikbin et al. 2018; Ortega et
al. 2019; Ribeiro etal. 2013; Venkatesh et al. 2019), How-
ever, a few researchers have investigated higher replace-
ment levels, exceeding 50% (Krivenko et al. 2017; Tang
etal. 2018, 2019; Yuan et al. 2020).

Venkatesh et al. (2019) and Ortega et al. (2019) found
that a denser microstructure formation was observed
with the red mud substitution and the chloride-ion pas-
sage decreased as the red mud substitution increased.
Diaz et al. (2015) concluded that additions of red mud
delayed both chloride diffusion and carbonation of ce-
ment paste samples. Hou et al. (2021) found that the ad-
dition of red mud to ultra-high performance concrete re-
duces workability and mechanical properties while in-
creasing early age (7d) durability due to the accelerated
hydration process.

In addition, research has shown that red mud en-
hances the mechanical properties and durability of ce-
ment-based materials. Tang et al. (2019) reported that
replacing fly ash with red mud in self-compacting con-
crete improves strength and corrosion resistance. Yuan
et al. (2020) highlighted its micro-filler effect, reducing
harmful pores in binary binders. Hyeok-Jung et al
(2018) found it suitable for pavement applications at re-
placement rates up to 10%, while Li et al. (2019) noted
its role in minimizing surface cracks. Tang et al. (2018)
observed slight improvements in the interfacial transi-
tion zone of red clay concrete.

In contrast to the above studies that emphasized the
mechanical performance, durability, and microstruc-
tural improvements of red mud in cement-based materi-

als, Nikbin et al. (2018) investigated its environmental
impacts. Their research evaluated the sustainability ben-
efits of red mud in concrete, showing that adding 25%
red mud to lightweight concrete can significantly reduce
environmental impacts, including cumulative energy de-
mand, global warming potential, and emissions of key air
pollutants such as CO, NOx, Pb, and SO-.

Although previous studies have investigated the use
of red mud in cement composites, the focus has largely
been on its effect on strength and a limited range of du-
rability properties. However, there is a significant gap in
understanding its long-term performance, especially un-
der critical environmental conditions. The present study
aims to comprehensively investigate the long-term
physico-mechanical properties of red mud cement mor-
tars and their durability under freeze-thaw cycles and
high-temperature exposure. Moreover, this research
provides valuable insights into the applicability of red
mud as a sustainable alternative in cement-based mate-
rials.

2. Materials and Method
2.1. Materials and sample preparation

In this study, ordinary portland cement (CEM II 42.5
R) was used in accordance with TS EN 196-1 (2016) and
TS EN 197-1 (2016) standards. Additionally, red mud,
characterized by its specific chemical composition and
index properties specified in Table 1, was included as a
filler material.

Table 1. Chemical composition and index properties of
red mud (RM) and portland cement (PC).

Chemical composition (%) RM PC
Si02 18.95 17.6
Al;03 25.65 4.45
Fe203 36.94 3.08
Ca0 3.30 60.02
MgO - 2.29
SO3 = 2.67
Loss on ignition 17.75 8.49
Na20 7.04 0.22
K20 - 0.63
Naz20+0.658K20 - 0.63
Cl - 0.0144
Unmeasured - 0.54
Free Ca0O = 0.69
Total additives - 19.9
TiO2 5.62
Others 2.51
index properties
Specific gravity 3.05 3.01
Specific surface (cm?/g) - 4403
Compressive strength (MPa) 51.03
pH 12-13
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The mortar mix design was made according to the TS
EN 206 (2014) standard and a water/binder ratio of 0.32
was used. A total of 288 cube specimens (50x50x50 mm)
and 32 prism specimens (40x40x160 mm) were pre-
pared, divided into eight groups of cement mortars in-
corporating red mud at replacement levels of 0%, 5%,

10%, 15%, 20%, 25%, 30%, and 35% by weight of ce-
ment. To assess the workability of the fresh concrete, a
flow table test was conducted to determine the spread-
ing diameter. Following casting, all samples were cured
in water at 25 + 2°C for 28 days. Mortar mix proportions
are detailed in Table 2.

Table 2. Mortar mix proportions.

Materials Cement Red mud SPZ i Spread diameter
used (%) (%) (%) (cm)
RMO 100 0.3 0.32 17.5
RMO5 95 5 0.3 0.32 19.5
RM10 90 10 0.3 0.32 17.0
RM15 85 15 0.3 0.32 17.5
RM20 80 20 0.3 0.32 18.0
RM25 75 25 0.3 0.32 17.0
RM30 70 30 0.3 0.32 17.0
RM35 65 35 0.3 0.32 17.0

RM: Red mud, along with its corresponding addition percentage.

SPZ: Superplasticizer.
2.2. Experiments

The impact of reducing cement content through the
partial replacement of red mud waste was examined by
evaluating the long-term physico-mechanical and dura-
bility properties of the specimens. Physico-mechanical
properties were assessed based on density, ultrasonic
pulse velocity (UPV), dynamic modulus of elasticity (Ea),
and compressive strength at 30, 90, and 365 days, as well
as flexural strength and modulus of elasticity. Durability
performance was analysed by measuring the residual
compressive strength after exposure to high tempera-
tures and freeze-thaw cycles.

2.2.1. Density

In this study, the samples were removed from the wa-
ter pool after 28 days of curing and dried at room condi-
tions (25 °C) for two days. The density of the samples
was then calculated by dividing the mass of each sample
to the measured volume. The mean value of three sam-
ples was calculated for each group to increase the accu-
racy of the test results.

2.2.2. Ultrasound pulse velocity (UPV)

This test was conducted to evaluate the UPVin cement
mortar specimens with and without red mud. A digital
ultrasonic testing machine operating at 54 kHz was used.
Wave propagation time through the mortar samples was
determined following the ASTM E494 (2017) standard,
and wave velocity was then calculated by dividing the
sample length by the recorded time.

The obtained UPV was then used to determine the dy-
namic modulus of elasticity (Eq) using Eq. (1), where p
represents density, Viong denotes longitudinal wave ve-
locity, and v is Poisson’s ratio. In this study, the Poisson’s
ratio for cement mortars was assumed to be 0.2.

E, = Viongp-(1+v)-(1-2v) 0

1-v

2.2.3. Evaluation of compressive and flexural strength:
Testing methods

The compressive and flexural tensile strength tests
were carried out following TS EN 12390-3 (2019) and TS
EN 12390-6 (2010) standards, respectively, which align
with European standards. A 3000 kN capacity testing
machine with a position sensor providing 0.001 mm ac-
curacy was used. The load was applied at a constant
speed of 0.4 MPa/s for the compressive strength test and
0.04 MPa/s for the flexural tensile strength test. To eval-
uate the short- and long-term effects of red mud on ce-
ment mortar, compression tests were conducted at 30,
90, and 365 days, while flexural strength tests were per-
formed at 365 days. In addition, the modulus of elasticity
was determined using the stress-strain curves obtained
from 365-day compression tests in accordance with the
TS 12390-2 (2019) standard.

2.2.4. High temperature resistance

This study investigated the residual compressive
strength of the mortar after exposure to high tempera-
tures. The samples were stored at 25 °C under labora-
tory conditions and the test was carried out on the
365th day. To prevent explosive spalling caused by
steam formation, the samples were pre-dried at 100 °C
for 24 h before exposure to high temperatures (Alameri
and Oltulu 2020). Heating was carried out in an electric
furnace with a maximum capacity of 1000°C following
the heating and cooling protocol shown in Fig. 1. The
samples were exposed to temperatures of 200 °C, 400
°C, and 600 °C, with a dwell time of 2 hours at each tem-
perature.
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Fig. 1. Heating and cooling regime.

2.2.5. Freeze-thaw resistance

In cold climates such as Erzurum Province, where this
experimental study was conducted, cement mortars ex-
posed to freeze-thaw cycles inevitably undergo a certain
degree of damage. In this study, 365-day-old cement
mortars with and without red mud were subjected to
freeze-thaw testing following ASTM C666/C666M
(2015) (Procedure A). The samples were subjected to 50
and 100 freeze-thaw cycles, each covering a temperature
range of -18 °C to +4 °C for 240 min. After completion of
the cycles, the samples were visually inspected and their
residual compressive strength was evaluated.

3. Results and Discussion
3.1. Physico-mechanical properties
3.1.1. Density

Density results are summarized in Table 3 and shown
in Fig. 2. The density of the mortar mixes showed signif-

icant differences depending on the red mud (RM) con-
tent, ranging from 1.96 g/cm® (RMO05) to 2.28 g/cm?
(RM10). Compared to the control mix (RM0) with a den-
sity of 1.98 g/cm?, RM10 showed the highest increase,
reflecting an increase of 15.15%. This improvement can
be attributed to the filler effect of red mud, where the
fine particles increased the packing density and contrib-
uted to a more compact microstructure. The increased
density in RM10 suggests that moderate replacement of
cement with red mud increased the overall matrix cohe-
sion, leading to better densification. However, beyond
this optimum level, the density showed a downward
trend, indicating a decline in structural compactness.

The decrease in density at higher substitution levels,
particularly for RM30 (2.04 g/cm®) and RM35 (2.19
g/cm?®), indicate an increase in porosity. Excessive red
mud content can lead to insufficient cementitious bond-
ing and void formation, which collectively reduces the
overall compactness of the mortars.

Table 3. Physico-mechanical properties.

o Density UrPv Eq 30-day compressive  90-day compressive  365-day compressive Flexural E
(g/cm3) (m/s) (GPa) strength (MPa) strength (MPa) strength (MPa) strength (MPa) (GPa)
RMO 1.98 3361 20.13 71.01 84.60 87.90 493 9.4
RMO5 1.96 3252 18.66 76.75 79.10 86.30 5.26 8.6
RM10 2.28 3333 22.80 71.21 75.73 78.70 5.87 8.5
RM15 2.04 3175 18.50 62.31 67.79 72.20 5.76 8.1
RM20 1.98 3200 18.25 58.49 63.40 63.40 5.26 7.5
RM25 2.25 3175 20.41 57.62 60.64 60.70 5.00 7.5
RM30 2.04 3101 17.65 50.85 54.17 61.00 4.73 6.4
RM35 2.19 3175 19.86 46.16 48.75 60.80 4.23 6.5
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Fig. 2. Density results of the tested groups.

3.1.2. Ultrasonic pulse velocity (UPV)

The UPV results are summarized in Table 3 and
shown in Fig. 3. The control group (RMO) showed the
highest UPV value of 3361 m/s. Among the groups con-
taining red mud, RM10 achieved a UPV of 3333 m/s,
which was only a 0.83% decrease compared to the con-
trol, indicating that up to 10% red mud content did not
significantly compromise the density or homogeneity of

the mortar. A consistent decrease in UPV was observed
with the increase in red mud content, and RM30 showed
the lowest speed of 3101 m/s (-7.73%). The observed
decrease in UPV at higher red clay ratios can be at-
tributed to increased porosity and potential microcrack
formation, which hinders wave propagation, as con-
firmed by other studies linking high additive content to
lower pulse speeds due to poor bonding and incomplete
hydration (Qureshi et al. 2022).

3400
3361
3333
3300
3252.2
Q
E 2
> 3200 - 20
E; 3174 3174 3174
o
)
3100 4 3100
3000 T T T T T T T T T T T T T
RMO RMO5 RM10 RM15 RM20 RM25 RM30 RM35
Group

Fig. 3. UPV results of the tested groups.

3.1.3. Dynamic modulus of elasticity (Eq)

The average dynamic modulus of elasticity values of
mortars are summarized in Table 3 and shown in Fig. 4.

The dynamic modulus of elasticity (E4) results showed a
strong correlation with both density and ultrasound
pulse wave (UPV) velocity, reflecting the stiffness and in-
ternal compactness of the mortars. The RM10 group
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showed the highest Eq value of 22.80 GPa, representing a
13.2% increase compared to the control group (RMO).
RMO05 and RM15 showed Eq values of 18.66 GPa and
18.50 GPa, respectively, indicating decreases of approxi-
mately 7.3% and 8.0%. Further increases in RM content
led to varying effects; RM20 experienced a slight de-
crease in Eq to 18.25 GPa (-9.5%), while RM25 increased
to 20.41 GPa (+1.4%). However, higher RM contents,
such as RM30 and RM35, resulted in a decrease in Eq val-

ues of 17.65 GPa (-12.2%) and 19.86 GPa (1.3%), respec-
tively. The variations in Eq values can be attributed to the
interplay between UPV and density, both of which affect
the Ea. The RM10 group exhibited the highest UPV,
which, together with its optimal density, contributed to
its superior Eq4 value. Adding red mud up to a 10% re-
placement ratio appears to optimize these properties, in-
creasing the stiffness and structural performance of the
material.

N
N
1

22.81

N
N
1

20.13

N
o
1

18.65

18.5

20.4

19.86

Dynamic Modulus of Elasticity (GPa)
©x 6 B R &6 &
| I TR TR ST R |

»
1

18.24

17.65

T T T T T
RMO RMO5 RM10

RM15

T T T T T T T
RM20 RM25 RM30 RM35

Group

Fig. 4. Dynamic modulus of elasticity results of the tested groups.

3.1.4. Compressive strength

The compressive strength results at different ages
showed significant variations depending on the red mud
(RM) content (Table 3 and Fig. 5). At 30 days, the RMO05
group achieved the highest compressive strength of
76.75 MPa, surpassing the control group (RMO) by ap-
proximately 8.1%. This improvement is primarily at-
tributed to the filler effect of the red mud particles, which
occupy voids within the cement matrix, leading to a
denser microstructure and improved early-age strength.
Additionally, the pozzolanic activity of the red mud con-
tributes to the formation of calcium silicate hydrate (C-
S-H) gel, further increasing the strength. However, a
gradual decrease in compressive strength was observed
as the red mud content increased beyond 5%. The RM15
group showed a decrease to 62.31 MPa (-12.3%). This
decrease can be attributed to several factors, including
that excessive RM can reduce strength by increasing to-
tal porosity. Replacing cement with RM reduces the
overall amount of cementitious material, potentially
weakening the bond strength between the cement paste
and the aggregates (Ai etal. 2021; Wang and Zhen 2024).

At 90 days, the control group (RMO0) showed the larg-
est increase in compressive strength, increasing by ap-
proximately 19.1%, from 71.01 MPa at 28 days to 84.60
MPa at 90 days. This improvement is due to the continu-
ous hydration of the cement particles, which allows the

matrix to gain strength over time. In contrast, groups
with red mud content showed more modest increases in
strength or relatively smaller changes. Compared to 30-
day strength, the RMO05 group increased (+3.0%), RM10
(+6.3%), RM15 (+8.8%), RM20 (+8.5%), RM25 (+5.2%),
RM30 (+6.3%), and RM35 (+5.5%). These results sug-
gest that the incorporation of red mud (up to 20%) leads
to an increase in compressive strength at 90 days com-
pared to the 28-day strength. However, when the red
mud content exceeds 20%, the strength gain begins to
decrease. Adding up to 20% red mud to cementitious
materials increases compressive strength gain over
time, which is attributed to its pozzolanic activity that
contributes to cement hydration and forms additional C-
S-H gel, improving the microstructure and strength of
the mortar. Beyond this threshold, the introduction of
impurities such as sodium, iron, and other alkaline com-
pounds can interfere with the hydration process, inhib-
iting C-S-H gel formation and weakening the bond be-
tween cement particles and aggregates. In addition,
higher red mud content can increase porosity, resulting
in a less dense microstructure and reduced strength.

At 365 days, the control group (RMO) exhibits a
strength increase of approximately 3.9%, rising from
84.60 MPa at 90 days to 87.90 MPa at 365 days. Similarly,
the RM10 group shows a 3.92% increase, with strengths
increasing from 75.73 MPa at 90 days to 78.70 MPa at
365 days. In contrast, the RM35 group experiences a
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more substantial gain of 24.72%, with compressive
strength increasing from 48.75 MPa at 90 days to 60.80
MPa at 365 days. These observations suggest that higher

100

red mud content may contribute to long-term strength
development, potentially due to ongoing pozzolanic re-
actions and microstructural improvements over time.
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Fig. 5. 30-day, 90-day and 365-day compressive strength results.

As shown in the stress-strain curve (Fig. 6), the stress-
strain response in red mud-containing mortars re-
mained more stable beyond the ultimate strength, while
the reference group (RMO) showed a sharp decrease.

This behaviour may be due to the densification effect of
red mud at optimal levels, which enhances post-peak
structural integrity by improving the pore structure and
load redistribution mechanisms.
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Fig. 6. 28-day stress-strain curves.

3.1.5. Modulus of elasticity

The modulus of elasticity (E) results are summarized
in Table 3 and shown in Fig. 7. The results showed a
clear dependence on the red mud (RM) content, reflect-
ing the changes in stiffness and material deformation

behaviour. The RMO (control) group exhibits the highest
E at 9.4 GPa. The RMO05 group shows a decrease of ap-
proximately 8.51% compared to the control. The modu-
lus of elasticity continues to decrease as the red mud
content increases, with the RM30 group experiencing a
significant decrease of approximately 31.91%. The
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RM35 group also shows a significant decrease in E of ap-
proximately 30.85% compared to the control. The de-
crease in E can be attributed to the deterioration of the

10

uniformity and compactness of the microstructure, re-
sulting in a less rigid network and hence a lower modu-
lus.

Modulus of Elasticity (GPa)
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Fig. 7. Modulus of elasticity results of the tested groups.

3.1.6. Flexural tensile strength

In this study, the long term (365-day) flexural tensile
strength was examined and the results are summarized
in Table 3 and shown in Fig. 8. This improvement in flex-
ural strength continues up to the 10% replacement level,
after which strength begins to decrease. The RM10
group exhibits the highest flexural strength at 5.87 MPa,
an increase of approximately 19.1% compared to the
control group. The RM15 group exhibits a slight de-
crease to 5.76 MPa (approximately 16.8% higher than
the control group), and the RM35 group exhibits the low-

est flexural strength at 4.23 MPa, a decrease of approxi-
mately 14.2% compared to the control group. A similar
trend was observed for compressive strength, where ex-
cessive red mud resulted in reduced strength due to in-
creased porosity and weaker cementitious bonding. This
correlation indicates that beyond 10% red mud content,
red mud impairs matrix integrity, adversely affecting
both tensile and compressive performance. These find-
ings confirm that moderate red mud inclusion enhances
strength, while excessive amounts negatively affect the
mechanical properties, highlighting the importance of
optimized replacement levels for structural reliability.
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Fig. 8. Flexural strength results of the tested groups.
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3.1.7. Durability properties

3.1.7.a. Effect of exposure temperature on compressive
strength

Residual compressive strength results are summa-
rized in Table 4 and shown in Fig. 9. After 365 days of nor-
mal curing, the control mixture (RMO) exhibited a com-
pressive strength of 87.9 MPa, which increased to 95.5
MPa, reflecting an 8.6% strength gain after exposure to
200°C. This improvement is attributed to the continuous
hydration of unreacted cement particles and the reduc-
tion of free water, which increases matrix densification.
Similarly, RM15 and RM20 showed the highest strength
increases, rising by 10.2% and 13.9%, respectively.

In contrast, RM10 and RMO05 showed reductions of
8.9% and 7.5%, respectively, indicating that certain RM
levels may cause internal shrinkage stresses or in-
creased microcracks under thermal exposure. Although
RM15 and RM20 outperformed RMO in relative strength
gain, higher RM contents exhibited decreasing thermal
efficiency. RM30 and RM35 only retained 65.5 MPa and
62.0 MPa, respectively, which are 31.4% and 35.1%
lower than RMO at 200°C. Although these groups showed
minor strength improvements compared to their normal
case values (7.4% and 2.0%, respectively), their overall
performance remained significantly weaker than the
control. This suggests that excessive RM replacement in-
creased porosity and weakened cementitious bonding,
leading to lower thermal resistance.

At 400 °C, the control group (RMO0) experienced a sig-
nificant strength reduction, decreasing from 87.9 MPa to
68.7 MPa (21.9% reduction), indicating thermal-induced
microcracking and dehydration effects. RM05, RM10, and
RM15 showed similar reductions of 22.8%, 14.1%, and
13.5%, respectively, indicating that moderate RM incor-
poration slightly improved the thermal resistance. How-
ever, higher RM contents (RM20-RM35) experienced
larger reductions, with RM35 decreasing by 30.6%.

Compared with RMO at 400 °C, RM10 and RM15 re-
tained higher strength (67.6 MPa and 62.4 MPa, respec-

tively) with less than 15% loss, indicating improved
thermal stability. However, RM30 and RM35 exhibited
17.0% and 38.7% lower strength than RMO, respectively,
confirming that excessive RM incorporation leads to
thermal degradation.

After exposure to 600 °C, the control mix (RMO0) expe-
rienced a significant strength reduction, from 87.9 MPa
to 62.9 MPa, representing a 28.5% loss. RM05 and RM10
showed a strength reduction of 35.1% and 32.8%, re-
spectively. Although moderate red mud incorporation
slightly alleviated thermal degradation, strength losses
remained significant. In contrast, RM15 showed a slight
strength increase of 3.9%.

3.1.7.b. Effect of freeze-thaw on compressive strength

Residual compressive strength results are summa-
rized in Table 4 and shown in Fig. 10. After 50 freeze-
thaw cycles, the control group (RM0) showed a decrease
in compressive strength from 87.9 MPa to 81.6 MPa, a
decrease of 6.3%, indicating the effect of freeze-thaw cy-
cles on the cementitious matrix, leading to microcracks
and pore expansion. RM05, RM10, RM15, RM20, and
RM25 showed similar decreases of 12.4%, 17.6%,
16.2%, 26.4%, and 14.5%, respectively, indicating that
RM incorporation experienced more significant strength
losses due to freeze-thaw damage by weakening the mi-
crostructure and increasing water absorption during the
cycles.

After 100 freeze-thaw cycles, the control group (RMO0)
deteriorated further and decreased to 76.0 MPa (13.5%
decrease from the original 87.9 MPa). This decrease is
attributed to extensive internal damage due to repeated
freezing and thawing, which increased pore connectivity
and promoted cracking. Similarly, RM05, RM10, and
RM15 showed decreases of 14.9%, 15.2%, and 30.2%,
respectively. In particular, RM30 and RM35 showed
larger decreases of 39.5% and 40.0%; indicating that
higher red mud contents significantly reduce freeze-
thaw durability, probably due to weaker microstructural
cohesion and increased porosity.

Table 4. Compressive strength test results after exposure to high temperatures and freeze-thaw cycles.

365-day avg. comp. strength after high temp. (MPa)

365-day avg. comp. after freeze thaw cycles (MPa)

Group
200°C 400°C 600°C 50 cycles 100 cycles

RMO 95.5 68.7 62.9 81.6 76.0
RM5 79.8 66.6 56.1 75.5 73.5
RM10 71.7 67.6 53.3 61.9 50.0
RM15 79.6 62.4 65.0 60.5 50.1
RM20 72.2 52.4 52.4 43.6 41.0
RM25 65.9 61.4 44.0 52.0 47.9
RM30 65.5 57.0 50.0 43.3 37.0
RM35 62.0 421 46.1 44.4 36.0
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Fig. 9. 365-day average compressive strength results of the tested groups after exposure to elevated temperatures.
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Fig. 10. Compressive strength results of the tested groups after exposure to freeze-thaw.

SEM-EDX analysis was conducted on sample RM5 to
examine its microstructure and confirm the uniform dis-
tribution of red mud. Additionally, EDX results revealed
the chemical composition present in the sample (Fig. 11).

4., Conclusions

This study investigated the effects of red mud (RM)
incorporation on the mechanical properties of cement
mortars, with particular emphasis on compressive
strength, durability under thermal and freeze-thaw con-
ditions, and long-term effects after 365 days. The results
revealed that:

e Incorporating red mud ata 10% replacement ratio pro-
vided optimal enhancement of mortar performance,
significantly improving density, dynamic modulus of
elasticity, and flexural strength due to better particle
packing and refined microstructural compactness.

Compressive strength results showed that red mud
content up to 10% increased early and long-term
strength, while higher replacement levels (above
20%) led to strength reduction due to increased po-
rosity and decreased cementitious bonding.
Durability assessments revealed that moderate red
mud incorporation improved thermal resistance up to
400 °C, while higher contents significantly reduced
freeze-thaw resistance, primarily due to poor micro-
structural integrity.

The following recommendations are provided for fu-

ture studies:

Examination of the changes in properties with differ-
ent curing methods.

Detailed pore structure and microstructural studies
are recommended on the subject.

Examination the other durability properties such as
acidic and sulphate attack.
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ABSTRACT

ARTICLE INFO

A unilateral or bilateral posterior crossbite is a common and severe malocclusion
characterized by maxillary transversal deficiency. Various expansion appliances are
employed to correct this condition. The objective of this study was to evaluate the
forces transmitted to the teeth and the deformation of the expander appliance result-
ing from modifications to the screw arms of a slow maxillary expander with different
angles, using finite element analysis. All models were created in SolidWorks and an-
alyzed using ANSYS Workbench. The analysis revealed that the models with different
angular configurations of the expander screw arms (0°, 15°, and 30°) exhibited very
similar reaction forces on the teeth. However, significant differences in deformation
values were observed among the models. The most effective parameter is the force
applied to the expander with a rate of 46%, followed by the arm angle with a rate of
44%, while the effect of material type is 10%. The most significant conclusion that
can be drawn from these findings is that the arm angle is as important as the force
applied to the expander. In situations where the force that can be applied is limited
by various factors, it can be demonstrated that altering the arm angle can lead to the
achievement of the desired outcome.
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1. Introduction

Transversal maxillary deficiency (TMD) is a prevalent
malocclusion that necessitates early intervention in or-
thodontics. The transverse dimensional discrepancy in
maxillo-mandibular relationships often leads to the de-
velopment of posterior crossbite, which can be either
unilateral or bilateral. Posterior crossbite is particularly
common during the mixed dentition (Da Silva Filho et al.
2007; Leonardi et al. 2018). Unilateral posterior cross-
bite is typically associated with lateral displacement of
the mandible, resulting from maxillary transverse defi-
ciency in maximal intercuspation. This condition causes
the mandibular midline to shift toward the side of the
crossbite (Alsawaf et al. 2022; Kutin and Hawes 1969).

* Corresponding author. E-mail address: nurverkarsli@ktu.edu.tr (N. Karsh)

ISSN: 2149-8024 / DOI: https://doi.org/10.20528/cjsmec.2025.03.002

Such a change has been shown to lead to the develop-
ment of craniofacial asymmetry in adulthood. Therefore,
early diagnosis and management of this condition is es-
sential to prevent long-term functional and aesthetic
complications (Tsanidis et al. 2016).

Traditional rapid maxillary expanders (RMEs) are
widely recognized as effective for correcting TMD (Sil-
veira et al. 2021). These devices deliver heavy and inter-
mittent forces to the dento-skeletal structures, promot-
ing rapid expansion (Isaacson and Ingram 1964; Haas
1970). In contrast, slow maxillary expanders (SMEs) aim
to achieve more gradual expansion by focusing on max-
imizing dental effects while applying lower, continuous
force levels (Andrew 1985). Furthermore, nickel-tita-
nium (Ni-Ti) expanders have been introduced, which
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provide continuous, low-level force application, enhanc-
ing comfort and treatment efficiency (Arndt 2004;
Wichelhaus et al. 2004). Among these, the Ni-Ti Memoria
Leaf Spring Self-Activated Expander has been developed
as an innovative expansion device, further optimizing
the expansion process (Gianolio et al. 2015). It has been
reported that the Ni-Ti MEMORIA® Leaf Spring Ex-
pander is utilized in growing patients for the correction
of transverse maxillary insufficiency. It provides ade-
quate expansion without significantly tipping the teeth
and is regarded as an effective device for slow expansion
when used in accordance with the recommended proto-
col (Manzella et al. 2018). Furthermore, research has
shown that both the Rapid Palatal Expander and the Leaf
Expander induce similar changes in palatal surface area
in individuals with maxillary transverse deficiency dur-
ing the mixed dentition period (Silvestrini-Biavati et al.
2024; Ugolini et al. 2025). It has been confirmed that
these two expanders produce comparable skeletal and
dental effects in subjects (Lanteri et al. 2021; Inchingolo
etal. 2023).

Similar to the SME protocol, the leaf expander is an in-
novative device characterized by a double nickel-tita-
nium leaf spring, in addition to a midline jack screw. The
screw is pre-activated in the laboratory, and the ortho-
dontist can activate the leaf springs by compressing
them, generating a constant force of either 450 g or 900
g. The primary benefits of using this device are its ease
of activation and the fact that it does not require patient
cooperation during the expansion process (Salgueiro et
al. 2015; Inchingolo et al. 2023). Previous studies have
evaluated the effects of 6 mm and 10 mm expander op-

tions in patients with mixed and permanent dentition
(Lanteri et al. 2016; Manzella et al. 2018).

Finite element analysis (FEA) is a well-established
method for structural simulation and mechanical analy-
sis, widely applied in research on maxillary expansion
(Lee et al. 2017). By substituting complex structures
with a finite number of elements having simple geomet-
ric shapes, FEA plays a crucial role in the field of medical
biomechanics (Pan et al. 2024; Shetty et al. 2009). To
date, the evaluation of Ni-Ti Memoria Leaf Spring Acti-
vated Expander arm modifications has been limited to a
single in vitro study (Lowe et al. 2020).

However, there is still a lack of comprehensive re-
search examining the various material properties and me-
chanical modifications of the slow maxillary expander,
particularly those involving the leaf-shaped elements. The
objective of this study was to evaluate the deformation of
the slow expander and the forces transmitted to the
teeth as a result of applying different configurations to
the slow maxillary expander screw arms, using FEA.

2. Materials and Method
2.1. Geometric details and material properties

The present study encompasses three distinct maxil-
lary expander geometries. Given that all other compo-
nents remain identical, the expander forms an angle of
09, 152 and 302 relative to the teeth in each configura-
tion, respectively. The designed expander geometries
are illustrated in Fig. 1.

o 15°

30° /j

a (mm) |b (mm)| ¢ (mm) | d (mm) | e (mm)

a (mm) |b (mm)

d(mm) | e (mm) fa (mm) [b (mm)| ¢(mm) |d (mm)|e¢ (mm

15 4 11 1.5 2 15 4

11 1.5 2 15 4 11 1.5 2

Fig. 1. The geometries and dimensions of maxillary expander with 0°, 15° and 30° arm angle.

The materials that were considered for use in the max-
illary expander included the Ti6Al4V alloy, 316-L stain-
less steel and CoCr alloy. The mechanical properties of
these materials are outlined in Table 1.

2.2. Finite element model
Numerical studies were conducted utilizing ANSYS

Workbench, a commercial finite element software. Given
that the stresses are not expected to exceed the yield stress,

Table 1. Material properties used in finite element
analysis (Karsh et al. 2024; Karaman et al. 2022).

Material Young('(S;[I’I:))dulus POiZii(z)n's

Ti6AI4V 1138 034
316-L 193 0.25
CoCr 213 0.28
Tooth 19.6 03
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and the loadings are minimal, the analyses were per-
formed employing a linear-elastic material model. Fig. 2
illustrates the mesh structure for each configuration. For
all components of the expander, an element size of 0.15
mm was selected, taking into account the mesh depend-
ency. A mesh convergence analysis was conducted on
three distinct element sizes (0.10, 0.15 and 0.20 mm).
Following the implementation of the 0.15 mm element
size, no substantial alterations were observed in the re-
sults or mesh metrics. Consequently, 0.15 mm was se-
lected as the optimal element size. The mesh metrics are
presented in Table 2.

The boundary conditions are illustrated in Fig. 3. Due
to the computational expense, the two leaf springs lo-
cated at the center of the expander (Fig. 1) were ex-
cluded from the finite element model, with the forces
generated by the springs being incorporated directly
into the finite element model. The expander sliding on
the pins exerts three different forces of 2.943 N, 5.886 N
and 8.829 N in both directions in the x-axis, respectively,
on the teeth fixed from the bottom surface. Three differ-
ent expander arm angles, three different material types
and three different loading magnitudes were taken into
consideration in this study and a total of 27 FEA were

performed to obtain the equivalent stresses and defor-
mations in x-direction. The analysis parameters are
given in Table 3.

Table 2. Mesh metric values for all finite element
analysis configurations.

Gonfglration Number of Number of Elem_ent
elements nodes quality

0° 250,279 1,067,591 0.870+0.11

15° 169,140 733,522 0.879+0.12

30° 194,590 832,970 0.860+0.12

Table 3. Finite element analysis parameters
for maxillary expander.

Parameters
Arm Angle Material Load (N)
0° Ti6Al4V 2.943
15° 316-L 5.886
30° CoCr 8.829

15°

2.3. ANOVA analysis

In order to ascertain the effect of arm angle, material
and load on equivalent stress and deformation in the x-
direction, an analysis of variance (ANOVA) test was per-
formed using Minitab software. A parameter was deemed
to be statistically significant if p < 0.05. The effect of each
parameter was explained with graphs showing the S/N
ratios obtained. In this statement, the signal value (S) is

30°

Fig. 2. Finite element models and mesh structures.

the value to be measured, and the noise value (N) is the
effectiveness of the undesired factors within the meas-
ured value. The graphs of the calculated S/N ratios repre-
sent the degree of influence of any variable parameter
used in the analysis. In addition to the S/N ratio, ANOVA
analysis was used to determine the significance levels of
variable parameters affecting the mechanical properties
of the structures. This analysis was performed with
Minitab software (Ghahramanzadeh Asl et al. 2023).
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Fig. 3. Boundary conditions of models.

3. Result and Discussion
3.1. Finite element analysis results

As illustrated in Figs. 4-6, the FEA of the expanders
with arm angles of 0°, 15° and 30° reveals the equivalent
stress and deformation results in the x-direction.

The maximum equivalent stress and maximum defor-
mation in the x-direction results obtained from all con-
figurations are presented comparatively in Figs. 7 and 8,
respectively.

When the equivalent stresses were analyzed, the situ-
ation was reversed. In each configuration, the stress
reached a maximum at the screw arms, while it was sig-
nificantly lower at the center and at the endpoints in con-
tact with the threads. The only difference between the
configurations is related to the stress distribution in the
arms. In the expander with an arm angle of 0°, a more
homogeneous stress distribution was observed due to
the linear arm geometry. In contrast, in the expanders
with arm angles of 15° and 30°, stress concentration oc-
curred in the curved regions due to the geometry of the
arms. However, since the maximum equivalent stress
obtained (19.233 MPa) is nowhere near the yield stress
for all three expander materials, there is no cause for
concern.

00

113.8 GPa

193 GPa

213 GPa

8.820 N |5.886 N|2.943 N
o
VIR,

A } }{ }

113.8 GPa

fH
i
'

(b)

Fig. 4. Finite element analysis results for 0-degree arm angle:
(a) Equivalent stress distribution; (b) Directional deformation along x-direction.

It can be posited that the maximum and minimum
deformation in the x-direction are nearly equivalent for
all three configurations, with deformation concen-
trated at the center of the expander. This observation is
consistent with the anticipated outcomes, given the lo-

cation where the force was applied to the expander in
both directions (Fig. 3). However, for expanders with
arm angles of 15° and 30°, an increase in deformation
was observed at the ends of the areas in contact with the
teeth.
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Fig. 5. Finite element analysis results for 15-degree arm angle:
(a) Equivalent stress distribution; (b) Directional deformation along x-direction.
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Fig. 6. Finite element analysis results for 30-degree arm angle:
(a) Equivalent stress distribution; (b) Directional deformation along x-direction.
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When the configurations for each angle value were
evaluated individually, it was observed that the maxi-
mum equivalent stress increased as the rigidity of the
material used for the expander increased. Conversely, as
predicted, expander deformation decreased with in-
creasing elastic modulus. In accordance with the linear-
elastic analysis, it was observed that as the applied force
increased, the maximum equivalent stress also in-
creased at the same rate. This increase was reflected in

the maximum deformation as well. A noteworthy obser-
vation is the impact of the expander arm angle on both
maximum stress and deformation.

It is evident that as the arm angle increases, both the
maximum stress and deformation also increase, indicat-
ing a dependence on arm geometry. It is also important
to note that as the expander screw arm angle increases,
the curvature increases, leading to higher stress concen-
trations.
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Fig. 7. Comparative maximum equivalent stress results for all configurations.
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Fig. 8. Comparative maximum deformation results of expander along x-direction for all configurations.

The effect of the expander on the displacement of the
tooth in the x-direction is comparatively given in Fig. 9
for all configurations. When Fig. 9 was analyzed, it was
observed that the primary factor influencing tooth dis-
placement was the force applied to the expander, while
material type and arm angle had no significant effect.

However, it would be erroneous to interpret tooth dis-
placement in this manner. In actual practice, the ex-
pander remains in the upper jaw for extended periods,
exerting continuous force. This temporal aspect is not
feasible to incorporate within finite element analysis.
Consequently, the tooth deformation depicted in Fig. 9
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represents instantaneous deformations corresponding
to the force application, without accounting for the dura-
tion of force application.

Additionally, the fixed position of the teeth from be-
low, as illustrated in Fig. 3, contributes to this phenome-
non. Consequently, the most efficacious method of inter-

preting the deformation occurring in the tooth/jaw by fi-
nite element analysis is to interpret the results through
the expander. Furthermore, measuring the reaction
forces between the expander and the tooth can also pro-
vide some insight, and the relevant results are given in
Fig. 10.
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Fig. 9. Comparative maximum deformation results of tooth along x-direction for all configurations.
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Fig. 10. Comparative maximum reaction force results along x-direction for all configurations.

As demonstrated in Fig. 10, a comparative analysis of
the reaction forces in the x-direction is provided for all
configurations. In accordance with the predictions, the
reaction force increases in proportion to the applied
force to the expander. However, the effect of material
properties and arm angle is not significant, as discussed
in the preceding section. However, a detailed analysis of
Fig. 10 reveals that as the elastic modulus of the pre-
ferred material increases for the expander with each arm

angle, the reaction force in the x-direction decreases, al-
beit in small amounts. This is an important sign that
tooth deformation increases as the elastic modulus in-
creases.

Similarly, when the arm angle is 15°, there is an in-
crease in the reaction force compared to 0°. However, no
significant disparities were identified between configu-
rations with an arm angle of 30° and those with an arm
angle of 15°.



Cam et al. / Challenge Journal of Structural Mechanics (2025) 11(3) 128-136 135

3.2. ANOVA results

The results obtained from the analysis of variance
(ANOVA) test using the maximum expander defor-
mations in the x-direction obtained from the FEA are
presented in Fig. 11. According to this, the most effective
parameter is the force applied to the expander with a
rate of 46%, followed by the arm angle with a rate of
44%, while the effect of material type is 10%. The most

significant conclusion that can be drawn from these find-
ings is that the arm angle is as important as the force ap-
plied to the expander. In situations where the force that
can be applied is limited by various factors have been ex-
amined. As a result of the examination, it can be demon-
strated that altering the arm angle can lead to the
achievement of the desired outcome. This suggests that
by modifying the arm angle, it is possible to achieve su-
perior results by applying a lesser amount of force.

Angle
71.42
@
2
=
-4
Z 66,84
w2
S
(=]
=
[
@
=
61.82
-10 0 10 20 30 401 2 4

Force Materials
68.28
67.66 I
o
64.14
]
6 8 10 | 100 150 200 250

Fig. 11. ANOVA test results based on maximum deformation of expander along x-direction.

4., Conclusions

This study aims to evaluate the deformation of the
slow expander, and the forces transmitted to the teeth.
Three different expander arm angles (0°, 15° and 30°),
three different material types (Ti6Al4V, 316-L and CoCr
alloy) and three different loading magnitudes (2.943 N,
5.886 N and 8.829 N) were considered. In addition, total
of 27 finite element analyses were performed. Based on
the results obtained, the following conclusions were
reached:

e An increase in the arm angle of the expander led to
greater deformation within the tooth contact areas.

e A more homogeneous stress distribution was
achieved in the expander with a screw arm angle of 0
degrees; however, stress concentrations were ob-
served in the curved regions as the screw arm angle
increased.

e In all screw angle configurations, an increase in the
Young's modulus of the expander material resulted in
greater deformation of the expander.

o The results of the ANOVA analysis indicated that the
screw arm angle is as significant as the force applied
by the expander. In situations where sufficient force
cannot be applied due to various constraints, better
results may be achieved by adjusting the screw angle

e The applied force was found to have a more signifi-
cant impact on expander deformation compared to
the other variables.

¢ In cases where a high force is applied to the leaf ex-
pander, it is crucial to consider the potential defor-
mations that may occur.
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ABSTRACT

ARTICLE INFO

The accuracy of fragility curves, a key outcome of seismic vulnerability studies, di-
rectly influences rational seismic risk assessments. In this study, analytical-based fra-
gility curves for a masonry aqueduct were derived using tested earthquake-based
Intensity Measure (IM) parameters and various threshold limit values for specific
damage states, as commonly used in the literature. The Maximum Intensity Damage
Ratio (MIDR) thresholds for specific damage states proposed by FEMA 356, GERMHS,
and ASCE 41-13 standards were considered. Additionally, damage state thresholds
were determined through a capacity curve obtained via nonlinear static analysis and
empirical relationships found in the literature. The effect of damage thresholds on
the Probability of Exceedance (PoE) values for a specific damage state was analyzed
using the reference MIDR values determined in this study. Based on earthquake
ground motion records, PoE values corresponding to different damage states were
evaluated separately for each IM parameter. The results demonstrate that the dam-
age threshold value significantly impacts the developed fragility curves. Therefore,
when developing fragility curves for the seismic risk assessment of masonry struc-
tures, it is crucial to analyze and determine the appropriate threshold levels for each
structure individually, rather than directly applying the threshold values used in the
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1. Introduction

Aqueducts are significant engineering structures built
to transport water from natural sources to settlements
by crossing valleys, rivers, and various natural or artifi-
cial obstacles. These structures, tangible examples of the
masonry design approach that developed particularly
from ancient times onward, reflect past civilizations'
technical knowledge and aesthetic sensibilities. Numer-
ous surviving masonry aqueducts draw attention today
not only for their historical significance but also for their
architectural and cultural heritage value (Balcan et al.
2024). Although modern infrastructure systems are
widely used today and contemporary water conveyance
structures are being constructed, numerous aqueducts

belonging to different cultures remain standing within
the borders of present-day Tiirkiye (Fig. 1).

Despite having lost their original function, these
structures are preserved as significant elements of cul-
tural heritage due to their architectural characteristics
and historical value (Gonen et al. 2021). Preserving these
engineering marvels and passing them on to future gen-
erations is of great importance. However, there are rela-
tively few comprehensive studies that assess the seismic
vulnerability and risk of such historic structures
(Dogangun and Sezen 2012). In general, historic ma-
sonry aqueducts are classified into sub-categories based
on their construction techniques, material properties,
and geometric configurations. Seismic vulnerability and
risk assessments are conducted for each subcategory
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separately (Cakir 2021; Ercan et al. 2015). Seismic vul-
nerability and risk assessment studies are of crucial im-
portance, with the objective being the quantification of
potential damage and losses caused by earthquakes. The
capacity to predict accurately the losses that a given type
of structure may encounter post-earthquake is a critical
reference, as it enables the effective planning of both
pre-earthquake preparedness and post-earthquake ac-
tion and rehabilitation processes (Cattari et al. 2022;
Yiicemen and Yilmaz 2015; Isik et al. 2020). Fragility
curves are a valuable tool that provides the probability
of exceeding (PoE) a particular damage state for a given

seismic intensity measure parameter value. A review of
the existing literature shows that fragility curves are ex-
tensively utilized in seismic risk analysis (Yesilyurt et al.
2024; Rota etal. 2010; Yesilyurt etal. 2021a). Itis known
that the extant literature on seismic risk studies of his-
torical masonry structures is more limited compared to
traditional residential buildings, industrial structures,
and steel constructions (Gkournelos etal. 2022; Alpaslan
and Karaca 2020; Lagomarsino and Cattari 2015). More-
over, the scarcity of literature addressing the seismic fra-
gility functions specific to masonry aqueducts is particu-
larly pronounced.

Fig. 1. Examples of masonry aqueducts located in Tiirkiye:
a) Uzun Aqueduct; b) Bozdogan (Valens) Aqueduct; c) Giizelce Aqueduct; d) Kirkcesme Aqueduct.

Du et al. (2023) derived fragility curves based on
peak ground acceleration (PGA) for a sample aqueduct
in south-west China. The effects of both mainshock and
aftershock ground motion sequences were considered.
The Incremental Dynamic Analysis (IDA) method was
applied. The impact of aftershocks on seismic risk was
examined through the fragility surface. Liu et al. (2025)
conducted a seismic vulnerability analysis of a three-
span simply supported aqueduct in China. The proba-
bility of damage under seismic loading was analyzed
through the implementation of probability density
functions. In the study by Zhang et al. (2022), the seis-
mic response of high-span aqueduct structures was in-

vestigated under Near-Far field ground motions, with
fragility curves developed as a function of PGA. A com-
parative assessment of PoFE at specific intensity meas-
ure levels revealed that aqueduct structures are more
vulnerable to damage under near-fault ground motions.
In a similar study, Zheng et al. (2023) examined the ef-
fects of aftershocks on structural damage. The IDA
method was employed, and seven main aftershock se-
quences were considered. Fragility curves were pro-
posed for four different damage states as a function of
PGA. For specific PGA values, the damage-increasing ef-
fect of aftershocks was assessed based on the exceed-
ance probability.
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Xu et al. (2021) developed fragility curves for a large-
scale aqueduct structure using IDA and the Multiple
Stripe Analysis (MSA) method. The study considered
four distinct damage states, and the fragility curves were
derived as a function of spectral acceleration (Sa). Du et
al. (2024a) presented fragility curves for a typical three-
span aqueduct structure by considering both single and
compound intensity measures. Moreover, the study pro-
vided quantitative recommendation values regarding
record-to-record variability, design parameters, perfor-
mance index values, and limit states. Yesilyurt (2025)
proposed the earthquake and structure-based optimal
intensity measure (/M) parameters for quantifying the
seismic risk of a typical Roman masonry aqueduct. The
study considered 29 IMs, and fragility curves were de-
rived based on the identified optimal IMs and various
damage parameters. Similarly, the suitability of IMs for
modern aqueduct structures was examined through the
utilization of near-field non-pulse, near-field pulse, and
far-field sets of ground motion records. The influence of
these ground motion sets on PoEs was also analyzed for
the selected optimal IMs (Du et al. 2024b).

Ma et al. (2022) developed component-based fragility
curves for a three-span aqueduct with an equidistant
simply supported beam. The general product of condi-
tional marginal method is performed. The study incorpo-
rated both structural and ground motion uncertainties
to develop fragility curves. Similarly, Cheng et al. (2020)
developed component-based fragility curves for a typical
aqueduct structure.

In addition to the aforementioned studies, the maxi-
mum inter-story drift ratio (MIDR) is frequently utilized
as a damage parameter in the risk assessment of historic
masonry structures (Korkmaz et al. 2018; Vanin et al.
2017; FEMA 274 1997). Furthermore, various standards
provide threshold values for different damage states
based on the MIDR parameter. The primary objective of
this study is to develop analytically based fragility curves
for aqueduct structures using these predefined thresh-
old values. Subsequently, the study aims to investigate
the impact of these thresholds on seismic vulnerability
assessment.

To this end, a finite element model of a typical ma-
sonry aqueduct was constructed. Response spectrum
analyses were then performed using the cloud analysis
method on a set of 479 ground motion records. The dis-
persion between the selected IMs and the MIDR damage
parameter was obtained. Based on these intensity and
damage measure relationships, fragility curves were de-
rived separately for different thresholds. Furthermore,
the PoE values corresponding to different damage states
were comparatively analyzed for selected earthquake
ground motion records.

2. Seismic Vulnerability Analysis

An examination of the seismic-tectonic setting of Tii-
rkiye reveals that the Arabian plate, located to the south,
is moving northwards and colliding with the Eurasian
plate, resulting in significant compression in the eastern
Anatolian region. As a result of this plate interaction, the
Anatolian plate is being pushed westward, mainly by the

North Anatolian Fault Zone (NAFZ) and the East Anato-
lian Fault Zone (EAFZ) (Erdik et al. 1985).

Among the major destructive earthquakes that have
occurred in Tiirkiye over the past 30 years are the 17 Au-
gust 1999 Mw 7.4 Kocaeli, 12 November 1999 Mw 7.2
Diizce, 3 February 2002 Mw 6.4 Afyon, 1 May 2003 Mw
6.4 Bingol, 23 October 2011 Mw 7.2 Van, 24 January
2020 Elaz1g, 30 October 2020 Mw 6.9 Samos (Izmir), and
23 November 2022 Mw 5.9 Diizce earthquakes. In the re-
cent past, a sequence of earthquakes that struck on Feb-
ruary 6, 2023, centered in Kahramanmaras, caused un-
precedented destruction and loss of life, marking one of
the most powerful and impactful seismic events in Tu-
rkiye’s history. The epicentres of the two destructive
earthquakes were located in the districts of Pazarcik and
Elbistan, with focal depths measured at 8.6 km and 7.0
km, respectively. The rupture occurred along the north-
ern segment of the East Anatolian Fault and severely af-
fected several provinces (AFAD 2023). Furthermore, nu-
merous unique historic masonry structures were de-
stroyed during these events (Kocaman 2023; Kocaman
et al. 2024; Erkek and Yetkin 2023). Seismic vulnerabil-
ity and risk analyses are vital studies in reducing casual-
ties following earthquakes. The recurrence of similar
loss of life and property after earthquakes has increased
interest in such studies (Alparslan et al. 2017; Cosgun
and Mangir 2018). In parallel with technological ad-
vancements, there has been an increase in the number of
seismic vulnerability and risk analyses studies, which
are becoming more comprehensive and effective.

In the context of seismic vulnerability and risk mitiga-
tion studies, the RADIUS project, HAZUS (Multi-hazard
Loss Estimation Methodology), PBEE-PBEE methodol-
ogy, DBLA (the Displacement-Based Loss Assessment),
ESPREME, GEM (Global Earthquake Model), RADIUS
(Risk Assessment Tools for Diagnosis of Urban Areas
against Seismic Disasters), SHARE (Seismic Hazard Har-
monization in Europe), the SESAME project, NGA (Next
Generation Attenuation) project, LESSLOSS, RISK-UE,
The World Bank's CAPRA, SYNER-G, and NERA projects
provide insightful guidance. Fragility curves are widely
preferred in risk assessment calculations because of the
convenience they provide (Yilmaz et al. 2018). These
curves can be developed using empirical, analytical, hy-
brid, and expert judgement methods (Yesilyurt et al.
2021b). In this study, the analytical method has been
considered, and the main components can be outlined as
follows: numerical modelling, Compilation of an Earth-
quake Ground Motion Set, definition of damage and in-
tensity measure parameters, structural analysis, damage
analysis, and statistical procedures.

2.1. Description of the modelling and
non-linear static analysis

Three-dimensional finite element modeling (FEM) is
widely recognized as a reliable and effective approach for
the seismic performance assessment of historical masonry
structures. In this study, the finite element model of the in-
vestigated segment of the masonry aqueduct was devel-
oped using ANSYS Workbench. A visual of the 3D struc-
tural model considered in the analysis is presented in Fig. 2.
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Fig. 2. Three-dimensional finite element model of the masonry aqueduct.

The 3D finite element model contained 261,619 nodes
and 151,406 elements, utilizing a 20-node solid element
with 3 degrees of freedom per node. Research on the
most accurate modeling approaches for masonry struc-
tures continues to be a subject of advanced engineering
studies. In this study, to improve computational effi-
ciency in structural modeling, the aqueduct was treated
as a homogeneous composite material, and the macro
modeling approach was adopted, in which the masonry
units and mortar are represented as a single equivalent
material (Drougkas 2022). The aqueduct was modeled
with fixed boundary conditions applied along its base
and at its end supports. To accurately capture the non-
linear mechanical behavior of the masonry material, the
Drucker-Prager yield criterion, which is considered suit-
able for materials with low tensile and high compressive
strength, was employed (Drucker and Prager 1952).

As previously discussed, the primary objective of this
study is to investigate the influence of different damage
thresholds on the seismic vulnerability of the structure.
The material properties used in the finite element mod-
elling were determined based on previous studies in the
literature and generally accepted engineering assump-
tions. The mechanical properties of the stone material
considered were defined as Young's modulus 8729.6
MPa, Poisson's ratio 0.1238, bulk modulus 3.867x10° Pa,
and shear modulus 3.88x10° Pa. In addition, the main
parameters of the bilinear isotropic hardening model,
yield strength and the tangent modulus, were consid-
ered as 3.2 MPa and 144 MPa, respectively.

A modal analysis was carried out to evaluate the seis-
mic behavior and to examine the dynamic characteristics
of the aqueduct. The first 30 vibration modes were con-
sidered to fully evaluate the dynamic response of the
structure. This analysis identified the natural frequen-
cies, periods, and mode shapes of the structure. The first
six mode shapes and their corresponding frequency val-
ues are shown in Fig. 3.

In Fig. 3, the X, Y, and Z directions correspond to the
in-plane, vertical, and out-of-plane directions of the
structure, respectively, for the first six mode shapes. It is
observed that the first mode of the aqueduct is in the out-
of-plane (Z) direction, characterized by translational
motion. This mode represents the most critical direction
in the seismic performance of the structure. The out-of-
plane response has been determined as a reference in
the seismic vulnerability assessment. Therefore, in the
subsequent cloud analysis, which will be detailed in the
following sections, the structural response is primarily
evaluated in the Z-direction, taking into account the out-
of-plane behavior.

A non-linear static analysis was performed using an
incremental-iterative procedure to evaluate the out-of-
plane seismic performance of the structure based on the
finite element model. The capacity curve calculated by
the pushover analysis is shown in Fig. 4.

2.2. Definition of damage and intensity measure
parameters

As previously stated, in seismic vulnerability studies,
the Damage Measure (DM) parameter quantitatively de-
fines the limit value of a specific damage state of a given
structure. A review of studies conducted on masonry
structures in the literature shows that the MIDR damage
parameter is commonly utilized. Numerous studies,
codes, and standards such as ASCE 41-13 (2013), FEMA
356 (2000), GERMHS (2017), have proposed threshold
values corresponding to different damage states based on
the MIDR damage parameter. When these studies are an-
alyzed as a whole, it is observed that the thresholds pro-
posed for a given damage state vary considerably. The ob-
jective of this study is to evaluate the influence of different
threshold values on seismic vulnerability through fragility
curves. In this context, initial damage (Damage Limita-
tion) and expected partial collapse (Heavy Damage) have
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been considered. The rationale behind this selection is re-
lated to the inherent characteristics of historic masonry
structures, such as aqueducts, which exhibit limited non-
linear behavior and are prone to sudden brittle failure.
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Furthermore, the yield and ultimate points on the capacity
curve of the analyzed structure can be determined pre-
cisely. In this context, Table 1 presents the thresholds
based on the MIDR parameter considered in this study.
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Fig. 3. The first six mode shapes and corresponding frequency values of the model.

Table 1. Various MIDR threshold values used as references for masonry structures.

Standards Damage limitation (%) Heavy damage (%)
FEMA 356 (2000) 0.40
GERMHS (2017) 0.70
ASCE 41-13 (2013) 0.75
Current study 0.53
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Fig. 4. Capacity curve of the aqueduct structure in the out-of-plane direction.

As can be seen in Table 1, in addition to the MIDR val-
ues presented in the existing standards, this study has
provided different threshold values corresponding to
structure-specific damage states. As demonstrated in
numerous studies conducted by various researchers, the
yield (dy) and ultimate (du) displacement values ob-
tained from the capacity curve have been used as refer-
ence points to define different damage states (Lamego et
al. 2017; Kappos et al. 2006; Vicente 2008; Lagomarsino
and Giovinazzi 2006). In the relationship proposed by
Kappos etal. (2006), 0.7dy is suggested for Damage Lim-
itation, while du is recommended for Heavy Damage.
These threshold values have been calculated by utilizing
the capacity curve depicted in Fig. 4 and the empirical
relationships proposed by Kappos et al. (2006) as a ref-
erence.

The appropriateness of the IM parameters, which
characterize ground motion and reflect the destructive
potential of an earthquake, for a given class of structure
directly impacts the accuracy of the derived fragility
curves for that class. It is well known in the literature
that the appropriate IMs vary depending on the struc-
tural typology. In this study, the earthquake-based IMs
evaluated by Yesilyurt (2025) for their applicability in
assessing the seismic vulnerability of aqueduct struc-
tures, namely Acceleration Spectrum Intensity (ASI),
Arias Intensity (Ia), Characteristic Intensity (Ic), Sus-
tained Maximum Acceleration (SMA), Effective Design
Acceleration (EDA), and Peak Ground Acceleration (PGA)
are considered. Accordingly, the analytically derived fra-
gility curves are developed as functions of these IM pa-
rameters.

2.3. Seismic performance analysis method

The Cloud analysis method is particularly well-suited
to vulnerability assessment of structures. In this method,
the real unscaled ground motion records are utilized
with a wide frequency range. This analysis approach can
be adapted to various methodologies, including dynamic
analysis, modal pushover analysis, and response spec-

trum analysis. The response spectrum analysis method
is a widely employed technique in the relevant literature
to evaluate the seismic performance and vulnerability of
historical masonry structures. This is since it is both
computationally efficient and practical (Akturk et al.
2025). The method has been employed in the analysis of
finite element models of various masonry structures, in-
cluding churches, mosques, arch bridges, and slender
structures. The findings demonstrated a high level of
consistency with post-earthquake field observations
(Cakir et al. 2015; Ozdemir et al. 2017; Cakir et al. 2016;
Cakir 2022).

In this study, the response spectrum method was
adopted for performing structural analyses. In methods
such as IDA, which involve a scaling process, the fre-
quency content of the ground motion records remains
unchanged. In contrast, the cloud analysis approach uti-
lizes unscaled original ground motion records. This ena-
bles the consideration of a broader range of intensity and
frequency characteristics, rather than being limited to
the seismicity of a specific region.

The main challenge of this method lies in the necessity
to include a large number of ground motion records to
ensure that the selected set can adequately capture the
overall structural response, ranging from slight damage
to heavy damage. To this end, the ordinary earthquake
ground motion record set was considered. This set incor-
porated near-far fault effects and all rupture mecha-
nisms. A total of 479 real processed ground motion rec-
ords were selected from the Pacific Earthquake Engi-
neering Research Center (PEER) Ground Motion Data-
base for the structural analysis of the aqueduct. The dis-
tribution of the sites where the selected ground motion
records were recorded, along with the relationship be-
tween earthquake magnitude and source-to-site distance
for the generated earthquake set, is presented in Fig. 5.
Response spectrum analyses were performed on 479 real,
unscaled earthquake records. The scatter plots illustrat-
ing the relationship between the IM parameters AS], Ic, Ia,
SMA, EDA, and PGA, as defined in the previous section,
and the MIDR damage parameter are shown in Fig. 6.



Yesilyurt / Challenge Journal of Structural Mechanics (2025) 11(3) 137-148 143

1% - 1%
B Vs,30>1500m/s

B 1500m/s>Vs,30>760m/s
39%

760m/s=Vs,30>360m/s

56%
360m/szVs,30>180m/s

\ 180m/s2Vs,30

(a)

8,50
B’OO - . L L]
o, . . . . oo
o 7,50 - o:". . T oo .
= "‘.’-“‘- d e . O
£ 7,00 Solle®s oo . .
5 80 80 @ o e
© M’ o o . . .
2 650 B
)
o Y .
= 600 Nmfgfea® ™ o
=3 °
£ 550 | eed ..
=
“500 [0 fe
e e
450 | o
. .
4,00 e
0 20 40 60 80 100 120 140 160
(b) Joyner-Boore Dist. (km)

Fig. 5. Earthquake ground motion records:
a) Site information at the locations of the stations; b) Magnitude-Distance relationship.
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Fig. 6. DM-IM scatter plots computed using the cloud analysis method.

As shown in Fig. 6, DM-IM scatter plots were obtained
for the aqueduct structure considered in this study using
the IM parameters evaluated by Yesilyurt (2025) for
their suitability. Among these, the ASI parameter exhib-
its a denser clustering of data points around the linear

regression line, clearly indicating that the standard devi-
ation associated with this ASI-MIDR pair is lower com-
pared to the others. Furthermore, the highest goodness
of fitting (R?) and the regression slope (b) were also
computed for the ASI parameter.
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The main objective of this study is to examine the ef-
fect of different damage threshold levels on structural
vulnerability. Therefore, fragility curves were developed
for the six IM parameters shown in Fig. 6 using the
threshold values given in Table 1.

2.4. Analytical-based fragility curve

As explained in the previous sections, fragility curves
are functions that represent the PoE of a certain damage
state for a given level of ground motion intensity meas-
ure. The procedure for deriving analytical-based fragility
curves using the cloud analysis method consists of four
main steps. First, DM-IM distributions are obtained for
the set of earthquake ground motions considered in the
study. These distributions illustrate the relationship be-
tween the seismic damage parameter and the selected
intensity measure parameter. Second, the distribution of
the damage parameter corresponding to each intensity
level is analyzed, and the probability density function of
the damage parameter is computed. In the next step, the
damage measure variable is transformed into a log-nor-
mal distribution, and the cumulative distribution func-
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tion of the log-normal variable is obtained. Based on the
threshold values defined in Table 1, the probabilities of
reaching or exceeding each damage state are discretely
calculated by repeating the process for each intensity
level. In the final step of the procedure, the obtained cu-
mulative log-normal probability distribution is fitted to
the most appropriate curve. Subsequently, fragility
curves are constructed for each damage state, utilizing a
two-parameter log-normal distribution, specifically the
median (/Mpg; ) and logarithmic standard deviation
(Bps;), according to Eq. (1).

P[Damage > DS,|IM] = & (w) M)

Bps;

In Eq. (1), ¢ denotes the standard cumulative normal
distribution function, and IM represents ground motion
intensity measure. In this study, fragility curves were de-
rived separately for each IM parameter using the thresh-
old values presented in Table 1. The fragility curves cor-
responding to the Damage Limitation state are pre-
sented in Fig. 7, while those corresponding to the Heavy
Damage state are shown in Fig. 8.
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Fig. 7. Fragility curves derived for the Damage Limitation state,
taking into account IMs and damage state threshold values.
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The fragility curves presented in Figs. 7 and 8 illus-
trate the probabilistic relationship between seismic de-
mand and the probability of exceeding the Damage Lim-
itation and Heavy Damage state thresholds, emphasizing
the impact of varying threshold values on seismic vul-
nerability.

Since the threshold values for the Damage Limitation
state defined by FEMA 356 (2000) and ASCE 41-13
(2013) are identical, the fragility curves presented in Fig.
7 overlap. The fragility curves derived using the thresh-
old values provided by these two standards yield the
highest PoEs for a given IM value. In contrast, the lowest
exceedance probabilities are computed using the thresh-
old defined by GERMHS (2017). When the fragility
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curves developed based on the threshold levels pro-
posed in the current study are taken as reference, PoE
values computed for a given IM value are found to be
higher than those based on the GERMHS (2017) thresh-
old, but lower than those obtained using the threshold
values from the other two standards. Examining the
fragility curves for the Damage Limitation state in Fig. 7,
it is observed that for the PGA IM value of 0.25 g, the PoE
was calculated as 0.765, 0.765, 0.425, and 0.057 for
FEMA 356 (2000), ASCE 41-13 (2013), the current study,
and GERMHS (2017), respectively. Similarly, for the
SMA IM value of 0.30 g, these PoE values were deter-
mined to be 0.951, 0.951, 0.792, and 0.389, respec-
tively.
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Fig. 8. Fragility curves developed for the Heavy Damage state,
considering appropriate intensity measures and damage state threshold values.

In Fig. 8, the fragility curves developed for the Heavy
Damage state indicate that, for a given IM level, the high-
est PoE is obtained using the FEMA 356 (2000) stand-
ard, while the lowest exceedance probability is ob-

served for the ASCE 41-13 (2013) standard. The fragil-
ity curves developed in the current study show PoEs
that are higher than those of GERMHS (2017) and ASCE
41-13 (2013), but lower than those associated with
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FEMA 356 (2000) for the same IM value. Fig. 8 shows
the PoE values for the Heavy Damage state for the EDA
IM parameter value of 1.2 g, which were calculated as
0.922,0.748, 0.433,and 0.265 for FEMA 356 (2000), the
current study, GERMHS (2017), and ASCE 41-13 (2013),
respectively. Similarly, for the Al value of 10 m/s, the
corresponding PoE values were computed as 0.887,
0.688, 0.423, and 0.144 for FEMA 356 (2000), the cur-
rent study, GERMHS (2017), and ASCE 41-13 (2013), re-
spectively.

To enable a more comprehensive assessment, the PoE
values for the Damage Limitation state, computed using
earthquake ground motion records RSN95 and RSN517,
are presented in Fig. 9. Similarly, Fig. 10 illustrates the
PoE values calculated for the Heavy Damage state using
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ground motion records RSN143 and RSN1004.

As illustrated in Fig. 9, when the Current study is
taken as a reference, the influence of damage threshold
levels on the PoE varies depending on the earthquake
record and the selected IM. For example, for a RSN95 rec-
ord and PGA, the computed PoE values for the current
study, FEMA 356 (2000), ASCE 41-13 (2013), and
GERMHS (2017) are 0.6578, 0.893, 0.893, and 0.216, re-
spectively. Similarly, the Heavy Damage state in Fig. 10,
for RSN143 and Ic, the PoE values computed for the cur-
rent study, FEMA 356 (2000), GERMHS (2017), and
ASCE 41-13 (2013) are 0.745, 0.9268, 0.531, and 0.345,
respectively. Similar assessments can also be conducted
for other IM parameters that provide internally con-
sistent PoE values.
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Fig. 9. PoE values computed for different thresholds and intensity measures (IMs): (a) RSN95; (b) RSN517.
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Fig. 10. PoE values computed for different thresholds and intensity measures (IMs): (a) RSN143; (b) RSN1004.

Considering the results of this study as a whole, the
damage thresholds used in seismic vulnerability studies
have a significant impact on the PoE values. Therefore, to
carry out a rational and accurate risk assessment, the
suitability of the thresholds for the target structure
should be thoroughly analyzed, rather than directly us-
ing the thresholds presented in the literature.

3. Conclusions

The preservation of historical structures is important
for the benefit of future generations. These structures
serve as a testament to the cultural characteristics of the
period in which they were constructed. In this context,
the development of effective decision-making mecha-
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nisms based on the reliable assessment of the seismic
risk of such structures has become increasingly signifi-
cant in recent years. The reliability of fragility curves,
which are frequently utilized in seismic vulnerability and
risk assessment studies, is closely related to the selection
of appropriate intensity measures and damage parame-
ters. Moreover, accurately determining the threshold
values corresponding to various damage states is criti-
cally important for the reliability of these curves.

In this study, the influence of different threshold lev-
els associated with a specific damage state on the seismic
vulnerability of a historic masonry aqueduct was exam-
ined. For this purpose, a 3D finite element model of the
structure was developed, and then response spectrum
analyses were conducted. Using the cloud analysis
method, the dispersion relationships between the MIDR
damage parameter and several IM parameters, namely
PGA, Ia, Ic, ASI, SMA, and EDA, were obtained. Based on
these relationships, fragility curves were developed by
adopting MIDR threshold values defined in widely ac-
cepted standards such as FEMA 356 (2000), ASCE 41-13
(2013), and GERMHS (2017). Additionally, reference fra-
gility curves were constructed using MIDR values deter-
mined via nonlinear static analysis and empirical rela-
tionships, and comparative evaluations were carried out
through PoE values. For instance, at an EDA IM value of
0.3 g, the PoE value for the "Damage Limitation" damage
state in the current study was calculated as 0.468, while
the corresponding values based on FEMA 356 (2000),
ASCE 41-13 (2013), and GERMHS (2017) were 0.792,
0.792, and 0.088, respectively. In the analysis of the
“Heavy Damage” state, for an SMA value of 0.7 g, the PoE
values were calculated as 0.541 for the current study,
0.813 for FEMA 356 (2000), 0.244 for GERMHS (2017),
and 0.107 for ASCE 41-13 (2013). Similarly, for an ASI
value of 0.75 g, the PoE in the current study was found to
be 0.622, compared to 0.068 for ASCE 41-13 (2013),
0.938 for FEMA 356 (2000), and 0.196 for GERMHS
(2017). Such notable differences were also observed for
other IM parameters.

These results emphasize that the determination of
threshold values plays a critical role in the development
of fragility curves, directly affecting their reliability and
the accuracy of the seismic risk assessment. Therefore,
rather than directly adopting threshold values presented
in the literature, it is essential to conduct a detailed eval-
uation of their suitability for the specific structural char-
acteristics of the target building.

This study demonstrates the importance of threshold
values for different damage states and provides a valua-
ble reference for future research on historic masonry ag-
ueducts with different construction characteristics. In
future studies, it is essential to establish a sub-classifica-
tion of historical masonry aqueducts by considering
their construction techniques, material properties, geo-
metric configurations, and different modelling assump-
tions. Following this classification, the derivation of fra-
gility curves for each subclass under both near- and far-
fault ground motion sets would provide valuable in-
sights. It is anticipated that such a study would yield val-
uable outcomes, enabling rapid seismic risk assessments
of historical aqueducts located in various regions.
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1. Introduction

Timber-framed structures with infill panels—locally
known as himig in Tiirkiye—represent a significant seg-
ment of the world’s vernacular architectural heritage.
These hybrid systems, consisting of a load-bearing tim-
ber skeleton and non-structural infill walls made from
masonry, adobe, stone, or other locally sourced materi-
als, have been used for centuries across a wide variety of
climatic, topographic, and seismic regions. Their preva-
lence is not limited to Anatolia but extends across Eu-
rope, Asia, and the Americas, reflecting a universal archi-
tectural response to the need for affordable, adaptable,
and earthquake-resistant housing.

Timber-framed structures outperform unreinforced
masonry buildings during earthquakes primarily due to
their light weight, ductile joints, and ability to dissipate
seismic energy through controlled deformations. In con-
trast, masonry walls are typically heavier and brittle,
failing suddenly once their limited tensile strength is ex-
ceeded. This fundamental difference explains why
properly constructed himis systems have repeatedly
shown superior survival rates in past earthquakes. In
Europe, these systems are widely known under different
names: Fachwerk in Germany, Colombage in France,
Half-timbering in the United Kingdom, and Pruga or
bondruk in the Balkans. Each term denotes a variation of
the same core principle: a flexible timber frame, often
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filled with clay bricks, wattle and daub, or rubble stone.
In Asia, similar typologies exist in Japan (minka), Nepal
and Bhutan (traditional dzong buildings), and in the In-
dian subcontinent under the term dhajji dewari, particu-
larly in the Himalayan regions where seismicity is high
(Aktas 2017). In Latin America, the bahareque and quin-
cha systems in Colombia and Peru, and taipa de mdo in
Brazil, display a comparable structural logic, developed
through indigenous knowledge systems that combine
seismic intuition with resource economy (Dima and
Dutu 2016; Dutu et al. 2018). The global spread of these
structures’ underscores not only their adaptability to dif-
ferent environments but also their relevance in seismic
resilience (Fig. 1). From a structural engineering per-
spective, the timber frame provides a flexible yet stable

skeleton that accommodates lateral deformations dur-
ing seismic events, while the infill materials contribute
mass and stiffness but may also become sources of vul-
nerability if poorly integrated. In seismic events such as
the 1999 izmit Earthquake in Tiirkiye, the 2005 Kashmir
Earthquake in Pakistan, the 2015 Gorkha Earthquake in
Nepal and the 2023 Kahramanmaras Earthquakes in Tii-
rkiye, observations consistently showed that timber-
framed structures, when properly constructed, per-
formed significantly better than unreinforced masonry
buildings (Vieux-Champagne et al. 2014; Qu et al. 2020;
Tan et al. 2024). Their performance is typically charac-
terized by ductile behavior, energy dissipation through
joint flexibility, and the ability to localize damage with-
out total collapse.
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Fig. 1. Examples of the timber-framed structures in the world (Vieux-Champagne et al. 2014).

In addition to their structural role, timber-framed sys-
tems with infill panels also offer notable environmental
and economic advantages. Locally sourced materials
such as timber, adobe, rubble stone, and clay brick re-
duce transportation needs and embodied energy, con-
tributing to sustainability. These materials are generally

low-cost and easily repairable, which historically made
himis construction both affordable and resilient. Recent
studies further underline that the ecological footprint of
such vernacular materials is significantly lower com-
pared to modern industrial alternatives (Karaman and
Zeren 2015; Dikmen 2010).
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2. Structural Behavior of the Timber-Framed
Structures

In timber-framed wall systems with diagonal bracing
and masonry infill, the global lateral stiffness and load-
carrying capacity are governed by a combination of axial
action in the bracing element, flexural and shear defor-
mation in vertical and horizontal timber members, and
in-plane compression of the infill panel. Under in-plane
lateral loading, the braced frame with infill may be ideal-
ized as a statically indeterminate truss-frame system,
where the diagonal brace primarily carries axial forces
and the infill behaves as a distributed compression field.

Assuming the brace is pinned at both ends and ori-
ented at an angle 6, the axial force Np in the brace due to
horizontal load P at the top of the wall can be approxi-
mated using equilibrium:

Ny = — M

" 2-cos@

where, P is the lateral load (e.g., base shear), 8 is the an-
gle between brace and horizontal axis and N is the axial
force in brace.

This force leads to axial deformation in the brace:

_ NpLp
=i (2)

b
where, Ly is the length of brace, A is the cross-sectional
area of brace and E»is the modulus of elasticity of timber.

The vertical timber elements resist lateral drift
through bending. For a cantilever model under lateral
top load P, the tip displacement due to flexure is:

P-h3

Afex = 3EI (3)

Here, Afiex: Lateral tip displacement due to flexure, P:
Lateral load applied at the top, h: Height of the column,
E: Modulus of elasticity of timber, I: Moment of inertia of
the column cross-section.

The effective lateral stiffness of the system can be ide-
alized as a parallel spring system:

Ktotal = Kframe + Kbrace + Kinfill (4)

Here, K. is the elastic lateral stiffness of the timber
frame alone, and Kj,q o1 is the effective contribution of
the infill panel, which depends on its geometry, material
stiffness, and contact with the frame. The frame’s stiff-
ness can be expressed, for a single-story shear wall, as:

12EI1
Kframe = ? (5)

Before cracking, the masonry infill panel adds signifi-
cant stiffness through its in-plane shear and diagonal
compression. The initial stiffness of the panel can be ap-
proximated using its shear modulus Gm, thickness ¢,
height h, and width b:

Gm-tb

- ©)

Kinsin =

_ ApEp
Kbrace - Ly

()

where, Kprace is the axial stiffness of the diagonal brace, Ay
is the cross-sectional area of the brace, E» is the modulus
of elasticity of timber and L is the length of the brace.

The lateral resistance from the infill is governed by its
compressive strut-like behavior during early loading.
However, this capacity rapidly diminishes due to crack-
ing, which can be captured through nonlinear material
softening. The energy dissipation potential of the system
is closely related to the area under the load-displace-
ment curve:

Eq=[;“P(8)d (8)

The ductility ratio , which is critical in seismic per-
formance assessment, is defined as:

n=== 9

y
where 4, is the displacement at yield, and 4, is the ulti-
mate displacement at 80% of the maximum lateral load.
Higher values of y indicate greater deformation capacity
before collapse.

Contact behavior at the timber-infill interface is an-
other crucial component. The shear resistance at this in-
terface is a function of the friction coefficient u and the
normal contact force N:

This governs the onset of sliding and separation,
which leads to loss of composite action. Once detach-
ment begins, K, reduces significantly, and the system
behaves similarly to a bare timber frame.

Therefore, the global seismic behavior of timber-
framed infilled systems can be understood as a multi-
phase response:

e Elastic phase: Frame and infill behave monolithically

e Cracking phase: Infill cracks; stiffness decreases

e Plastic/softening phase: Infill loses load-bearing ca-
pacity; frame dominates

e Residual phase: Frame sustains remaining loads until
failure

3. Finite Element Modeling

This study employs a numerical modeling approach to
investigate the seismic performance of traditional tim-
ber-framed (himis) wall systems with various infill ma-
terials under lateral earthquake-type loading. The nu-
merical simulations are conducted in a finite element en-
vironment using ANSYS Workbench, where nonlinear
static (pushover) analyses are performed on three-di-
mensional wall models. The analysis considers four dif-
ferent wall configurations: (a) A timber frame with
adobe (mudbrick) infill; (b) A timber frame with fired
clay brick infill; (c) A timber frame with natural rubble
stone infill; and (d) A bare timber frame without infill
(Fig. 2), used as a reference case to isolate the contribu-
tion of infill to the structural behavior.
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Fig. 2. Different wall configurations: (a) A timber frame with adobe (mudbrick) infill; (b) A timber frame with fired
clay brick infill; (c) A timber frame with natural rubble stone infill; and (d) A bare timber frame without infill.

All wall specimens are modeled based on a standard-
ized geometry that reflects traditional himis construc-
tion widely observed in Anatolia. The timber framed
shear wall has a width of 490 cm and a height of 370 cm,
with vertical timber studs spaced at regular intervals
and interconnected by horizontal beams and diagonal
braces. The cross-sectional dimensions of vertical and

horizontal elements are taken as 10 cmx10 cm while the
cross-sectional dimensions of diagonal braces are taken
as 10 cmx5 cm, representing typical softwood sections
used in himis construction (Fig. 3). The infill is fully en-
closed within the timber frame but is not mechanically
anchored to it, replicating the friction-based interaction
seen in actual historical structures.

/ -
370 cm

oo / /

110 C% 5cm

80 cm

710 cm

A
10 cm

490 cm

Fig. 3. Dimensions of the timber frame.
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The numerical models are developed using SOLID186
elements, which are 20-node hexahedral elements capa-
ble of capturing large deformation and plasticity effects.
To represent the interaction between the timber frame
and the masonry infill, surface-to-surface contact elements
(CONTA174 and TARGE170) are employed. Frictional
contact is defined as material-dependent coefficients:
0.5 for adobe, 0.4 for fired clay brick, and 0.3 for rubble
stone (NAVFAC DM7-02, 1986). Normal separation is al-
lowed, while sliding is governed by a penalty-based Cou-
lomb friction model, enabling the realistic simulation of
detachment or slip along the timber-infill interface.

A key feature of this study is the consistent use of the
Multilinear Isotropic Hardening (MLIH) plasticity model
for all materials, including both the timber and infill
types. This modeling choice enables a unified formula-
tion for nonlinear material behavior, while still captur-
ing the distinct stress-strain responses of each material
(Table 1). Finite element models (FEMs) of the frames

are given in Fig. 4. The MLIH model was selected for all
materials to ensure a unified modeling framework and
computational stability. Although timber is orthotropic
and masonry materials such as adobe, brick, and rubble
stone exhibit brittle fracture modes, adopting a common
nonlinear plasticity model allowed for direct compari-
son between different wall configurations under con-
sistent assumptions. This approach is appropriate for
evaluating global seismic performance, although it does
not reproduce localized damage mechanisms. While the
MLIH plasticity model ensures computational stability
and uniformity across different materials, it does not ex-
plicitly capture the initiation and propagation of cracks,
nor the localization of damage. This simplification is par-
ticularly significant for brittle materials such as rubble
stone, where fracture and crushing dominate the failure
process. Therefore, the results should be interpreted as
approximations of global nonlinear response rather than
precise simulations of localized cracking behavior.

Table 1. Mechanical properties of materials used in the nonlinear numerical models.

Material Density (kg/m?) oy (MPa) Einitiat (MPa) Ultimate strain
Timber (pine) 550 30 10,000 0.004
Adobe 1700 1.2 300 0.003
Fired clay brick 1800 10.0 4000 0.0015
Rubble stone 2200 15.0 6000 0.001

>
/
>

0,00 1000,00 2000,00 (mm)
I || J
1500,00

0,00 1000,00 2000,00 (mm)
I I |
500,00 1500,00

Fig. 4. Finite element models of the unfilled and filled frames.
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To ensure reliability of the FEM results, the base of the
wall models was fully fixed in all degrees of freedom,
while displacement-controlled loading was applied at
the top beam to simulate lateral seismic actions. A mesh
sensitivity study was conducted, where element sizes
were progressively refined until the difference in peak
base shear capacity was less than 3%. This confirmed
that the selected mesh density provided convergent and
mesh-independent results. Convergence was verified in
ANSYS through force-displacement equilibrium criteria
at each load increment.

4. Pushover Analyses

The pushover analysis is performed under displace-
ment-controlled loading, with a gradually increasing lat-
eral displacement applied at the top beam of the wall. Be-
fore lateral loading, self-weight is activated to simulate
gravity effects. The base of the wall is fully fixed in all de-
grees of freedom. The analysis continues until the struc-
ture reaches its ultimate capacity and begins to exhibit
significant strength degradation or loss of equilibrium.
Geometric nonlinearity is included in all analyses to cap-
ture large displacement effects, which are particularly
relevant for systems with deformable joints and sliding
interfaces.

From each simulation, key seismic performance pa-
rameters are extracted. These include the initial lateral
stiffness, peak base shear, displacement capacity, energy
dissipation (measured as the area under the force-dis-
placement curve), and observed failure mechanisms.
Special attention is given to the distribution of plastic
strain and relative displacement along the timber-infill
interfaces, as these are known to influence the global be-
havior of himis systems. By comparing the capacity
curves and ductility of each configuration, the contribu-
tion of each infill material to the overall seismic re-
sistance is evaluated.

The methodology adopted herein allows for a con-
trolled comparison of different infill scenarios under
consistent boundary and loading conditions, using a
computationally efficient and stable material modeling
strategy. Although the MLIH model does not capture ex-
plicit fracture or crack propagation, it effectively simu-
lates the global nonlinear response and enables mean-
ingful performance assessment of different infill types
within timber-framed structures.

The nonlinear pushover analysis provided a clear
comparative framework for assessing the seismic per-
formance of the four wall configurations. The force-dis-
placement (capacity) curves obtained from the analysis
indicate distinct behavioral patterns for each infill mate-
rial. Overall, the filled frames exhibited significantly
higher lateral stiffness and base shear capacity than the
bare timber frame, affirming the structural contribution
of the infill panels. However, variations in ductility and
energy dissipation behavior among the infill types re-
vealed important trade-offs between strength and defor-
mation capacity.

The rubble stone-infilled frame demonstrated the
highest initial stiffness and peak base shear among all

configurations. This is attributed to the high density and
compressive strength of stone masonry. However, its ca-
pacity curve exhibited a sharp post-peak decline, indicat-
ing brittle failure with limited energy dissipation and de-
formation tolerance. The fired clay brick infill also con-
tributed to considerable stiffness and strength, though to
a lesser degree than stone. Its post-peak response was
moderately softening, offering a slightly more ductile be-
havior but still prone to localized interface failure.

The adobe-infilled wall, while having the lowest peak
strength among the infilled systems, displayed the most
ductile behavior. Its capacity curve showed a gradual
softening phase and delayed stiffness degradation, al-
lowing more lateral deformation before failure. This
translated into the highest energy dissipation area under
the curve and the largest effective ductility ratio. The in-
terface contact in adobe-infilled walls remained engaged
longer due to better frictional resistance and more dis-
tributed cracking, enabling a more controlled release of
seismic energy.

The bare timber frame, as expected, exhibited the
lowest strength and stiffness. However, its deformation
capacity was considerably high, and no abrupt strength
loss was observed even at large lateral displacements.
This confirms that in the absence of brittle infill, the tim-
ber frame maintains a stable, though flexible, seismic be-
havior, acting more like a life-safe but damage-prone
system.

These behavioral trends are reflected clearly in the
following figures (Figs. 5-9). The displacement capacity
and energy absorption potential correlate with the post-
peak slope and area under each curve, emphasizing the
importance of ductility over mere strength. The differ-
ences between the configurations highlight the struc-
tural and seismic implications of infill material selection
in traditional himis walls. The effect of different infill ma-
terials on the seismic energy dissipation capacity of tim-
ber-framed (himis) structures was investigated in detail.
According to the results obtained from pushover anal-
yses, the adobe (mudbrick) infill exhibited the highest
energy dissipation capacity with approximately 215.13
kN-m. This was followed by rubble stone infill (113.74
kN-m), fired clay brick infill (27.76 kN-m), and finally the
bare frame (4.83 kN-m). The superior performance of
adobe can be attributed to its ability to absorb energy
through progressive cracking and deformation. Alt-
hough rubble stone infill had higher strength, its brittle
failure mechanism limited its energy dissipation capac-
ity. The brick infill provided moderate performance,
while the bare frame exhibited minimal energy absorp-
tion due to the absence of lateral stiffness contribution
from infill materials. These findings clearly demonstrate
that the type of infill material plays a crucial role not only
in enhancing load-bearing performance but also in im-
proving the seismic energy absorption and distribution
characteristics of the overall structure.

The quantitative results presented in Table 2 high-
light the pronounced effect of different infill materials on
the seismic behavior of timber-framed (himis) walls. The
bare timber frame exhibited the weakest performance,
with an initial stiffness of only 20.57 kN/mm, a maxi-
mum base shear of 385 kN, and a ductility ratio of 1.53,
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corresponding to an ultimate displacement of 22.8 mm.
Its energy dissipation capacity was also minimal (4.83
kN-m), confirming that a timber skeleton alone, without
infill, provides inadequate resistance against lateral seis-
mic demands. When adobe (mudbrick) was used as infill,
the system demonstrated a moderate increase in
strength with Vmax=908 kKN and Kiitia=38.00 KN/mm,

while achieving a significantly larger ductility ratio
(u=2.50) due to its ultimate displacement of 50 mm.
Moreover, adobe exhibited the highest energy dissipa-
tion among all configurations (215.13 kN-m), indicating
that despite its lower strength, its progressive cracking
behavior allows for greater energy absorption and de-
formation capacity.

Table 2. Seismic performance indicators of timber-framed walls with different infill materials.

Wall configuration Kinitial Vinax
(kN/mm) (kN)

A)/ AM
(mm) (mm)

Energy dissipation

= bufly (kN.m)

Timber frame + Adobe (mudbrick) infill 38.00

Timber frame + Fired clay brick infill 192.77
Timber frame + Rubble stone infill 261.60

Bare timber frame 20.57

908.0

3260.9

4345.3

385.0

20.02 50 2.50 215.13

12.69 50 3.94 27.76
12.46 50 4.01 113.74

15.04 22.8 1.53 4.83
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Fig. 5. Pushover curve of the timber frame with adobe (mudbrick) infill.

3500

3000

2500

(=]
=1
(=1
(=]

1500

Shear Force (kN)

1000

500

0 10 20

30 40 50 60

Displacement (mm)

Fig. 6. Pushover curve of the timber frame with fired clay brick infill.
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Fig. 7. Pushover curve of the timber frame with natural rubble stone infill.

450
400
350

kN)
(3]
=
3

Shear Force (
] [R]
= L
(=] (=]

,_.
L
(=]

100
50

10 15 20 25
Displacement (mm)

[=}
wn

Fig. 8. Pushover curve of the bare timber frame.

bare
adobe
brick

stone

0 10 20 30 40 50 60
Displacement (mm)

Fig. 9. Force-displacement capacity curves for the wall configurations.
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The fired clay brick infill configuration showed a very
different pattern. With an initial stiffness of 192.77
kN/mm and a maximum base shear of 3260.9 kN, the
brick-infilled wall provided nearly four times the
strength of the adobe case (Fig. 10). Its ductility ratio
(#=3.94) was also higher, although the total energy dis-
sipation remained relatively low (27.76 kN-m), pointing
to a more brittle failure tendency (Fig. 11). By contrast,

5000

3000

Adobe

rubble stone infill offered the most balanced seismic per-
formance. It yielded the highest initial stiffness (261.60
kN/mm) and the largest base shear capacity (4345.3
kN), while maintaining a ductility ratio of y=4.01 with ul-
timate displacement of 50 mm. Its energy dissipation ca-
pacity (113.74 kN-m) was second only to adobe, showing
that stone infill can simultaneously provide high
strength, stiffness, and considerable energy absorption.
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Fig. 10. Maximum shear force results for the wall configurations.
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Fig. 11. Energy dissipation capacity results for the wall configurations.

Overall, these findings reveal a distinct trade-off be-
tween stiffness and ductility. Adobe infill promotes en-
ergy dissipation and ductile behavior but limits lateral
strength; fired brick maximizes stiffness and strength at
the expense of energy absorption; and rubble stone com-
bines high strength with relatively high ductility, repre-
senting the most structurally advantageous configura-
tion. In contrast, the bare timber frame confirms that in-
fill is indispensable for ensuring seismic safety in tradi-
tional himis structures.

The failure modes observed in the analyses varied de-

pending on the infill type. In adobe-infilled walls, pro-
gressive cracking developed in the panel, while the
frame remained engaged until higher drifts, allowing
greater ductility. Fired clay brick infill exhibited partial
separation at the timber-brick interface, leading to local-
ized sliding and moderate post-peak softening. Rubble
stone infill showed brittle crushing and detachment, re-
sulting in a steep strength drop after peak load. In con-
trast, the bare timber frame exhibited stable but flexible
behavior, with deformation concentrated in timber
joints and braces (Fig. 12).
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Fig. 12. Structural behavior of the filled and unfilled frames.

5. Conclusions

This study presented a comprehensive seismic per-
formance evaluation of traditional timber-framed
(himis) structures with varying infill materials through
detailed nonlinear finite element analysis. Four wall con-
figurations were analyzed—bare frame, adobe infill,
fired clay brick infill, and rubble stone infill—using 3D
pushover analysis in ANSYS Workbench. All materials
were modeled with Multilinear Isotropic Hardening
plasticity, incorporating frictional contact and geometric
nonlinearity to reflect realistic boundary behavior.

The findings revealed that infill materials signifi-
cantly enhance lateral strength and stiffness but vary
widely in terms of ductility and failure mode. Rubble
stone provided the highest peak strength but failed in a
brittle manner, while fired clay brick offered a more
moderate balance between stiffness and ductility.
Adobe emerged as the most ductile option, exhibiting
high energy dissipation and controlled degradation,
making it structurally favorable under large defor-
mations. The bare frame, though weakest, displayed the
most stable post-yield behavior and highest drift capac-

ity.
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These results underscore the critical influence of infill
material properties on the seismic performance of tim-
ber-framed systems. In heritage conservation and retro-
fitting strategies, strength enhancement through infill
must be balanced with the need for ductile and energy-
dissipating behavior. The numerical framework estab-
lished in this study allows for effective comparison of dif-
ferent infill typologies under consistent conditions and
contributes to the development of performance-based
approaches for the preservation and rehabilitation of
historic himis buildings in seismic regions.

From a practical perspective, the findings of this study
highlight that retrofit strategies for existing himis build-
ings should carefully consider the choice of infill mate-
rial. While rubble stone provides higher strength, adobe
infill ensures greater ductility and energy dissipation,
which is more desirable for seismic safety. In heritage
conservation projects, retrofitting approaches should
therefore aim not only to strengthen these systems but
also to preserve or enhance their ductile performance
characteristics.
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1. Introduction

Three-dimensional printing (3DP) technology, also
known as additive manufacturing, is rapidly transform-
ing the construction industry by enabling complex, cus-
tomized components to be fabricated directly from digi-
tal models - eliminating conventional formwork, stream-
lining construction, and reducing material waste (La-
bonnote et al. 2016; Maskuriy et al. 2019; Scheurer et al.

2020; Tarhan et al. 2024a; Mohamed and Mohamed
2025). Notable projects include Dubai’s “Office of the Fu-
ture” — the world’s first fully functional 3D-printed office
(Fig. 1(a,b)) - printed on site in just 17 days, achieving
nearly 50% reductions in labor and material costs (Arch-
daily 2019; Hossain et al. 2020). In China, WinSun Com-
pany demonstrated the speed and efficiency of 3D con-
struction by producing ten single-story homes in Suzhou
within 24 hours (Fig. 1(c)). The company also con-
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structed a five-story apartment building (Fig. 1(d)) and
a 1,100 m? villa using 3D-printed concrete components
(Fig. 1(e)). These projects achieved 30-60% reductions

in material waste and up to 70% shorter build times
compared to traditional methods (Winsun3d 2015; Zoey
2018; Hossain et al. 2020).

APIS COR

Fig. 1. Examples of large-scale 3D-printed concrete construction: (a),(b) Dubai “Office of the Future” printed by
Apis Cor (Archdaily 2019); (c) Single-story houses by WinSun (Architectsjournal 2014); (d) WinSun’s five-story
apartment building (Winsun3d 2015); (e) Interior corridor of a 3D-printed villa (Zoey 2018).

In addition to these widely recognized benefits, 3D
printing allows for the precise replication of historic or
ornamental components, as seen by a recent review
study (Tarhan and Tarhan 2025). The unique nature of
additive manufacturing also opens the door to further
possibilities. For instance, the technology may facilitate
the seamless integration of multi-functional features,
such as embedded sensors or service conduits, directly
during fabrication. Its flexibility enables on-demand con-
struction in remote or disaster-affected regions. Fur-
thermore, the ability to locally tailor material composi-
tion and geometry presents opportunities for function-
ally graded elements and resource-efficient, perfor-
mance-based design. While many of these possibilities
remain aspirational in current practice, they represent
promising directions for future research and innovation
in digital construction.

Despite significant progress in the development of
3D-printable cement-based mixtures with suitable rheo-
logical and mechanical properties (Perrot et al. 2016;
Rahman et al. 2024; Tarhan et al. 2024b; Zafar et al.
2025), the widespread use of 3D-printed concrete in
structural construction is still hindered by several unre-
solved challenges at the building scale. One of the major

limitations in layer-by-layer fabrication is the challenge
of effectively integrating reinforcement into the printed
matrix (Bos et al. 2016; Panda et al. 2018). Traditional
steel rebars and meshes are difficult to position continu-
ously, prompting research into alternatives such as ro-
botic bar placement synchronized with the print head
(Mechtcherine et al. 2021; Nan et al. 2025), interlayer
meshes for enhanced crack control (Ramesh et al. 2024;
Tarhan et al. 2024b), direct fiber incorporation (steel,
glass, polymer) (Christ et al. 2015; Hambach et al. 2019;
Le et al. 2012), and even natural fibers like jute for sus-
tainable earth-based mixes (Tarhan et al. 2024b, 2025a),
are being explored, suggesting that natural fibers may
also enhance ductility and sustainability in cementitious
3D-printed mixtures. Although promising, each strategy
presents its own integration and performance chal-
lenges - especially when considered alongside the
unique properties and behaviors introduced by additive
manufacturing.

Another critical and often overlooked issue is the role
of internal infill geometry in the structural performance
of 3D-printed elements. Unlike conventional cast con-
crete, 3D-printed components exhibit pronounced ani-
sotropy, interfacial weaknesses between layers, and a
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strong dependency on the specific infill pattern em-
ployed (Dey et al. 2023; Panda et al. 2018; Wangler et al.
2016; Yang et al. 2023).

Recent research addressing infill pattern of 3D-
printed concrete structural elements can be systemati-
cally classified into four main categories based on the
loading conditions and performance criteria addressed:
(i) fire and thermal performance (AlZahrani et al. 2022;
Chamatete and Yalcinkaya 2024; Dziura et al. 2023;
Hanifa et al. 2025; Suphunsaeng et al. 2025), (ii) axial
compressive performance (Han et al. 2022; Khanverdi
and Das 2025; Kumar et al. 2025; Zhang et al. 2025a,
2025b), (iii) out-of-plane structural behavior (Aghajani
Delavar et al. 2024; Dey et al. 2023; Hernandez Vargas et
al. 2024) and (iv) in-plane structural behavior (Aghajani
Delavar et al. 2024; Warsi et al. 2025a, 2025b).

Regarding fire and thermal performance, recent stud-
ies primarily address the optimization of infill geome-
tries in 3D-printed walls for enhanced insulation. Hanifa
et al. (2025) experimentally demonstrated that opti-
mized earthen wall segments featuring carefully de-
signed “infinite” cavity patterns achieved a high thermal
resistance (R-value ~ 1.194 m?-K/W) while maintaining
structural compressive strength above 4 MPa. Similarly,
Dziura et al. (2023) experimentally validated that cellu-
lar concrete walls incorporating PUR-foam cavity infills
significantly improved thermal insulation performance,
achieving a U-value as low as 0.183 W/m? K, thus meet-
ing stringent Polish building codes without requiring ad-
ditional insulation layers. Chamatete and Yalginkaya
(2024) numerically showed that lattice infills combined
with granular insulation materials (Expanded Polysty-
rene (EPS) beads, perlite) reduced thermal transmit-
tance by approximately 26-44%; however, efficiency
was highly sensitive to filament width, web length, and
thermal bridging at shell connections. AlZahrani et al.
(2022) numerically optimized multiple infill geometries
(square, triangular, hexagonal, rectangular, diamond),
revealing that carefully selected shapes significantly
lowered effective thermal conductivities (0.122-0.170
W/m-K) compared to conventional masonry and trans-
lated into tangible energy savings. Lastly, Suphunsaeng
et al. (2025) performed full-scale fire resistance tests on
printed concrete walls with varying cavity arrange-
ments, concluding thicker walls with solid concrete infill
filaments had superior insulation ratings under a 3-hour
[SO-834 fire exposure, and provided validated numerical
models to inform design charts linking wall thickness
and cavity geometry to thermal performance.

Recent axial compressive behavior studies on 3D-
printed walls have highlighted key influences of rein-
forcement, openings, and infill geometry on structural
performance. Han et al. (2022) experimentally tested
full-scale printed walls incorporating internal W-shaped
truss infill and horizontal steel reinforcement, reporting
an unexpected 25% strength reduction due to the rein-
forcement layers acting as weak planes; they proposed
an analytical model to accurately predict axial capacity.
Khanverdi and Das (2025) examined the axial perfor-
mance of full-scale printed walls with vertical reinforce-
ment and a large window opening, showing vertical re-
bars enhanced ultimate load by 14-26%, tripled energy

absorption, and shifted failure modes from brittle verti-
cal cracking toward localized crushing, whereas open-
ings modestly reduced capacity (~20%). Kumar et al.
(2025) conducted a detailed numerical investigation on
the axial compressive (vertical in-plane) response of 3D-
printed concrete walls with different internal lattice ge-
ometries, using a coupled Concrete Damaged Plasticity
and cohesive-zone modeling framework. To systemati-
cally assess the role of internal geometry, they adopted
the L-, T-, and LT-type infill patterns originally optimized
by Dey et al. (2023) for out-of-plane flexural perfor-
mance, and applied them under pure axial compression.
Their results demonstrated that increasing compressive
strength shifts damage from filaments to interfaces,
while higher interface shear strength delays instability;
among the geometries, larger filament-wall contact (L-
type) enhanced load capacity and delayed cracking.
Zhang et al. (2025b) explored the influence of filament-
contact patterns in 2-D infill geometries, revealing that
rectangular infills with material overlaps retained stiff-
ness and strength, while honeycomb patterns (point-
contact between layers) experienced up to 45% strength
loss due to premature vertical-layer buckling.

The studies on out-of-plane (flexural) performance of
3D-printed concrete have highlighted the significant in-
fluence of infill topology and optimized geometry on
structural efficiency. Hernandez Vargas et al. (2024) in-
troduced a stress-driven internal topology optimization
method, locally adjusting the filament width within con-
crete beams (700x100x100 mm) according to calculated
stress distributions. Their approach was experimentally
validated via three-point bending tests, clearly demon-
strating a 47-63% higher flexural strength-to-weight ra-
tio compared to beams produced using a conventional
uniform (zig-zag) infill pattern, highlighting geometry-
guided thickness variation as a viable strategy to en-
hance structural capacity and reduce material use simul-
taneously. Similarly, Dey et al. (2023) experimentally
evaluated the flexural behavior of four concrete beams
(890 mm length) printed with different lattice-based in-
fills (lattice, triangular, lattice-triangular, and sinusoi-
dal), subjected separately to vertical and transverse
three-point bending tests. Their experimental and numer-
ical investigations indicated that triangular infills pro-
vided the highest transverse flexural strength (~11.5 kN)
and about 30% greater stiffness compared to lattice infills,
while subsequent numerical optimization identified a
25% horizontal-to-triangular web-length ratio as optimal
for maximizing strength-to-weight efficiency. Finally, ad-
dressing specifically wall-scale structures, Delavar et al.
(2022) analytically and numerically investigated the out-
of-plane flexural capacity of slender 3D-printed walls, de-
veloping closed-form design equations validated against
nonlinear finite-element shell-beam models of four wall
prototypes. Their results showed that infill layout di-
rectly governed whether failure occurred through one-
way or two-way bending mechanisms,

Lastly, in-plane (lateral) structural behavior - crucial
for seismic performance - has only recently begun to at-
tract focused research on shear strength, energy dissipa-
tion, and seismic resilience. Delavar et al. (2024) analyt-
ically and numerically investigated reinforced concrete-
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framed 3D-printed walls under quasi-static lateral load-
ing, concluding that the presence of infill patterns in-
creases lateral strength mainly due to an increased
cross-sectional area, while the specific type of infill pat-
tern had only a limited impact on overall lateral strength.
Warsi et al. (2025b) developed a finite-element compo-
site micro-model combining Concrete Damaged Plastic-
ity (CDP) and cohesive-zone modeling for interlayer in-
terfaces, demonstrating that reducing wall height-to-
width ratios, integrating edge columns, and providing
continuous reinforcement significantly enhanced lateral
strength (~30%), stiffness, and energy dissipation. Addi-
tionally, Warsi et al. (2025a) numerically assessed earth-
quake-resistant design methodologies for hollow 3D-
printed walls based on ACI 318-19 and Eurocode 8 pro-
visions, showing that double-layer reinforcement im-
proved lateral load capacity by approximately 31%, duc-
tility (u=4.36 versus 4.01), and strain distributions com-
pared to single-layer reinforcement layouts, emphasiz-
ing the critical interaction between reinforcement ar-
rangement and internal infill geometry for optimized
seismic performance.

Collectively, these studies highlight that internal infill
topology, interlayer interface quality, and reinforcement
detailing significantly influence the nonlinear behavior
and seismic capacity of 3D-printed concrete walls; how-
ever, to the best of the authors’ knowledge, the nonlinear
in-plane performance of unreinforced 3D-printed con-
crete walls with different infill patterns remains entirely
unexplored, leaving a major gap in understanding their
failure evolution and ultimate lateral resistance.

To address this gap, the present study systematically
evaluates the nonlinear in-plane response of unrein-
forced 3D-printed concrete walls incorporating different
infill geometries - named as lattice (L) and triangular (T).
Infill forms previously introduced and geometrically op-
timized by Dey et al. (2023) for out-of-plane flexural be-
havior - and subsequently employed by Kumar et al.
(2025) for axial compression analysis - are adopted here
to systematically investigate their effects under in-plane
lateral loading, enabling direct comparison across differ-
ent structural scenarios. A high-performance, 3D-printa-
ble cementitious mix was specifically developed and ex-
perimentally characterized, and its measured properties
directly informed the nonlinear finite element models.

Thus, the current investigation uniquely addresses
this research gap, examining how infill patterns impact
the overall nonlinear response, stiffness degradation,
damage evolution, and ultimate capacity of structural
3D-printed concrete walls under in-plane lateral loading
condition. The findings provide the first comparative in-
sights into the role of complex internal geometry on the
in-plane structural behavior of unreinforced 3D-printed
walls - delivering essential knowledge for the develop-
ment of next-generation, high-performance digital con-
struction systems.

2. Materials and Methods

This section details the development and characteri-
zation of a high-performance, 3D-printable cementitious
mixture tailored for digital construction applications.
The experimental program includes the optimization of
mix composition, followed by a comprehensive assess-
ment of its fresh and hardened mechanical properties.
These experimentally determined parameters form the
basis for subsequent nonlinear finite element simula-
tions, enabling a realistic evaluation of wall-scale struc-
tural performance. The adopted numerical modeling
strategy, implemented in Abaqus, utilizes the Mohr-Cou-
lomb failure criterion and explicitly accounts for the dis-
tinct tensile and compressive behavior of concrete. The
specific infill patterns, selection rationale, and geometric
configurations of the wall models are also described in
detail.

2.1. Development of 3D-printable cementitious mix

The cement-based mixture used for 3D printing in this
study was developed to offer extrudability and good me-
chanical performance. The materials and mixture details
are presented in Tarhan et al. (2025b). It consisted of
CEM I 42.5 R Portland cement, ground granulated blast
furnace slag (GGBS), plaster (TRADICAL-PF-80 branded),
metakaolin clay, fine quartz sand (0-2 mm), water, a pol-
ycarboxylate ether-based superplasticizer (SP) and hy-
droxypropyl methylcellulose (HPMC) as a viscosity-
modifying agent. The proportions for 1 m? of the mixture
are presented in Table 1.

Table 1. Mix proportions of the printable concrete.

. CEMI425R Metakaolin Sand Sand Air
b Portland cement S e clay 0-0.5 mm 0.5-2 mm LG SR 20 content
Amount (kg) 300 100 100 25 535.8 831.2 200 743 0.6 %1

The cement-based mixture was prepared by mixing
all the dry ingredients, including cement, aggregate,
GGBS, gypsum, clay and methyl cellulose, together at
low speed for one minute. Water was then added in two
stages, with the plasticiser mixed into the second por-
tion. Mixing continued for a further two minutes. After
a short rest period, the mixture was mixed at high
speed for a further two minutes, bringing the total mix-

ing time to approximately six minutes. Continuous mix-
ing was used to minimise the risk of premature setting.
Penetration depth tests were initially performed to as-
sess printability, but the final mixture was selected
based on actual 3D printing trials to ensure suitability.
Prismatic samples measuring 40x40x160 mm were
cast in molds for flexural and compressive strength test-
ing. After curing for one day under ambient laboratory
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conditions, the specimens were demolded and placed
in a controlled curing chamber at 20+3 °C with 80% rel-
ative humidity until the day of testing, following the ap-
proach adopted also in Tarhan et al. (2024b). Mean-
while, 3D-printed samples measuring 110x110x350
mm were fabricated to demonstrate the printability of

(@)

the developed mix in terms of its rheological perfor-
mance.

The 3D printing process was carried out using a Delta
WASP 3DMT printer with a 3 cm nozzle operating at a
speed of 2 cm/s. Fig. 2 shows the 3D printing process and
representative views of the printed layers.

Fig. 2. 3D printing of test samples using a Delta WASP 3DMT printer:
(a) Extrusion of successive layers during printing; (b) Side view of the printed layers with height measurement;
(c) Top view of the printed layers with width measurement.

2.2. Experimental characterization of printable
concrete

The printable mixture was formulated to ensure ade-
quate buildability and extrusion stability, taking into ac-
count the specific rheological demands of layer-by-layer
deposition. Key fresh-state parameters were assessed
immediately after mixing in order to capture the time-
dependent behavior of the material.

The properties of the cement-based mortar in its
fresh state were evaluated through a series of standard-
ized tests. Density was measured according to BS EN
12350-6 (2019) and rheological behavior was assessed
using a rotational rheometer with four-blade vane geom-
etry. A constant shear rate of 0.05 s™* was applied for 200
seconds and the peak torque at flow onset was used to
determine the static yield stress, which affects the mate-
rial's printability and ability to retain its shape. To mon-

itor structuration over time, rheological measurements
were repeated at defined intervals. Additionally, the
structural build-up was examined using the fall cone
penetration method in accordance with CEN ISO 17892-
6:2017. The penetration depth of an 80 g, 30° cone
dropped into fresh mortar served as an indicator of
evolving shear resistance and thixotropic behavior.
These combined tests provided insight into the time-de-
pendent characteristics of the mixture, which are critical
for ensuring adequate buildability and interlayer adhe-
sion in 3D printing applications.

For material characterization, mold-cast prism speci-
mens were evaluated for mechanical testing. Flexural
strength was determined via three-point bending tests on
prism specimens with nominal dimensions of 40x40x160
mm, in accordance with TS EN 12390-5 (2019). Following
test, the broken halves were tested for compressive
strength in accordance with TS EN 12390-3 (2019).
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2.3. Numerical modeling approach

The in-plane structural performance of the 3D-
printed concrete walls was assessed using nonlinear fi-
nite element simulations performed in Abaqus (Abaqus
2022). A macro modeling strategy was adopted, wherein
the layered filament architecture of the walls was
treated as a homogenized continuum. All solid regions,
including the outer wall regions and infill forms, were
discretized using four-node linear tetrahedral elements
(C3D4). This element type was selected for its suitability
with complex geometries, effectiveness in capturing the
localized cracking and post-peak softening typical of
brittle materials, while maintaining computational effi-
ciency.

The material nonlinearity was represented by the
CDP model, which is well established for simulating the
inelastic behavior of concrete and similar quasi-brittle
materials (Stimer and Aktas 2015). The CDP model inte-
grates the effects of tensile cracking and compressive
crushing by combining plasticity with progressive dam-
age mechanics. The deviatoric yield surface is defined by
Kc=2/3, which corresponds to the Mohr-Coulomb crite-
rion in the deviatoric plane (Fig. 3).

Distinct tensile and compressive responses are de-
fined through separate stress-strain relationships for
each loading mode. The progressive accumulation of mi-
crocracks under tension and crushing damage under
compression is tracked using two independent scalar
damage variables, d: and d., which reduce the material’s
elastic modulus with increasing strain, thereby realisti-

cally capturing stiffness degradation. In tension, the
model captures the linear elastic response up to the ten-
sile strength, followed by strain-softening due to crack
development. In compression, the response includes an
initial linear regime, limited hardening, and subsequent
exponential softening after peak stress (Fig. 4).

BN
{ N\
]

Drucker-Prager

(CM)
...S3

Fig. 3. Deviatoric yield surfaces for Mohr-Coulomb
(Kc=2/3) and Drucker-Prager (K.=1) criteria.
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Fig. 4. Material response under (a) tension and (b) compression.

Additional CDP input parameters included a dilation
angle of 30°, flow potential eccentricity of 0.1, and a bi-
axial-to-uniaxial compressive strength ratio of 1.16, re-
flecting common practice for concrete (Lubliner et al.
1989; Tarhan 2025a). To aid convergence in the post-
peak regime, a small viscosity parameter of 0.0001 was
introduced, which has negligible effect on the global
structural response but improves numerical stability in
the softening range (Abaqus 2022; Tarhan 2025b). Ma-
terial properties (Table 2) and nonlinear constitutive pa-
rameters were directly obtained from the experimen-
tally validated cementitious mix, as detailed in Sections

2.1and 3.1. The direct tensile strength (f:) of the concrete
was estimated as half of the measured flexural strength.
The CDP model parameters were implemented as de-
scribed above, with no further calibration.

2.4. Infill pattern selection, description and wall
models

In this study, geometric models of the 3D-printed con-
crete walls were developed to include both outer wall re-
gions and two distinct internal infill patterns: lattice (L)
and triangular (T). These forms were originally intro-
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duced and optimized for out-of-plane flexural efficiency
by Dey et al. (2023) and later utilized by Kumar et al.
(2025) in axial compression studies. By adopting these
well-established patterns, the present work contributes
complementary insights into their structural perfor-

mance under in-plane monotonic lateral loading -
thereby extending the existing knowledge base to en-
compass a broader range of loading conditions and ena-
bling a more comprehensive understanding of their be-
havior in digital construction applications (Fig. 5).

Table 2. Adopted material properties.

Mechanical properties

Density (kg/m3) Young's modulus (MPa) Poisson’s ratio fe (MPa) ft(MPa)
2,150 37,318 0.2 63 4.3
Plasticity definition
Dilation angle Eccentricity foo/feo K Viscosity parameter
30° 0.1 1.16 0.667 0.0001

Stress-inelastic strain relationships

Damage definition

Compressive Tensile

Tension

Yield stress Inelastic strain Yield stress

Cracking strain

Damage parameter Cracking strain

20 0 4.3 0 0 0
40 0.0012 0.43 0.003 0.9 0.003
55 0.002 - - - -
63 0.0032 - - - -
50 0.0075 - - - -
31 0.012 - - - -
19 0.017 - - - -
X
! 890 890 /

Fig. 5. Schematic representations of the two 3D-printed concrete wall models with different internal infill patterns:
(left) L and (right) T adapted from Dey et al (2023) (all dimensions are in millimeters).

All wall geometries were created in SolidWorks and
subsequently imported into Abaqus for numerical mod-
eling. Walls were defined with a cross-sectional size of
890 mmx290 mm, consistent with the reference config-
uration adopted by Dey et al. (2023) (Fig. 5). The layer
width and height were 30 and 20 mm, respectively, re-
flecting the printing process of the experimentally pro-
duced mix and ensuring compatibility with common ex-
trusion-based 3D printing processes. An aspect ratio
(height to width) of approximately 1:0.5 was adopted,
resulting in a total of 85 layers per wall (Fig. 6) - match-
ing the practical constraints and design parameters ad-
dressed in Sections 2.1 and 2.2.

According to the adopted macro modeling approach,
all interfaces between deposited filaments within a layer,
as well as between successive layers, were inherently as-
sumed fully bonded. This means that potential interlayer
weaknesses were not explicitly modeled in this study.
Such simplification reflects both the cohesive quality ob-

served in the developed 3D-printable mix and prevailing
practice in comparable numerical studies. By excluding
interface imperfections, the numerical model isolates
the structural influence of infill geometry, thereby estab-
lishing a benchmark for future studies where interlayer
bonding effects may be directly incorporated.

Finite element meshes were generated using four-
node linear tetrahedral elements (C3D4), which enabled
accurate representation of the complex internal geome-
tries of the wall models (see Fig. 7 for mesh illustration).
To assess the influence of mesh dependency on the sim-
ulation results, two different mesh densities were em-
ployed: a fine mesh with an average element size of 15
mm and a medium mesh of 30 mm. The L-wall models
contained 28801 nodes and 126464 elements with the
medium mesh and 91481 nodes and 458348 elements
with the fine mesh, while the T-wall models contained
35480 and 73567 nodes with 114272 and 280877 ele-
ments, respectively.
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In the initial step, boundary conditions were defined:
the bottom surface of each wall — including both outer
wall regions and infill - was fully fixed (encastre) to rep-
resent a rigid foundation, restraining all translational
and rotational degrees of freedom. At the top edge, all ro-
tational degrees of freedom and translation in the out-of-
plane direction (Z) were restricted, while horizontal
translation in the loading direction (X, in-plane) and ver-
tical translation (Y, wall height) were left free to allow
realistic deformation during loading. Numerical simula-
tions were performed in three consecutive analysis steps
to capture realistic loading conditions. First, gravity
loading was applied to each wall to account for self-
weight. In the second step, an additional vertical pre-
compressive load - equal to the calculated self-weight of
the wall (4,350 N for the T-pattern, 4,378 N for the L-pat-
tern, based on a measured density of 2.15 g/cm?) - was
applied uniformly over the top surface. This step simu-
lated the scenario where the wall supports another iden-
tical story above. In the final step, a monotonic lateral
displacement was incrementally imposed at the top sur-
faces until global failure was reached.

3. Results and Discussion
3.1. Fresh and hardened properties of concrete

At the beginning of the testing process, the cement-
based mortar had a unit weight of 2.15 g/cm?3, which in-
dicates that it is a dense, well-compacted mixture that is
suitable for structural applications. The penetration
depth measured by the fall cone test was 19.74 mm, re-
flecting a moderate level of thixotropy and structural
build-up in the early stages. Rheological characterization
using a rotational rheometer yielded a peak torque of 9.4
mNm at a shear rate of 0.05 s, corresponding to the
static yield stress of the mix. These values confirm that
the mortar possesses adequate resistance to defor-
mation while maintaining sufficient flowability for ex-
trusion-based 3D printing.

The cement-based printable mortar exhibited rapid
strength development, with compressive strength in-

creasing from 10.96 MPa at 1 day to 53.75 MPa by day 14
and reaching 62.89 MPa at 28 days. This places the mix
in the TS EN 206+A2 (2021) strength class C50/60, indi-
cating its classification as a high-performance mortar.
Such rapid hardening is typical of low water-to-binder ra-
tio mixtures with reactive fillers and ensures early load-
bearing capacity for successive layers. Flexural strength
rose from 3.93 MPa at 1 day to 8.70 MPa at 28 days,
demonstrating adequate tensile resistance comparable to
engineered 3D-printed mortars reported in the literature.

3.2. Nonlinear in-plane behavior of 3D printed
concrete walls

This section presents the nonlinear in-plane response
of 3D-printed concrete wall models incorporating L. and T
infill patterns. Finite element analyses were performed
with two mesh densities (fine and medium) to assess mesh
sensitivity and the robustness of the results. Fig. 8 shows
the load-displacement curves obtained for each configu-
ration, and numerical data are summarized in Table 3.
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Fig. 8. Load-displacement curves of L. and T-pattern
wall models, showing higher peak load and ductility
for the T-pattern across both mesh densities.

Table 3. Key performance metrics of 3D-printed wall models,
including damage initiation and peak load values for each mesh and infill configuration.

Model Displacement Load (kN) Displacement Peak load
at damage initiation (mm) at damage initiation at peak load (mm) (kN)
L-fine 0.45 144.5 2.24 3223
T-fine 0.46 148.0 2.50 331.1
L-medium 0.45 146.2 2.57 340.5
T-medium 0.50 157.2 3.08 346.3

Under monotonic lateral loading, all wall models ex-
hibited a typical nonlinear load-displacement response
characterized by an initial stiff elastic regime, a progres-
sive reduction in stiffness with increasing displacement,
and a final softening branch associated with material
damage and loss of load-bearing capacity. Both L- and T-
patterns displayed qualitatively similar behavior, with

discernible differences in ultimate strength, ductility,
and crack evolution.

Notably, all wall models exhibited a local load peak at
approximately 0.45-0.5 mm displacement, followed by a
sharp drop. This first peak corresponds to the onset of
localized cracking, predominantly at the outer wall re-
gions adjacent to infill openings (Figs. 9 and 10).
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After this initial damage, the models demonstrated a
pronounced recovery in load-bearing capacity - evi-
denced by the renewed increase in the load-displace-
ment curve — thanks to the redistribution of internal
forces through undamaged regions and alternative load-
bearing paths retained within the infill geometry. This is
a direct result of the cellular infill layouts, where alterna-
tive load paths can be mobilized after local failure.

As loading continued, crack propagation and accumu-
lated damage caused further stiffness degradation and
post-peak softening, culminating in global failure when
the primary load paths were fully fractured and the struc-
ture could no longer sustain increasing displacement.

Crack evolution differed significantly between pat-
terns (Fig. 9 for L, Fig. 10 for T). Cracking in the L-pattern

(d)

(e)

typically initiates as short horizontal cracks at the wall
base or at the interface between the infill and the outer
wall. As loading progresses, three distinct diagonal dam-
age bands emerge, each associated with a different panel
region separated by the two vertical struts of the infill.
The central diagonal band may eventually link to one of
its neighbors, leaving only two main diagonal planes ac-
tive. Because these bands do not combine into a single
continuous failure plane, damage remains confined to
separate regions. When stress tends to concentrate
within the infill, local post-peak failure zones emerge -
these trigger abrupt load drops and accelerate stiffness
degradation. The overall failure mode is characterized
by the formation of multiple, discontinuous diagonal
cracks rather than a single dominant shear plane.
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Fig. 9. L-pattern wall: (a-c) Front views of crack initiation and propagation;
(d-f) 3D views showing discontinuous diagonal bands and local damage zones.
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Fig. 10. T-pattern wall: (a-c) Front views of crack initiation and merging;
(d-f) 3D views showing a continuous diagonal shear band linking infill and outer wall.

In the T-pattern, initial cracks develop as short hori-
zontal fissures at the base and top of the wall. With fur-
ther displacement, two separate diagonal cracks form,
originating from the bottom corners and propagating
upward and inward along the main diagonal load paths
of the triangular infill. These cracks eventually merge
into a single continuous diagonal damage band, often
linking the infill and the outer wall.

For both mesh densities, the T-pattern walls achieved
higher peak loads and exhibited modestly higher post-
peak ductility compared to the L-pattern walls. Specifi-
cally, the T-pattern (medium mesh) reached a maximum
load of ~346 kN at a displacement of 3.08 mm, while the
L-pattern (medium mesh) achieved a lower maximum of
~340 kN ata displacement of 2.57 mm. For the fine mesh

models, the T-pattern again showed a higher peak load
of ~331 kN, compared to the L-pattern at ~322 kN. This
corresponds to a 1.7-2.7% higher peak load for T-pat-
terns, depending on mesh size. First cracking consist-
ently occurred at ~0.45-0.5 mm displacement, with ini-
tial crack loads ranging from 144.5kN (L-fine) to
157.2 KN (T-medium).

Across all models, fine mesh solutions showed mar-
ginally earlier softening and slightly reduced post-peak
load retention, due to their increased ability to localize
damage and capture brittle post-peak behavior. These
results confirm that the triangular infill, characterized by
continuous diagonal load paths and efficient stress dis-
tribution, enhances both the load-bearing capacity and
the energy dissipation after peak.
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Mesh sensitivity was minimal; peak load deviation
was less than 3%, with the fine mesh leading to margin-
ally earlier softening and reduced post-peak load reten-
tion due to better localization of damage.

Although the formation of a single continuous diago-
nal crack in the T-pattern might intuitively seem to pro-
mote rapid structural failure, the simulation results
demonstrate the opposite: the T-pattern achieves higher
peak load and superior post-peak energy dissipation.
This advantage is attributable to the geometric effi-
ciency of having only one central strut, which creates
two main load-bearing zones and focuses diagonal
shear transfer through a direct, robust path. In contrast,
the L-pattern’s two interior struts divide the wall into
three distinct regions, resulting in a broader area of dam-
age and increased stress concentrations at multiple infill
junctions. Consequently, the L-pattern exhibits more ex-
tensive diagonal cracking, greater localized damage, and
slightly reduced capacity. This difference in internal
force distribution explains why the T-pattern, despite
exhibiting a continuous diagonal crack, outperforms the
L-pattern in both strength and ductility. These findings
align with the observed crack maps (Fig. 9 for L, Fig. 10
for T), which show multiple discontinuous diagonal
cracks in the L-pattern but a more unified damage band
in the T-pattern.

In conclusion, the internal geometry decisively influ-
ences both the strength and the nature of failure. While
both patterns display mixed-mode (flexural and shear)
cracking, the T-pattern demonstrates marginally better
performance, which can inform infill strategy selection
for digitally constructed walls.

4. Conclusions

This study investigated the nonlinear in-plane behav-
ior of 3D-printed concrete walls with two distinct infill
geometries-lattice (L) and triangular (T)-using finite el-
ement modeling informed by experimentally derived
material properties. A printable cementitious mortar,
characterized by high early-age strength and shape sta-
bility, was specifically developed, and its mechanical
characteristics were incorporated into the simulations
to ensure realistic representation of structural perfor-
mance.

Key findings are as follows:

o Both infill types exhibited a distinct nonlinear re-
sponse under monotonic lateral loading, character-
ized by an initial elastic regime, a localized load drop
associated with crack initiation, a subsequent recov-
ery phase due to internal force redistribution, and
progressive post-peak softening as damage accumu-
lated.

e T-pattern demonstrated superior performance,
achieving 1.7-2.7% higher peak loads and improved
ductility, attributed to its centralized diagonal force
path and efficient stress redistribution, as opposed to
the multiple discontinuous cracking bands observed
in the L-pattern.

e Crack development in the T-walls followed a domi-
nant diagonal shear band linking the outer wall and

infill, while L-walls exhibited multiple damage zones

with broader failure areas due to the division created

by the two interior struts.

e Damage consistently initiated at ~0.45-0.50 mm dis-
placement, highlighting critical stress concentrations
near infill interfaces. Post-peak deterioration was
governed by damage localization in both the outer
wall and the infill regions.

¢ Incorporating fine mesh allowed improved resolution
of damage localization and sharper post-peak degra-
dation, though mesh sensitivity remained minimal for
global response metrics.

However, interlayer interfaces were not explicitly
modeled in the simulations. Although the developed
mortar exhibited high cohesion and produced structur-
ally robust printed elements, most printable mixtures
may contain interfacial defects or exhibit weak layer
bonding due to the nature of the layer-by-layer deposi-
tion process. These interfaces can significantly influence
crack initiation and propagation. Therefore, future stud-
ies should incorporate interface effects (e.g. with cohe-
sive contact definitions) or experimentally calibrated in-
terface models to capture interface-driven damage
mechanisms and better reflect the performance variabil-
ity observed in real printed structures.

Moreover, while the effects of different infill geome-
tries were assessed through two representative pat-
terns, a more comprehensive understanding may be
achieved by employing topology optimization algo-
rithms that account for both in-plane and out-of-plane
behavior. Such methods could reveal optimal hybrid in-
fill forms tailored for multi-directional performance
and material efficiency. In addition, experimental vali-
dation at full scale is needed to confirm the damage pat-
terns observed numerically, particularly under cyclic
or combined loadings representative of real-world con-
ditions.
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