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Research Article

Impact of composite columns on soft and weak storey irregularities

in buildings without ground floor infill walls

Yusuf Yildiz? @2, Fethi Sermet **

? Department of Civil Engineering, Igdir University, 76000 Igdir, Tiirkiye

ABSTRACT

ARTICLE INFO

In buildings without infill walls on the ground floor, structural irregularities, such as
soft and weak storey irregularities can significantly reduce their resilience to earth-
quakes. These irregularities arise from insufficient lateral stiffness and strength in
the ground floor structure, leading to instability during seismic events. This study
investigated the seismic performance of frame structures, focusing on two key fac-
tors: the lateral rigidity provided by infill walls and the potential benefits of replacing
conventional columns with composite columns on the ground floor. The analysis was
conducted in accordance with the Turkish Building Earthquake Code 2018 (TBEC-
2018), which provides specific guidelines for designing structures to withstand seis-
mic forces. The findings revealed that including the lateral rigidity of infill walls in
the analysis increased the cracked cross-section’s moment of inertia by 5%. While
this addition enhanced the building’s lateral load resistance, it also increased the ri-
gidity irregularity coefficient by 33%, indicating a potential redistribution of seismic
forces that could affect the overall stability. On the other hand, introducing composite
columns on the ground floor helped reduce the rigidity irregularity coefficient by
20%, providing a more uniform response to lateral loads. However, this improve-
ment came at the cost of a 29% increase in the strength irregularity coefficient, high-
lighting the challenges in balancing stiffness and strength irregularities. These find-
ings emphasize the importance of carefully evaluating structural modifications to op-
timize seismic performance. While composite columns are effective in mitigating ri-
gidity irregularities, their impact on strength irregularities must be managed to avoid
compromising overall safety.
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1. Introduction

Earthquakes pose a major risk to 71% of Tiirkiye’s
population and affect 66% of the country’s land, with
over 24,500 kilometers of active fault lines, including
15,000 kilometers along critical areas. This makes de-
signing earthquake resistant buildings a top priority.
One of the most common types of damage in earthquake
prone areas is what's called soft storey or weak storey
damage. This happens when the ground floor of a build-
ing is taller and lacks infill walls to make it more func-

tional for commercial use, leading to more horizontal
movement during an earthquake. As a result, the build-
ing's structural system can suffer significant damage
(Fig. 1).

Soft storey buildings are especially vulnerable to col-
lapse in seismic zones because the lower levels have
much less rigidity compared to the floors above, causing
damage to worsen (Shahsahebi et al. 2020). Design stand-
ards like ASCE/SEI 41-17 (2017) consider a storey to be
"soft" if its lateral rigidity is less than 70% of the floor
above or 80% of the building’s average rigidity.
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For example, in the 1985 Mexico City earthquake,
about 8% of building collapses were linked to soft sto-
rey issues, and 42% involved corner buildings withboth
soft storey and torsional irregularities (Meli 1986).
Likewise, the 1995 Kobe earthquake caused extensive
destruction in buildings with soft storeys (Watanabe

1997). In 2011 Van, Tiirkiye earthquake, 75% of the 225
buildings with soft storey issues either collapsed or
were severely damaged, highlighting the vulnerability
of structures with weak ground floors and large differ-
ences in rigidity between storeys (Van Earthquake Re-
port 2011a).

Fig. 1. Heavily damaged buildings whose ground storey columns collapsed due to the soft storey
in the Van earthquake (Van Earthquake Report 2011b).

To address soft and weak storey issues in buildings,
the rigidity differences between floors need to be re-
duced. Composite columns, which combine steel and
concrete, offer more rigidity than regular reinforced
concrete columns because of the added strength from
the steel. This makes composite columns a great option
for the ground floor to help fix these irregularities. Re-
search has shown the structural benefits of composite
columns. For example, Yazdi et al. (2021) studied build-
ings using concrete-filled steel tube (CFT) columns and
found that these columns significantly reduced the like-
lihood of collapse in low to medium seismic areas. This
shows that designing multi-storey buildings with com-
posite columns can greatly improve their safety and
earthquake resistance. Solak and Orhan (2023) stated
that concrete-filled steel composite columns are a type
of steel-concrete composite member that combine the
excellent compressive strength of concrete with the high
tensile strength of steel, offering superior performance
compared to conventional bare steel columns and rein-
forced concrete columns.

In addition to composite columns, researchers have
developed several innovative methods to create more
flexible soft storeys in buildings. These include using
gapped-inclined braces (GIB), hexabraced systems, and
mass dampers (like TMDs and GMDs), which have been
studied by experts such as Sahoo (2013), Beigi et al.
(2015), Hessabi and Mercan (2016), and Fakhouri and
Igarashi (2021). These techniques offer new ways to en-
hance building resilience in earthquake prone areas.

However,these methods tend to be expensive and are
more suitable for areas with high earthquake risks. This
study aims to find a solution for regions with lower seis-
mic activity by using more traditional steel-concrete
composite elements and evaluating how well they can
create a flexible, ductile soft storey to prevent the col-

lapse of multi-storey buildings. One of the most com-
monly used elements is the concrete encased steel com-
posite column (CES). These columns are crucial in me-
dium and high-rise buildings because they provide high
load-bearing capacity, strong lateral strength, and good
flexibility under earthquake forces (Sakino et al. 2004;
Zhang et al. 2018).

CES columns have been extensively studied through
numerous studies examining their performance under
various conditions, including axial loads and a combina-
tion of axial and lateral forces. For example, a study con-
ducted by Sermet et al. (2021) analyzed the behavior of
concrete-encased steel composite column-reinforced
concrete beam elements under cyclic seismic forces. The
results showed that the composite elements increased
ductility and improved the lateral displacement capacity
of the structure without significant strengthloss, thus in-
creasingits seismic resistance.

Inrecentyears, several studies (Hashemi et al., 20173,
2017b; Elkady and Lignos 2018) have investigated the
collapse mechanisms of multi-storey buildings through
large-scale tests under realistic loading scenarios. How-
ever, limited research has focused specifically on ad-
dressing soft storey irregularities caused by composite
columns in medium to high-rise structures. The objec-
tive ofthis study is to determine whether using steel-em-
bedded composite columns solely at the ground floor
level can reduce the soft or weak storey irregularities
commonly observed in reinforced concrete buildings.
For this purpose, a structural system consisting of com-
posite columns on the ground floor and regular rein-
forced concrete columns on the upper floors was mod-
eled, and its behavior under lateral loads was analyzed.

The analysis varied the ground floor height by 300,
350, 400, 450, 500 and 550 cm and considered various
structural scenarios. These included whether the ground
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floor columns were made of reinforced concrete or com-
posite materials and whether infill walls were present in
the upper storeys. This approach allowed us to examine
both the effects of composite columns on soft and weak
storey irregularities and to assess the structural re-
sponse at different ground floor heights. A total of 24 dif-
ferent frame configurations were modeled and analyzed.
The ultimate goal of the study is to identify how the use
of composite columns in medium to high-rise reinforced
concrete buildings influences soft and weak storey irreg-
ularities at the ground level, with the aim of proposing
an effective solution to mitigate these structural irregu-
larities based on the findings.

2. Materials and Method

Soft and weak floor irregularities are given as B1 and
B2 vertical irregularities in the Turkish Building Earth-
quake Code (TBEC-2018) section 3.6.

2.1. Weak storey irregularity

TBEC-2018 defines a weak storey as one where the
strength irregularity coefficient n,; less than 0.80. This
coefficient is determined by comparing the total effec-
tive shear area of a given storey to that of an upper sto-
rey in either of two perpendicular earthquake direc-
tions. The calculations for the Strength Irregularity Coef-
ficient are based on Egs. (1) and (2):

N = BAe)i/ (X Ac)i, <080 )
EAdi=E A +(Z4,),+ (015 4); )
Here;

¢ = The effective shear area at any storey in the direc-
tion of the earthquake being analyzed [m?2].

XA, = It is the total of the cross-sectional areas of the

structural system elements that function as a shear wall

in the direction aligned with the earthquake being ana-

lyzed at any given storey [m?].

YAy = The total area of masonry infill walls (excluding

gaps for doors and windows) on any storey that is

aligned with the earthquake direction [m2].

XA, =The column cross section at any storey is the total

of the effective web areas [m?].

If flexible joints exist between brittle infill walls and
frame elements, facade elements are attached to outer
frames with flexible connections, or if the infill wall ele-
ment is separate from the frame, then A, = 0 is selected.

Coefficient of strength irregularity, considering the
storey with the lowest value;

a. Inthe event of 0.60 <7, < 0.80 the Structural Sys-
tem Behavior Coefficient from TBEC-2018 Table 4.1
will be multiplied by 1.25(n.)min and applied to all
storeys of the building in the direction of both earth-
quakes.

b. 7. < 0.60 will never exist.

c. If n, <0.60, the earthquake calculation will be re-
peated by increasing the strength and rigidity of the
weak storey.

2.2. Soft storey irregularity

According to TBEC-2018, a soft storey is identified by
calculating the average storey drift ratio at any specified
iypstorey, excludingbasement levels,and dividing thisby
the average inter-storey drift ratio at a neighboring
higher or lower storey, for either of two perpendicular
earthquake directions. This assessment shows that the
coefficient n exceeds 2.0.

The Rigidity Irregularity Coefficient is calculated us-
ing Egs. (3) or (4):

Mki = (Al(x)/hi)avg/(Algﬂ/hiﬂ)a ¢ >2.0 3)
Nii = (AL(X)/hi)avg/(Algf)l/hi—l) >2.0 (4)
avg
Here;

h;= The storey height of the iy, storey of the building [m].
(AEX))avg: Average reduced inter storey drift at the iy

storey of the building [m].

The relative storey drifts will be calculated using
TBEC-2018 Section 4.7.

2.3. Analysis models

In this study, 2D models were created because they
are less complicated and allow for quicker analysis. This
makes the calculations and modeling processes much
more manageable. When dealing with structures where
infill walls are present only on the upper floors and not
on the ground floor, using a 2D model provides an effec-
tive, simplified way to better understand the building's
overall rigidity and how it would behave during an
earthquake.

Inthe analyses, a detailed 2D frame model was devel-
oped, consisting of a ground floor designed as a soft sto-
rey beneath five standard upper storeys, as illustrated in
Fig. 2. This configuration allowed for a focused examina-
tion of soft storey behavior, especially in relation to var-
ying ground floor heights and their impact on structural
irregularities.

The model was designed to evaluate the impact of
varying ground floor heights on the overall behavior of
the building frame. Six ground floor heights were tested:
300, 350, 400, 450, 500, and 550 cm, providing a range
to analyze how increased heights influence the stability
and flexibility of the structure. To ensure consistency,
the height of eachupper floor was fixed at 300 cm, allow-
ing any observed performance differences to be directly
linked to changes in the ground floor. The ground floor
was modeled without infill walls to simulate the soft
flooreffect typical in designs requiring open spaces, such
as parking areas or lobbies. In contrast, all upper floors,
including balconies, were constructed with infill walls to
represent typical multi-storey building conditions.
These walls add rigidity to the upper floors, further high-
lighting the ground floor's flexibility and providing clear
insights into how the structure responds to loads differ-
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ently across its height. This configuration enables a fo-
cused analysis of how varying ground floor heights influ-

. 300 . 300 , 300 . 300

Ver,

175

]
B

Concrete encased
=% steel composite
column (CES) il

ence the building's performance under lateral forces like
wind or earthquakes.

500 pm

* I 30 mm

T oss
<+ &2 I

-,

500 mm

l

Fig. 2. Frame analysis model.

The model includes reinforced concrete columns
sized 50x50cm and beams sized 25x50cm. For compo-
site columns, the HE240M steel profile is used. The
structural elements are made from C30/37 grade con-
crete and S275 grade steel, ensuring the model accu-
rately represents commonly used construction materi-
als. Pumice concrete blocks are used for the infill walls.
The loading conditions are set as follows: a dead load (G)
of 0.575 tf/m is applied to all beams, and live loads (Q)

are set at 0.20 tf/m for interior beams and 0.50 tf/m for
cantilever beams. The load from the infill walls is 0.35
tf/m.

The study explores six different ground floor heights
300, 350, 400, 450, 500, and 550 cm resulting in a total
of 24 unique model variations. Table 1 summarizes the
main features, groupings, and abbreviations for each of
these models, making it easy to compare and understand
their different configurations.

Table 1. Summary of the analyzed models.

Ground storey Ground storey with

Ground storey with RC. col.

Ground storey with Ground storey with C. col.

No. height (cm) RC. col. models and wall rigidities included composite column models and wall rigidities included

Group 1 Group 2 Group 3 Group 4
1 300 B300C B300D C300C C300D
2 350 B350C B350D C350C C350D
3 400 B400C B400D C400C C400D
4 450 B450C B450D C450C C450D
5 500 B500C B500D C500C C500D
6 550 B550C B550D C550C C550D

2.4. Earthquake parameters and design information

The two-dimensional frame analysis uses specific
earthquake parameters to assess the structural re-
sponse to seismic forces. These earthquake parameters,
detailed in Table 2, include essential factors such as the
seismic zone, soil type, peak ground acceleration (PGA),
and response modification factors. These factors are se-
lected based on regional seismic standards to simulate
realistic earthquake loading conditions that the building
might experience. By applying these parameters, the
model provides insights into how the structure’s stiff-
ness and stability would perform under potential earth-
quake scenarios.

Along with the earthquake parameters, the specific
design details of the building’s structural elements are

outlined in Table 3. This table provides clear specifica-
tions for key features, such as material strengths, column
and beam dimensions and reinforcement details. It also
coversthe layout of the structural system, including how
beams connect to columns, the base of each column, and
any special reinforcements added for better flexibility
under stress.

These details help ensure that the model closely re-
sembles real construction practices, leading to accurate
and dependable simulation results that can guide struc-
tural assessments. Together, Tables 2 and 3 give a com-
plete picture of both the earthquake forces the building
is designed to withstand and the structural elements
that help it do so. This combined information allows for
a well-rounded evaluation of how the building would
likely respond to seismic events.
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Table 2. Earthquake parameters.

Building location

Latitude 41.059128 Longitude 28.968130
Map spectral acceleration coefficients
Ss 0.825 S1 0.239
Sps 0.990 Sb1 0.359
PGA 0.340 PGV 21.946
Table 3. Design information.
Building usage classification 3 Earthquake design class 1
Building importance level 1 Building height class 5
Seimic ground motion level DD-2 Normal performance target Controlled damage

Evaluation/design approach

Strength based design

Ductility level High
Diaphragm type Rigid
Ground class ZC
Bearing capacity of soil 20 tf /m2

Slab type Beam slab
Rx/Dx 8/3

Density of soil 2.10 tf /m3
Coefficient of soil reaction 2,400 tf /m3

2.5. Software

ideCAD Static is a comprehensive professional Struc-
tural BIM software specifically developed for modeling,
finite element analysis, code-compliant design, perfor-
mance evaluation and strengthening of structural sys-
tems. Earthquake loads were determined using ideCAD
Staticv.10.20, followingthe Equivalent Earthquake Load
Method and the Linear Earthquake Calculation princi-
ples outlined in Section 4.7 of TBEC-2018.

CSiCol is a comprehensive software package used for
the analysis and design of columns, effectively address-
ing the design of columns in any type of concrete, rein-
forced concrete or composite sections. CsiCol was used
to determine the composite column sections.

2.6. Method for calculating wall rigidity

It has been observed that infill walls significantly in-
crease therigidity ofthe structure and cause a noticeable
reduction in the building period (Zengin 2021). In this
study, the infill walls are not represented in the analyti-
cal model as an equivalent diagonal strut with hinged
ends, as is commonly done in the literature. Instead, a
more practical approach is taken by mathematically in-
corporating them into the effective lateral rigidity of the
storey through the use of moments of inertia and modu-
lus of elasticity. Macro modelling of infill walls with
equivalent struts can be seen in Fig. 3.

TBEC-2018 does not consider the rigidity of infill
wallswhen assessing soft storey irregularities. However,
itis evident that rigidly connected infill walls, which ac-
count for 15% of the strength in weak storey calcula-
tions, will still influence soft storey irregularity to some
extent based on their stiffness. Therefore, in the calcula-

tions for soft storey irregularities, the rigidity of the infill
walls is set at 5% instead of 15%, reflecting a value
equivalent to the moment of inertia of the cracked cross-
section (Tezcanet al. 2007). The modulus of elasticity for
the walls was determined using Eq. 5, developed with
the FlatJack Method (Ulukaya and Yiizer 2017).

E, = 0.11.E}35.E,/(1.84.E, + E,) (5)

Here;

Ej = The elasticity modulus of the mortar [MPa].
E. = Wall elasticity modulus [tf /cm?].

The modulus of elasticity for the wall binder mortar
was determined using Equation 12.1 from the Regula-
tion on Design, Calculation, and Construction Principles
of Steel Structures (TSC). The elasticity formula for ma-
sonry mortar is presented in Eq. (6).

Iy o
TVT TN

| |
| [ |
L _beam L
] 2 »
' N Al !
| rOSOs & AT
: S N o L -
S N ; it .
=l SN \L\\\,}[:;r.’, . |5
3 e o =
S L SN, A | 1
H p > ", = = :\ ~ I A
l P e \“ah‘x - |
| | . N |.
| s THASONTY SN |
l - IS
e il — — —

1 ] beam l |
[ 1
l |.

LAL S

Fig. 3. Macro modelling of infill walls with equivalent
struts (Lima and Martinelli 2014).
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E. = 0.043.w5. [f (6)

Here;
w. = The density of the mortar [kg /m3].
fer = Characteristic compressive strength of the mortar
[MPa].

The modulus of elasticity (E;) for pumice concrete block
infill walls is determined to be 70 tf/ cm?, with the charac-
teristic strength of the mortar at 8 MPa and a density of
2,000 kg/m?3. According to TBEC-2018, the effective bend-
ing rigidity factor for the walls was accepted as 0.50, as in-
dicatedin Table 4.2. The effective lateral driftrigidity of the
walls (k) was calculated using Eq. (7), excluding the lat-
eral drift rigidity of the walls on the cantilever beams.

ky, = (12.E,.1,,,)/h® 7N
2.7. Composite column design approach

For this study, CES composite columns was chosen,
where a steel section is surrounded by reinforced con-
crete, are extensively used as key load-bearing compo-
nents in high-rise structures. In accordance with TSC
Section 12.3.1.5(a), the distance between the steel core
and the nearest longitudinal rebar must be at least 1.5
times the diameter of the rebar and no less than 40 mm.
The HEM240 profile, which has the largest cross-section
meeting these criteria, was selected.

When determining the material properties of the
composite column, the modulus of elasticity was calcu-
lated based on the Poisson ratio and the unit weight ra-
tios of concrete and steel. The effective cross-sectional
areas were then derived from the ratio of the elastic
modulus using Egs. (8-11).

500mm

4
L 4

ECOmszC"/C-l_ES'I/S (8)

Ucomp = UC"/C + US'VS (9)

Weomp = we. Vo + we. Vg (10)

Acomp = Ac - As + rESC'AS (11)
Here;

Ecompcs = Elastic modulus of composite section,

considering concrete and steel [tf /m?].

Ucomp,c.s= Poissonratios of composite section, considering
concrete and steel.

Weompes = Density of composite section, considering
concrete and steel [tf /m3].

Acompcs = Areas of composite section, considering
concrete and steel [cm?].

V.s= Concrete and steel volume ratios.

rgsc = The ratio of the modulus of elasticity of steel to that
of concrete.

The HE240M profile is placed within the reinforced
concrete column, with its body aligned parallel to the
frame direction (along the x direction). Material and
cross-sectional properties were determined using the
CSiCol v.10 program, minimizing reinforcement contri-
butions. These values from CSiCol v.10 were then input
into ideCAD Static v.10.20, where they were linearly an-
alyzed using the equivalent earthquake load method.
Earthquake loads were calculated, and irregularity as-
sessments were conducted. The cross-section of the
composite column is shown in Fig. 4, with its properties
listed in Table 4.
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Fig. 4. Longitudinal and cross-section of the composite column.

Table 4. Properties of the composite column cross-section.

Modulus of elasticity (tf/m2) 4,544,000.00
Poisson’s ratio 0.21
Density (tf/m3) 2.93
Moment of inertia - I (cm*) 651,418.10

Cross-sectional area (cm?) 3,573.85
Shear area - SA; (cm?) 3,167.81
Shear area - SA; (cm?) 2,501.20
Moment of inertia - Iz3 (cm*) 564,572.06

Note: Since the methods in this study are designed for buildings without infill walls on the ground floor, the irregularities in the storeys above the

ground floor are not examined.
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3. Results and Discussion
3.1. Soft storey irregularity controls

In models with reinforced concrete columns, increas-
ing the height of the ground storey results in a decrease
in column rigidity, which contributes to the formation of
soft storey irregularities. As the ground storey height
rises, columns become less rigid, making the structure
more susceptible to lateral displacements during an
earthquake. This reduction in rigidity can lead to soft
storey behavior, a condition in which one storey is sig-
nificantly more flexible than the others, affecting the
building’s overall stability. To quantify this effect, the

soft storey irregularity coefficient (1) was calculated
for eachstorey using Egs. (3) and (4), withresultsshown
in Tables 5-12. The analysis of the 1st Group models,
based on TBEC-2018 Section 3.6, initially focused on de-
tecting these irregularities in the ground storey. Accord-
ing to these results, soft storey irregularities appeared in
models with ground storey heights of 450 cm or greater,
where columns reduced rigidity led to irregularity.

In Tables 5 and 6, soft storey irregularities are marked,
with ‘None’ indicating no irregularities and ‘Yes’ indicating
their presence. These findings illustrate the importance of
controlling ground storey height to prevent soft storey
conditions, as increased height directly impacts lateral ri-
gidity and the building’s earthquake resilience.

Table 5. Group 1 soft storey irregularity controls.

Storey B300C B350C B400C
No. nki(+) Nwi(-) Control Nii(+) Nwi(-) Control Nii(+) Nwi(-) Control
5 - 0.48 None - 0.48 None - 0.48 None
4 2.07 0.71 Yes 2.07 0.71 Yes 2.07 0.70 Yes
3 1.41 0.82 None 1.42 0.82 None 1.42 0.81 None
2 1.22 0.89 None 1,22 0.89 None 1.23 0.89 None
1 1.12 0.95 None 1.12 0.69 None 1.13 0.53 None
Z 1.05 = None 1.45 = None 1.90 = None
Table 6. Group 1 soft storey irregularity controls (continued).
Storey B450C B500C B550C
No. Nii(+) Nwi(-) Control Nki(+) Nki(-) Control Nii(+) Nki(-) Control
5 - 0.48 None 5 - 0.48 None 5 -
4 2.07 0.70 Yes 4 2.07 0.70 Yes 4 2.07
3 1.42 0.81 None 3 1.42 0.81 None 3 1.42
2 1.23 0.88 None 2 1.23 0.88 None 2 1.23
1 1.13 0.41 None 1 1.13 0.41 None 1 1.13
Z 2.43 - Yes Z 2.43 - Yes Z 2.43

The lateral drift rigidity of the wall, calculated as
85.28 tf/cm from the analysis, was incorporated into the
effective drift rigidity of the ground storey in the second
group of analysis models, as presented in Table 1. By
adding this wall rigidity component, the models were
then examined for soft storey irregularities, focusing on
whether this added rigidity affected the ground storey’s
stability across varying heights.

Soft storey irregularities were identified in models
withground storey heights of 400 cmand above, indicat-
ing a noticeable impact of the wall’sadded rigidity onthe
structural behavior. Specifically, the inclusion of wall lat-
eral drift rigidity led to an approximately 33% increase
in the rigidity irregularity coefficient for the ground sto-
reys across all tested heights, when compared to the re-
sults from the first group analysis models where wall ri-
gidity was not accounted for.

A clear difference was observed between the two
groups of models: in the first group, where wall stiffness
was excluded, soft storey irregularities only began to ap-
pear at a ground storey height of 450 cm. However, in
the second group, where wall stiffness was included in
the calculations, these irregularities appeared at the
lower height of 400 cm. This suggests that the added lat-
eral drift rigidity from the walls amplified the stiffness
irregularity coefficient, making the structure more
prone to soft storey irregularities even at reduced
ground storey heights.

These results, as shown in Tables 7 and 8, highlight
the importance of considering wall rigidity in structural
designs, as it plays a crucial role in the seismic perfor-
mance and stability of buildings with varying ground
storey heights.
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Table 7. Group 2 soft storey irregularity controls.

Storey B300C B350C B400C
No. Nki(+) Nii(-) Control Nii(+) Nki(-) Control Nii(+) Nwi(-) Control
5 = 0.48 None 5 = 0.48 None 5 =
4 2.07 0.71 Yes 4 2.07 0.71 Yes 4 2.07
3 1.41 0.82 None 3 1.41 0.82 None 3 1.41
2 1.22 0.89 None 2 1.22 0.89 None 2 1.22
1 1.12 0.71 None 1 1.12 0.71 None 1 1.12
Z 1.40 = None Z 1.40 = None Z 1.40
Table 8. Group 2 soft storey irregularity controls (continued).
Storey B450C B500C B550C
No. Nki(+) Nii(-) Control Nii(+) Nwi(-) Control Nii(+) Nwi(-) Control
5 = 0.48 None 5 = 0.48 None 5 =
4 2.07 0.70 Yes 4 2.07 0.70 Yes 4 2.07
3 1.42 0.81 None 3 1.42 0.81 None 3 1.42
2 1.23 0.88 None 2 1.23 0.88 None 2 1.23
1 1.13 0.31 None 1 1.13 0.31 None 1 1.13
Z 3.23 - Yes Z 3.23 - Yes Z 3.23

In the third group of analysis models (Table 1), the ef-
fect of using composite columns on the ground floor was
investigated to assess their effectiveness in reducing the
soft storyirregularity. This assessment was based on the
criteria outlined in Section 3.6 of TBEC-2018, which
states that the wall lateral drift stiffness is not included
in the analysis.

The results of the calculationsindicated a significant
improvementin structural performance; specifically, the
stiffness irregularity coefficient for models featuring
composite columns in the ground storey was found to be
approximately 20% lower than that of the first group
analysis models, which did not take wall lateral drift ri-
gidity into account. This reduction suggests that the in-
corporation of composite columns enhances the overall
stability of the structure by effectively addressing issues
related to soft storey irregularity.

Further analysis revealed that the soft storey irregu-
larity was particularly pronounced at a ground storey
height of 500 cm. This finding emphasizes the im-
portance of height considerations in structural design,
particularly in seismic zones where soft storey irregular-
ity canlead to significant vulnerabilities. The detailed re-
sults of this analysis, including comparative data and
specific findings, are thoroughly documented in Tables 9
and 10, providing a comprehensive overview of the ef-
fectiveness of composite columns in reducing soft storey
irregularity in the ground storey.

Overall, these findings contribute valuable insights
into the design practices for tall structures, particularly
in regions subject to seismic activity, highlighting the
role of composite columnsin enhancing structural integ-
rity and performance.

Table 9. Group 3 soft storey irregularity controls.

Storey B300C B350C B400C
No. Ni(+) Nii(-) Control Nii(+) Nii(-) Control Ni(+) Nwi(-) Control

5 - 0.48 None 5 - 0.48 None 5 -

4 2.07 0.71 Yes 4 2.07 0.71 Yes 4 2.07
3 1.41 0.82 None 3 1.41 0.82 None 3 1.41
2 1.22 0.89 None 2 1.22 0.89 None 2 1.22
1 1.12 1.18 None 1 1.12 1.18 None 1 1.12
Z 0.84 = None Z 0.84 = None Z 0.84
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Table 10. Group 3 soft storey irregularity controls (continued).

Storey B450C B500C B550C

No. Nki(+) Nii(-) Control Nii(+) Nki(-) Control Nii(+) Nwi(-) Control
5 = 0.48 None 5 — 0.48 None 5 —

4 2.07 0.70 Yes 4 2.07 0.70 Yes 4 2.07
3 1.42 0.81 None 3 1.42 0.81 None 3 1.42
2 1.23 0.88 None 2 1.23 0.88 None 2 1.23
1 1.13 0.51 None 1 1.13 0.51 None 1 1.13
Z 1.95 - None Z 1.95 - None Z 1.95

In the fourth group analysis models, the calculations
were re-conducted to incorporate both wall lateral drift
rigidity and the integration of composite columns in the
ground storey. This dual approach aimed to further en-
hance the structural performance by addressing two
critical aspects of design: the rigidity provided by the
walls against lateral drift and the strength characteris-
tics of composite columns.

The results of this comprehensive analysis demon-
strated a significant reduction in the stiffness irregular-
ity coefficient, which decreased by approximately 20%
compared to the second group analysis models. The sec-
ond group had already included ground storey rein-
forced concrete columns along with wall lateral drift ri-
gidities; thus, the additional benefits of using composite
columns highlight their effectiveness in enhancing the
overall stability and rigidity of the structure.

Soft storey irregularity was specifically noted at a
ground storey height of 450 cm, indicating that while in-
corporating composite columns and wall lateral drift ri-
gidity improved performance, certain height configura-
tions still posed challenges related to soft storey irregu-

larity. This observation underscores the importance of
carefully considering storey heights during the design
process, as variations can influence the structural re-
sponse under lateral loads.

The detailed findings from this analysis are systemat-
ically presented in Tables 11 and 12, which provide a
thorough breakdown of the numerical data and compar-
ative results between the different model groups. These
tables serveas a vital resource for understanding the im-
plications of incorporating both composite columns and
wall lateral driftrigidity in structural design, particularly
in relation to mitigating soft storey irregularities.

Ultimately, the insights gained from this fourth group
analysis contribute to the broader discourse on optimiz-
ing building design for resilience against lateral forces,
such as those encountered during seismic events. The
combination of composite columnswith wall lateral drift
rigidity emerges as a promising strategy for improving
the performance of structures, especially in high-risk ar-
eas, and could inform future design standards and best
practices in civil engineering.

Table 11. Group 4 soft storey irregularity controls.

Sy B300C B350C B400C
No. Nwi(+) Nwi(-) Control nki(+) nki(-) Control Nii(+) Nki(-) Control
5 - 0.48 None 5 - 0.48 None 5 -
4 2.07 0.71 Yes 4 2.07 0.71 Yes 4 2.07
3 1.41 0.82 None 3 1.41 0.82 None 3 1.41
2 1.22 0.89 None 2 1.22 0.89 None 2 1.22
1 1.12 0.89 None 1 1.12 0.89 None 1 1.12
Z 1.12 = None Z 1.12 = None Z 1.12
Table 12. Group 4 soft storey irregularity controls (continued).
Storey B450C B500C B550C
No. Nii(+) Nii(-) Control Nii(+) nwi(-) Control Nii(+) Nii(-) Control
5 - 0.48 None 5 - 0.48 None 5 -
4 2.07 0.70 Yes 4 2.07 0.70 Yes 4 2.07
3 1.42 0.81 None 3 1.42 0.81 None 3 1.42
2 1.23 0.88 None 2 1.23 0.88 None 2 1.23
1 1.13 0.39 None 1 1.13 0.39 None 1 1.13
Z 2.59 - Yes Z 2.59 - Yes Z 2.59
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3.2. Weak storey irregularity controls

In the analysis, the same data set was utilized to cal-
culate both soft storey and weak storey irregularities.
It's important to note, however, that according to the
TBEC-2018 guidelines, ground storey heights are not con-
sidered when assessing weak storey irregularity. Instead,
the evaluation focuses exclusively on the effective shear
areas of the structural elements involved. This distinc-
tion highlights the different parameters that influence
soft and weak storey irregularities in building design.

In this context, the benefits associated with the use of
composite columns in ground storeys become particu-
larly evident. The effective shearing area increases with
the incorporation of composite columns due to the addi-
tion of structural steel profiles, which enhance the over-
all strength and stability of the building. As a result, the
analytical models can be thoroughly examined based on
whether the ground storey columns are made of rein-
forced concrete or composite materials, allowing for a
clearer comparison of their respective performances.

The analysis revealed a noteworthy increase in the
strength irregularity coefficient, calculated using Equa-
tion 1, when the ground storey columns were designed
as composite. Specifically, this coefficient increased by
approximately 29% when compared to models utilizing

reinforced concrete columns. This substantial change
caused the strength irregularity coefficient to rise from
0.66 to 0.85, ultimately surpassing the critical limit of
0.80 established by TBEC-2018. Such an increase in the
coefficient indicates a significant shift in the structural
behavior, suggesting that composite columns not only
enhance the effective shearing area but also improve the
overall load-carrying capacity of the ground storey.

The results of this analysis are comprehensively dis-
played in Table 13, which provides detailed numerical
data and comparisons between the various models. This
tableserves as a valuableresource for understanding the
implications of using composite columns in terms of
both soft storey and weak storey irregularities.

Overall, these findings emphasize the importance of
material choice in structural design, particularly in the
context of enhancing shear capacity and addressing ir-
regularities. The increase in the strength irregularity co-
efficient with the use of composite columns indicates
that careful consideration of material properties and
structural configurations canlead toimprovedresilience
against lateral forces, such as those encountered during
seismic events. This insight is crucial for informing best
practices and design strategies in the field of civil engi-
neering, particularly for buildings in areas susceptible to
seismic activity.

Table 13. (a) Controls for weak storey irregularity in models with ground storey reinforced concrete columns;
(b) Weak storey irregularity in models with composite columns in the ground storey.

Storey Storey height Nd Control
No. (cm) (a) (b) (@) (b
5 300 1.00 1.00 None None
4 300 1.00 1.00 None None
3 300 1.00 1.00 None None
2 300 1.00 1.00 None None
1 300 1.00 1.00 None None
74 Variable 0.66 0.85 Critical* None

*For 0.60 < 7n.; < 0.80, the Structural System Behavior Coefficient given in Table 13, should be mul-

tiplied by the value of 1.25(+)min and applied to the entire building in both earthquake directions.

3.3. Ground storey displacements

As the height of the ground floor increases, the ob-
served displacements in both reinforced concrete and
composite column models also rise significantly. This
phenomenon can be attributed to the fact that greater
heights lead to increased flexibility within the structure,
resulting in larger displacements under lateral loads,
such as those imposed by wind or seismic activity.

When comparingthe two types of models, itis evident
that reinforced concrete structures experience more dis-
placement than those utilizing composite columns. This
distinction suggests that composite columns enhance
the overall rigidity of the structure, thereby effectively
mitigating displacement. The differences in ground floor
displacement become increasingly pronounced as the
height of the ground floor rises. For instance, at a height
of 300 cm, the displacement difference between the two

models is measured at 0.97 cm. However, this disparity
grows substantially as the height increases to 550 cm,
where the difference reaches 3.88 cm (Table 14).

This growing divergence emphasizes the enhanced
performance of composite columns in taller structures.
The ability of composite columns to maintain lower dis-
placement levels becomes increasingly critical as the
structure's height increases, making them an effective
solution for minimizing displacement in high-rise build-
ings. This characteristic is particularly advantageous in
seismic zones, where excessive displacement can lead to
structural failure or significant damage. Furthermore,
the findings underscore the importance of considering
column material selection when designing taller struc-
tures. The flexibility associated with increased height
necessitates robust design strategies to ensure struc-
tural integrity and safety. Composite columns, with their
superior rigidity and lower displacement characteris-
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tics,provide a viablealternative to traditional reinforced
concrete columns, especially in applications where min-
imizinglateral movement is paramount.

In summary, the relationship between ground floor
height and displacement highlights the significant role
that column materials play in structural performance. As
building heights continue to increase, the use of compo-

site columns emerges as a preferred choice for engineers
seeking to optimize structural rigidity and minimize dis-
placement, thereby enhancing the overall safety and per-
formance of tall buildings. This insight not only informs
current design practices but also suggests pathways for
future research and development in the field of civil en-
gineering.

Table 14. Reduced ground storey displacements.

Ground storey height

Ground storey displacements (cm)

Difference in ground storey

(cm) Reinforced concrete models Composite column models displacement (cm)
300 5.76 4.79 0.97
350 8.82 7.38 1.44
400 12.64 10.64 2.00
450 17.21 14.60 2.61
500 22.50 19.26 3.24
550 28.47 24.59 3.88

Fig.5 indicates that as the height of the ground floor
increases, the structures become more flexible, whichre-
duces the effectiveness of relative floor drift reduction.
Buildings with shorter ground floors have a greater ad-
vantage in minimizing drift during earthquakes and ex-
hibit higher reduction rates. In contrast, taller ground
floors experience larger drifts, making drift reduction
measures less effective.

18,00%

17.00% 16,84%
e 16,33%

16,00%

Ratio

15,00%

14,00%

Ground Storey Drift Reduction

13,00%

H:300 H:350 H:400 H:450 H:500 H:550
Ground Storey Height

Fig. 5. The use of composite columns decreases the dis-
placement rates of the ground floor.

4. Conclusions

This study looks at how adding wall rigidity impacts
soft and weak storey irregularities in buildings without
infill walls on the ground storey, and whether composite
columns can help fix these problems. It finds that com-
posite columns reduce stiffness differences and ground
storey displacements, though longer columns lead to
more displacements. Overall, using composite columns
is a practical solution to prevent ground or soft storey
collapses during earthquakes.

Although TBEC-2018 Information Annex 3A advises
avoiding weak and soft storey configurations as much as
possible, Section 3.6.2.1 states that A1 and B2 type irreg-

ularities only influence the choice of earthquake calcula-
tionmethod accordingto Section4.6. As a result, soft sto-
rey irregularities are not considered in dynamic anal-
yses. However, as demonstrated in the calculations, in-
cluding the lateral drift rigidity of infill walls in mathe-
matical calculations even using approximate methods
significantly alterstheresults for soft storey irregularity.
Therefore, earthquake codes should include procedures
for incorporating wall rigidities into soft storey irregu-
larity assessments. Composite columns in ground sto-
reys can help prevent soft and weak storey issues in
structures where infill walls are not used in the ground
storey but are present in the upper storeys.

Finally, the impact of using composite columns solely
in the ground storey on the selection of the building be-
havior coefficient and how this should be specifically ad-
dressed requires separate examination.
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1. Introduction

Today, rapid urbanisation and industrialisation are
increasing the consumption of natural resources and
leading to the generation of large amounts of waste. The
rapid expansion of the construction sector driven by
population growth has presented humankind with un-
precedented challenges, primarily due to the significant
increase in waste production (Bulut 2024; Samdan et al.
2024; Shaheen et al. 2024). The recycling and reuse of
waste materials is of great importance, both in terms of

reducing pollution and conserving natural resources.
This approach also plays a crucial role in the building
materials industry for a sustainable future (Marrucci et
al. 2025). Carbon emissions and energy consumption
caused by cement production are among the most im-
portant issues in terms of environmental sustainability
(Wuyts et al. 2025). The release of greenhouse gases,
such as carbon dioxide, contributes to global warming-a
major environmental issue that exacerbates disposal
problems (Gliney and Yildizel 2024). Therefore, the use
of waste materials as alternative building materials sup-

* Corresponding author. Tel.: +90-222-239-3750 ; E-mail address: mcanbaz@ogu.edu.tr (M. Canbaz)

ISSN: 2149-8024 / DOI: https://doi.org/10.20528/cjsmec.2025.02.002


tel:+90-222-239-3750
mailto:mcanbaz@ogu.edu.tr
https://doi.org/10.20528/cjsmec.2025.02.002
https://cjsmec.challengejournal.com/
https://orcid.org/0000-0002-5200-9969
https://orcid.org/0000-0002-0175-6155
https://creativecommons.org/licenses/by/4.0/

Unal and Canbaz / Challenge Journal of Structural Mechanics (2025) 11(2) 82-88

83

Nomenclature

O Bending strength

O: Compressive strength

A Area

b Length

h Height

| Distance between supports
M Mass

P Load

UPV  Ultrasonic pulse velocity
UW  Unit weight

%4 Volume

ports the goals of the circular economy by providing
both environmental and economic benefits (Farshadfar
et al. 2025). In addition, the use of waste componentsin
building materials not only reduces environmental im-
pact, butalso supports economic sustainability by reduc-
ing material costs (Menegaki and Damigos 2018). Ce-
ment productionin particularis a significant contributor
to global greenhouse gas emissions due to high energy
consumption and carbon emissions, and the use of alter-
native binding materials has the potential to minimize
these negative impacts (Kajaste and Hurme 2016). Inad-
dition, the integration of waste materials into the con-
struction sector promotes the use of industrial waste by
providing innovative solutions to waste management
problems (Ghaffar et al. 2020). Recent studies show that
geopolymers and other alternative binder systems have
a lower carbon footprint compared to conventional ce-
ment and provide adequate strength properties
(Neupane 2022; Singh and Middendorf 2020). Such in-
novative approaches are becoming increasingly im-
portant in both academic research and industrial appli-
cationsin the development of sustainable building mate-
rials.

Geopolymer mortars and concretes have become an
important area of research in recent years as environ-
mentally friendly and sustainable building materials. De-
veloped as an alternative to traditional Portland cement,
these materials have the potential to reduce natural re-
source consumption and carbon footprint (Chen et al.
2025). Geopolymer materials consist of silica and alu-
minium containing materials activated by alkaline acti-

\;

vators and are characterised by high mechanical
strength, low water permeability and chemical re-
sistance. These properties enable geopolymersto find a
wide range of applications in the construction industry
(Bulinska et al. 2025). However, the type of binders and
activation methods used in the production of geopoly-
mers play a critical role in the performance of the final
product (Milad 2025). Geopolymer mortar is a sustaina-
ble alternative to conventional cement, offering durabil-
ity and resistance to chemical attack. It has practical ap-
plications in infrastructure rehabilitation, precast ele-
ments, fire-resistant coatings, and 3D printing. However,
challenges related to scalability, long-term performance,
and standardization must be addressed for widespread
adoption. Future research in this area will focus on opti-
mising production methods, improving durability and
developing regulatory frameworks for successful imple-
mentation.

This study investigated the potential of using expired
cement and aged roof tile powder as binders in the pro-
duction of geopolymer mortars. Specimens of expired
cement and aged roof tile are shown in Fig. 1. The me-
chanical and physical properties of mortar specimens ac-
tivated with alkalis such as NaOH and Na;SiOs at differ-
ent ratios were tested. The originality ofthis study stems
from its comprehensive evaluation of the potential of us-
ing expired cement and aged tile powder as alternative
binders in geopolymer mortar production. While mate-
rials such as fly ash, blast-furnace slag, and metakaolin
have generally been investigated as geopolymer binders
in the literature, this study analyzed in detail the effect
of recyclable materials such as waste cement and tile
powder on geopolymer performance. In this respect, the
research provides a new perspective in the field of sus-
tainable building materials. As a result of the experi-
mental studies, it was observed that the use of old ce-
ment and tile powder significantly affected the strength
properties of geopolymer mortars. Our study contrib-
utes to the use of more sustainable materials in the con-
struction industry by revealing the recycling potential of
waste materials such as expired cement and tile powder.
In particular, the improvement in performance of the
NaOH activated specimens highlights the effectiveness of
this method. The results obtained are an important step
towards the sustainable use of waste materials in the
construction sector.

»
:

)
p

Fig. 1. Expired cement and aged roof tile.
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2. Experimental study
2.1. Materials

In this study, expired cement and aged roof tile pow-
der were used as binders and Na,;SiO3; and NaOH solu-
tions were used as alkali activators in the production of
geopolymer mortars. The chemical properties of the ma-
terials used are given below.
¢ Binder: Expired cement and tile powder were used as

binders in the study. CEM142.5R cement produced by

CIMSA (Eskisehir, Tiirkiye) was used. The mechanical,
physical and chemical properties of the cement used
are shown in Table 1, while the properties of the
waste tiles used in the experiment are given in Table
2.

e Water: Eskisehir city mains water was used in mortar
production. The chemical analysis of the water used is
givenin Table 3.

e Alkalis: NaOH and Na;SiOz were used to activate the
waste materials. The chemical properties of the mate-
rials used are given in Tables 4 and 5.

Table 1. Properties of cement.

Ca0

Fineness (cm?2/g)

Si02 Al:03 Fez03 SO3 Na;0 K0 MgO

Cement Specific gravity

(CEM 142.5 R)

(%)

3.11 0-3 63.62

19.23 5.44 3.48 2.17 0.68 0.55 0.88

Table 2. Properties of aged roof tile.

Specific gravity Density (kg/m3)

Water absorption (wt%)

Abrasion (Los Angeles) (%)

0.925 1904

11.56 82

Table 3. Properties of water.

pH S04 Ca

Mg Cl Na K

Water

(kg/dm?)

7.27 45 21.10

12.20 9.82 8.30 3.00

Table 4. Properties of NaOH.

NaOH Na.CO3 NaCl Fe
298.0 <0.4 <0.05 <0.001
Table 5. Properties of Na,SiOs.

Na;0 Si0; Density (kg/dms3) Module
8.57 26.73 1.316 2.87

2.2. Method and tests

In the production phase, the materials that we have
defined as waste (expired cement and roof tile powder)
were ground in the shaft mill as the first step. After the
grinding process was completed, the materials were
sieved through a 150 micronsieve. In the production of
geopolymer mortars, mortars were produced with only
NaOH as alkali activator, with NaOH /Na,SiO3 solution in
the ratio of 1:2, and with only Na,SiOs. During the pro-
duction phase, a 12 M NaOH solution was prepared ap-
proximately 26 hours in advance. As the dissolution of
NaOH in water is a highly exothermic reaction that re-
leases significant heat, the solution was left to cool to am-
bient temperature for about 2 hours (ipek and Ekmen

2022). Consequently, the NaOH solution was prepared
approximately 2 hours prior to mixing with the Na,SiOs
solution. The alkali activator solution was then prepared
by combining predetermined amounts of NaOH and
Na,SiO; solutions approximately 24 hours before being
utilized in the production of geopolymer mortar. The
production process began by mixing the binders with the
alkali activator solution in a mixing pan for 3 minutes to
produce geopolymer paste. Once the paste was formed,
sand was gradually added to the mixer, and the mixture
was stirred for an additional 3 minutes to complete the
mixing process. A flowchart illustrating the entire pro-
duction sequence, from the initial preparation of the
NaOH solution to the completion of the manufacturing
process, is shown in Fig. 2.

Mortar specimens produced were tested for unit
weight, ultrasonic pulse velocity, bending and compres-
sive strength. Ultrasonic pulse test was used to deter-
mine the effect of placement and structural voids that
may occur in the geopolymer specimen, unit weight was
calculated since weight is important in applications,
compression and bending test methods were used to de-
termine the mechanical properties. Unit weight was cal-
culated using equation UW=M/V, ultrasonic pulse veloc-
ity using equation UPV=L/T, compressive strength using
equation o.=P/A and bending strength using equation
o=1.5-(PI)/(bh?). Fig. 3 shows the equipment and tools
used in the experiments.
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Fig. 2. Timeline of geopolymer mortar production.

Fig. 3. Test equipment to determine physical and mechanical properties.

3. Results and Discussion
3.1. Unit weight analysis

Fig. 4 shows the unit weight analysis results of the
specimens containing expired cement and aged roof tile
powder binders with different alkali activators. When
analysing Fig. 4, it can be seen that the mortar specimens
with expired cement binder have higher unit weight val-
ues than the specimens with aged roof tile powder
binder. This can be explained by the fact that the unit
weight of cement is higher than the unit weight of roof
tile powder. While the highest density of 1.8 g/cm3 was
obtained from the specimens with expired cement
binder, the highest density of 1.52 g/cm3 was obtained
from the specimens with roof tile powder. This may also
indicate that there are fewer micro voids in the struc-
tures of the specimens with expired cement. When ana-
lysed accordingto the content of alkali activators, mortar
specimens containing only Na,SiO3z achieved the highest
unit weight value in both binder types. In the specimens
containing old cement, the unit weight of the specimens
containing Na;SiO3z was 10% higher than that ofthe spec-
imens containing NaOH. In the mortar specimens with
aged rooftile powder binder, the unit weight of the spec-
imens containing Na,SiO; was 9% higher than the speci-
mens containing NaOH.

3.2. Ultrasonic pulse velocity analysis

Fig. 5 shows the results of the ultrasonic pulse veloc-
ity analysis of the specimens containing expired cement
and aged roof tile powder binders with different alkali
activators. When analysing Fig. 5, the highest ultrasonic
pulse velocity of 4.47 km/sec was obtained in the speci-
mens with expired cement binder, while the highest ul-
trasonic pulse velocity value of 3.73 km/sec was ob-
tained in the aged roof tile powder specimens. It was
found that the mortar specimens with expired cement
binder had higher ultrasonic pulse velocity values than
the aged roof'tile powder binder specimens. The expired
cement geopolymer mortar specimens have higher unit
weight values compared to the aged roof tile powder
binder mortars and therefore have fewer voids in their
structure. A lower void ratio results in a high ultrasonic
pulse velocity. When the alkali activators were analysed
according to their content, mortar specimens containing
only Na;SiO3 reached the highest value of the ultrasonic
pulse velocity in both binder types. In the specimens
containing expired cement, the unit weight of the speci-
mens containing Na,SiO3; was 13% higher than that of
the specimens containing NaOH. In the mortar speci-
mens with tile powder binder, the unit weight of the
specimens containing Na,SiOs was 14% higher than the
specimens containing NaOH.
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Fig. 5. Ultrasonic pulse velocity analysis result of the specimens.

3.3. Bending strength test

Fig. 6 shows the bending strength test results of the
geopolymer mortar specimens. It can be clearly seen
from Fig. 6 that the use of expired cement as a binder
gives higher bending strength results than the use of tile
powder. Similar results have been obtained in the litera-
ture depending on the material ratio and production
method (Naenudon et al. 2022). The use of Na;SiO3 as an
alkali activator in expired cement gave 8% higher bend-
ing strength results than the use of NaOH. In geopolymer
mortar specimens using tile powder as a binder, the use
of Na,SiO3 resulted in 9% higher bending strength than
the use of NaOH.

3.4. Compressive strength test

Fig. 7 shows the compressive strength test results of
the geopolymer mortar specimens. In Fig. 7, as with the

bending strength results, it is clearly seen that the use of
expired cement as a binder result in higher compressive
strengths than the use of rooftile powder. Similar results
have been obtained in the literature depending on the
material ratio and production method (Mahmoodi et al.
2020, 2021; Usha et al. 2016).

It can be seen that the higher unit weight and filling
ratio in the expired cement specimens have a direct ef-
fect on the higher compressive strength results. The
highest compressive strength value of 18.78 was ob-
tained from the expired cement specimens, while the
highest compressive strength value of 14.77 was ob-
tained from the aged roof tile powder specimens. When
Na,SiO; was used as an alkali activator in expired ce-
ment, the compressive strength results were 9% higher
than NaOH. In geopolymer mortar specimens using aged
roof tile powder as a binder, the compressive strength
was 4% higher when Na,Si03; was used than when NaOH
was used.
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Fig. 7. Compressive strength test results of the specimens.

Recycling expired cement and aged roof tile powder
into construction products as geopolymers offers signif-
icantenvironmental and economic benefits. This process
reduces natural resource consumption by up to 30% by
utilizing waste materials, while increasing environmen-
tal sustainability by reducing carbon emissions by up to
60% and energy consumption by 50% compared to ce-
ment production. In addition, it provides cost savings of
up to 25% in the construction sector with its low raw
material cost, while the up to 50% longer life of geopol-
ymer-based building elements reduces maintenance and
repair costs. The development of geopolymer technology
with such waste materials offers a sustainable alterna-
tive in both environmental and economic terms.

4. Conclusions
As a result of the tests and analyses performed on ge-

opolymer mortars containing waste binder, the follow-
ing results were obtained:

e The geopolymers produced using expired cement had
significantly higher unit weight and ultrasonic pulse ve-
locity values compared to the specimens using aged
roof tiles powder as a binder. Unit weight of 1.8 g/cm3
and an ultrasonic pulse velocity of 4.47 km/sec have
been obtained. These results are particularly important
for the use of expired cement in the production of sus-
tainable materials.

e Geopolymers produced using expired cement had signif-
icantly higher compressive and bending strength values
compared to thespecimens usingaged rooftilespowder
as binder. 18.78 MPa compressive strength value and
5.57 MPa bending strength were obtained. These results
showed that geopolymer with high compressive and
bending strength can be produced with waste materials.

e The use of Na,SiO3 alone as an alkaline activator
showed better results in all experiments than the use of
NaOH-Na;SiO3; and NaOH alone. In general, it was found
that high mechanical and physical properties were ob-
tained with the use of these activators.
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In thisstudy, it is shown that expired cement and aged
roof tile powder can be used effectively in geopolymer
mortar production. While it is recommended to use
Na,SiOs as an alkali activator, it can be used with waste
binder to provide the required mechanical and physical
properties. For future studies, it is recommended to in-
vestigate the effect of different curing conditions on
these materials, develop hybrid binder systems with dif-
ferent waste materials and investigate their long-term
durability performance. Thus, more efficient use of recy-
cled binders in geopolymer systems can be achieved.
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ARTICLE INFO

The preliminary design of a hexagonal modular floating structure (HMFS) system in-
cludes two configurations: U-shaped and V-shaped, which link seven hexagonal mod-
ules that create a network of connectors. The connector force is a crucial considera-
tion in the layout of the connector network, as it must sustain the forces generated
by wave motion due to its influence on the stability and safety of the modular floating
structure. This paper presents the development of the HMFS connector network and
the estimation of the connector horizontal force influence by two types of configura-
tions. The design concepts of these configurations for HMFS configurations are pro-
posed where analysis was implemented for regular wave in various directions of 0°,
30°,45°, 60°,85° and 90°. The impact of these various wave directions and the HMFS
configurations on the connector force is analysed accordingly. According to this re-
search finding, the connector force in U-shaped configuration is higher than the load
in V-shaped of HMFS configuration. The connector force of the V-shaped configura-
tion is arranged in hexagonal vertices (VV-shaped) facing wave direction receive a
higher connector force than hexagonal parallel sides (VP-shaped) facing wave direc-
tions. The determination of horizontal connector load of hexagonal modules with
varying configurations enabled the designer to estimate the horizontal connector
load for various conceptual designs of hexagonal shapes, such as dock ships, yacht
terminal and floating cities.
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1. Introduction

The development and exploitation of the ocean have
become significantly more diverse due to the growing
human demand and advancements in ocean engineering
technology (Song et al. 2023; Park et al. 2023). The de-
sign of ocean structure has evolved from traditional
ships to complex interconnected platforms for various
functions (Song et al. 2023), such as space resources
(Wong et al. 2013), ocean energy utilization, etc. A single
floating structure with large sizes of floating structure
could cause massive loads in structures; thus, the types
of modular floating structure are preferred which has

advantages for constructure, transportation and deploy-
ment (Watanabe et al. 2004). The structure is fabricated
in modularized and the modules are assembled with
connectors at the operation location owning to the large
size of floating structure. Very large floating structures
(VLFS) for the purpose of floating islands have been
grouped into two: semi-submersible suitable use in open
oceans and pontoon types suitable for mild seas (Park et
al. 2023). Furthermore, the location of the central mod-
ule, tail module and outer module in deciding the ar-
rangement of the multi-floating structure gives effect to
the motion characteristic of floating islands (Park et al.
2023).

* Corresponding author. E-mail address: nhanani4@gmail.com (N. H. A. Azlan)

ISSN: 2149-8024 / DOI: https://doi.org/10.20528/cjsmec.2025.02.003


mailto:nhanani4@gmail.com
https://doi.org/10.20528/cjsmec.2025.02.003
https://cjsmec.challengejournal.com/
https://orcid.org/0000-0001-7852-3061
https://orcid.org/0000-0001-5007-8787
https://orcid.org/0000-0003-4095-7256
https://creativecommons.org/licenses/by/4.0/

90 Azlan et al. / Challenge Journal of Structural Mechanics (2025) 11(2) 89-98

1.1. Conceptual design of modular floating structure

Six sides of a hexagonal regular polygon give ad-
vantages to the researcher in expanding their decision
making to arrange the modular floating structure with
their creativity and purpose of the floating structure.
Xiaozhou et al. (2024) conducted the experiment to in-
vestigate the hydrodynamic performance of the double
module hexagonal floating structure in a linear arrange-
ment. Three hexagonal modular floating structures ar-
ranged in linear and L-shaped arrangements by Ikegami
et al. (2007). Vincenzo (2023) studied the behaviour of
three hexagonal platforms that were arranged in linear
arrangement on the surge, heave and pitch degrees of
freedom through simulation for regular and irregular
waves. Li et al. (2023) modified the design layout by pro-
posing four hexagonal modules, one in the middle mod-
ule and another module arranged in an L-shaped attach-
ment to the middle module. Li et al. (2022) also studied
the linear arrangement linked to a five modules hexagonal
shape floating structure. Li et al. (2024) conducted the ex-
periment to investigate the hydrodynamic performance of
five hexagonal floating structures in linear arrangement.
Hamamoto and Fujita (2016) investigated the hydrody-
namic motion of seven hexagonal modular floating struc-
tures introduced in two types of arrangements: are in cen-
tralized shaped and stretched shaped as shown in Fig.1.

_~ Module number

_— Connector

[=904

Fig. 1. Two arrangements of hexagonal modular floating
structure proposed by Hamamoto and Fujita (2016):
(a) Centralized shape; (b) Stretched shape.

Nowadays, the exploration of hexagonal modular
floating structures into the development of floating cities
gives expansion an additional higher number of modular
floating structures rather than a small number floating
within two to seven modules linked together. Wong et al.
(2013) proposed three arrangement hexagonal modular

floating structure comprising 493 modules, 352 modules
in one circular pattern to build a man-made island on
water bodies for recreational activities and amenities for
the public, and a sanctuary for plants, birds and other
wildlife for Punggol floating wetlands. Moreover, Lister
and Muk-Pavic (2015) described a sustainable artificial
island designed for Republic of Kiribati’s inhabitants and
explore the layout of hexagonal modular floating ar-
ranged U-shaped and centralized arrangements.
Stankovié¢ et al. (2021) proposed the modular floating
structure arranged in regular tessellation in triangular,
square and hexagonal shapes for Kiribati Island. Jiang et
al. (2021a) investigated the hydrodynamic analysis of a
hexagonal modular floating structure in a linear tandem
arrangement with a size of 251.9x66 m and 137.4x132 m
looking as one square shape.

1.2. Internal connector force analysis

The connector system suffers force and bending mo-
ment from the adjacent module which is the commonly
most fragile component of the whole structure, thus, the
interaction between the connector and modules should
be studied due to the loading characteristic of the is also
key part for the very large multi-floating structure (Li et
al. 2022). Dai et al. (2021) compared connection loads of
difference design options of the multi-floating floating
structure such rectangular, square and hexagon, then the
small different in terms of shear force and twisting be-
tween rectangular and hexagonal but still the connection
bending moment for hexagonal is lower 27% than rec-
tangular. Li et al. (2022) investigated the connector
forces which include horizontal force, vertical force,
shear force and pitch bending moment at wave direc-
tions of 0°, 30°, 60° for five hexagonal modules linked in
a linear arrangement. Li et al. (2023) investigated the
connector forces includes horizontal force, vertical force,
shear force and pitch bending moment at wave direc-
tions of 0°, 30°, 60° and 90° for five hexagonal modules
linked in the center and an L-shaped concept arrange-
ment. lkegami et al. (2007) stated the connecting hori-
zontal force in the L-shape arrangement become larger
in the longer wave period range as a complex behaviour
pattern in L-shaped may occur due to each floating body
facing the different direction of incident waves. Xiaozhou
et al. (2024) investigated how the relative pitch motion
of the two modules affects the connector loads the most
such as using a larger cable stiffness, which will reduce
the pitch motion, but increase the connector loads.

Jiang et al. (2021b) mentioned that the internal forces
generated in the connector significantly affected the struc-
tural integrity during wave action. However, only a few of
studies have performed numerical evaluations of these in-
ternal forces, encompassing module arrangements, shal-
low water effects and incident wave periods. The trend of
the connector load depending on the shape of the floating
structure. The horizontal connector force trend of five
square modular floating structures, as presented by Riggs
et al. (1998), indicated a gradually increase in horizontal
connector force from 0° wave direction to 75° wave direc-
tions, a sharply decline at 80° wave directions, with the
peak horizontal connector force occurring at 85° wave di-



Azlan et al. / Challenge Journal of Structural Mechanics (2025) 11(2) 89-98 91

rections. The trend of horizontal connector force has also
been similar to the rectangular modular floating structure
that has been proposed by Ding et al. (2020), wherein the
highest horizontal connector force at 85° wave directions
linked three rectangular modular floating structures.
Meanwhile, Otto et al. (2019), Hongtao et al. (2020), and
Azlan et al. (2024) identified that the higher horizontal
connector force for the hexagonal modular floating struc-
ture occurs at 0° wave direction. Otto et al. (2019) built
the combination of triangular module that has 60° con-
nector directions that create a big hexagonal module, then
he asserted that to avoid a typical in-line environment
with less than 30° spreading into wind, waves and current
as it will give the higher connection loads. Azlan et al.
(2024) studied five modules of HMFS together in a linear
arrangement and discovered that 0° wave direction gives
higher connector force and gradually reduces the hori-
zontal connector force as the wave direction increases.

The objective of this research is to determine the im-
pacts of different wave directions on the maximum hor-
izontal connection load, while varying the HMFS ar-
rangements. The hexagonal shape of the modular float-
ing structure facilitates diverse designs, as its six sides
can be arranged without gaps. Therefore, the suitable ar-
rangement should been design in the conceptual design
of modular floating structure, taking into account the ef-
fects of connector load.

2. Materials and Method

2.1. Conceptual design of hexagonal modular
floating structure (HMFS) system

The idea configuration of the HMFS system was iden-
tified by a literature review. The idea from Stankovi¢ et
al. (2021) and Lister and Muk-Pavic (2015) was adopted
and three configurations of the HMFS system were pro-
posed in this research: such as U-shaped and V-shaped,
while V-shaped is divided into two configurations that
take into account the sides hexagonal (VP-shaped) and
vertices hexagonal (VV-shaped) shown in Fig. 2. These
three concepts of HMFS system arrangement are ex-
posed to the conceptual design of floating structures.
The VP-shaped arrangement of floating cities proposed
by from Stankovi¢ et al. (2021) illustrates the layout has
been adopted to express communication, especially in
terms of transportation between the central module and
side circular modules. Meanwhile, the primary functions
in floating cities, including governance area, commercial
area and hospitality area and water transportation are
organized in the U-shaped arrangement of floating cities,
ensuring that all facilities are centrally located close to
one another. Lister and Muk-Pavic (2015) proposed the
residential area presented in the VV-shaped arrange-
ment of floating cities.
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Fig. 2. The idea of HMFS system arrangement for (a) VP -shaped by Stankovi¢ et al. (2021);
and (b) U- and VV-shaped configurations by Lister and Muk-Pavic (2015).

There are seven hexagonal modules (M1-M7) linked
with a ball connector for each configuration of HMFS sys-
tem as shown in Fig. 3. The main module is the M1 mod-
ule, which acts as the pivot point of a symmetrical mod-
ule layout. The overall configuration starts with M1 as
the middle, the top continues sequentially with M2, M4
and M6, while the bottom is arranged with M3, M5 and
M?7. The numbering of connectors also follows the same
ideology by continuing sequentially as top (C1, C3, C5)
and bottom (C2, C4, C6) as numbering of hexagonal mod-
ules. The U-shaped arrangement presents the central
module as M1 as the inner module, while the top mod-

ules and bottom module are arranged in linear arrange-
ments and early modules face wave force. The VP-
shaped presented the module M1 as the center and early
facing the wave force, while both top and bottom mod-
ules are arranged in staggered arrangements. The paral-
lel side of the hexagon is facing the 0° wave direction for
both the U-shaped and V-shaped of HMFS arrangements.
The VV-shaped also arranged the modules M1 as the cen-
tral, meanwhile implement combination of a linear lay-
out for bottom modules and a staggered layout for top
modules. The vertices sides of the hexagon are arranged
facing the 0° wave direction.
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Fig. 3. Three configurations of hexagonal modular floating structure (HMFS):
(a) U-shaped; (b) V-shaped, parallel sides facing wave (VP); (c) V-shaped, vertices facing wave (VV).

The detailed design of all components for HMFS, in-
cluded the hexagonal floating structure, connector and
mooring was adopted by Li et al. (2023). Each hexagonal
floating structure is linked with a ball connector and

moored with four tension legs to the seabed. The fenders
have also been installed at the bottom edge of adjacent
modules to avoid a possible collision. The details of the
HMEFS system are shown in Table 1.

Table 1. Details about the HMFS system.

Details Value Unit
Side length, height 20,12 m
Water depth, draft 80, 10 m
Mass 6000 t

Lo =Ly 9.6 x108 m*
Tension - leg dimension D=1.2; T=0.04; L=70 m
Steel tension leg 2.1x 1011 N/m?
Stiffness of fenders 1.0x 107 N/m
Adjacent distance 3 m
Ball connector linear rotational dampers 4x10° Nms/rad
Ball connector linear rotational springs 0 Nms/rad

2.2. Simulation

The maximum horizontal force of each configuration
was investigated under a regular sea condition (T=8s,
H=2m) with different incident wave direction such as 0°,
30°, 45°, 60°, 85° 90°). The motion responses of each
hexagonal and the maximum horizontal force under dif-
ferent wave direction was simulated using ANSYS. The
governing equation of HMFS system in ANSYS (2013) is:

MiXi + Cin + Ki(Xi) = Fi,wave + Fi,con + Fi,TLP + Fi,Fender (1)

where M;, Ci and K; are the mass matrix, radiation damp-
ing (with certain artificial damping usually applied to
compensate for viscous fluid effects) and the hydrostatic
restoring matrix, respectively. Xi (6-DOF) denotes the
generalized displacement vector of the i-th module.
Fiwave, Ficon, FitLpand Firender denote the matrix of the gen-
eralized wave force, the connector force, the tension ma-

trix of tension legs and the impact force matrix of fender,
respectively. The connector force between adjacent
modules can be expressed as:

Ficon = X7=1(@ij Keij 8(X1, X)) (2)

where ¢ denotes a topology matrix. The value of ¢jis 1
when the i-th module is connected to the j-th module,
otherwise the value of @jjis 0. Ke;j and 6(X;X;) denote the
connection stiffness matrix and the relative motion ma-
trix between the i-th module and the j-th module, respec-
tively. The total tension-leg force of the i-th module can
be expressed as:

Firpp = X1o1 Ei Asgyj (3)
where Ei denotes the elastic modulus. Ai denotes the sec-

tional area of the tension leg of the i-th module. &; de-
notes the strain of the j-th tension leg of the i-th module.
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The possible bottom fender impact force Fifender can be
expressed as:

Kpij . 6x,if 6x(X;, X; ) < —3 m (contact)

0 if § x(X;, X; ) < —3 m (contact) )

Fi,fender = {

where Kjj (1x107 N/m) is the bottom fender linear stiff-
ness coefficient between the i-th module and the adja-
cent j-th module. 6x(X;X;) is the relative bottom surge
motion between the i-th module and the adjacent j-th
module. If the negative relative bottom surge motion
6x(X; X)) is smaller than the module gap (3m), the two ad-
jacent modules will impacts on the bottom. Then, the
contact force at the bottom fenders will be monitored.

3. Results and Discussion

There are seven hexagonal modules (M1-M7) linked
with a ball connector for the HMFS system, which can
create more configurations because the hexagon having
six sides. The VP configuration involves connecting a se-
ries of HMFS in a vertical, staggered configuration,
whereas the VV configuration is more closely resembles
an L-shaped configuration. Nowadays, all these configu-
rations are applied in various functions of floating struc-
tures, for instance, breakwater, floating solar farm, float-
ing city and etc. Moreover, designers can create many
other configurations with hexagonal floating structures,
for example in floating city planning, the U-shaped com-
bined with the V-shaped placed the danger function like
a power system located further than residential, and the
U-shaped used for trade shipping business. This paper
only presents linear arrangement but expands in the lay-
out of U-shaped and V-shaped due to limitations in sim-
ulation.

Other than linear arrangement, currently some re-
searchers have done the hydrodynamic analysis for cen-
tered arrangement that linked seven modules of HMFS
by Hamamoto and Fujita (2016). Park et al. (2023) also
focus on hydrodynamic analysis of floating structures
with expansion of the central module that create a circu-
lar hexagonal modular floating structure. Then, Dai et al.
(2021) also studied hydrodynamic analysis of floating
structure but expansion of HMFS in terms of tandem ar-
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rangement that expansion by side by side. Wong et al.
(2013) have done simulation that in a centralized ar-
rangement linked many hexagonal modular given a re-
sult one maximum shear force that assuming all the con-
nector forces has the same connector force. Besides,
nowadays, many research only gives attention to the dy-
namic analysis for HMFS because it is a new area discov-
ered. The analysis of connector force for each connector
of multi-floating should be studied because connectors
are also key parts for the stability and safety of modular
floating structures.

This paper presents the maximum horizontal con-
nector force in different arrangements which comprises
seven modules of HMFS, including U-shaped, VP-shaped
and VV-shaped. This is because, Lan et al. (2004) stated
that the longitudinal forces are in general substantially
larger than the transverse and vertical forces; therefore,
the focus is on these forces. The maximum connector
horizontal force for each connector is identified to study
the higher and lower force at which location of connector
influences by the arrangement of HMFS system. The
trend of horizontal connector force also studied in each
arrangement maybe can be used in early approximation
of horizontal connector force for expansion of the mod-
ule after additional 4t module and higher at the top and
bottom as symmetrical module is taken into account.

3.1. U-shaped configuration of HMFS arrangement

The maximum horizontal connector force of each con-
nector for U-shaped configuration at various wave direc-
tions is shown in Fig. 4. At 0°, 30° and 45° of the wave
directions, the higher horizontal connector force is at
connector C3 and the lower at connector C1. The con-
nector C2 has the higher horizontal connector force is at
60°, 85° and 90° of the wave directions. The connector
C5 has the lowest horizontal connector force at 85° and
90° of wave directions. Overall value of horizontal con-
nector force for U-shaped, the higher value is 5.23 MN on
connecters C3 and C4 and the lower value is 0.32 MN at
C1, meanwhile both value at 0° wave direction. Moreo-
ver, many connectors have a higher horizontal connector
force value at the 0° wave direction, such as C1, C3, C4
and C6 and a lower horizontal connector force at the 90°
wave directions on connectors C4, C5 and Cé6.

mo°

@30°

@45°
m o60°
@m85°
@90°

C4 C5 Ccé

Connector Position

Fig. 4. Maximum horizontal connector force of each connector for U-shaped configuration at various wave directions.
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There are two trend horizontal connector force for U-
shaped configurations, firstly, at 0° wave direction, the
horizontal connector force value at the top connector
(C1, C3, C5) is similar to the bottom connector (C2, C4,
C6). Initially, connectors C1, C3 and C5 at the top mod-
ules (M2, M4 and M6) is have similar value with con-
nector C2, C4 and C6 at the bottom modules (M3, M5 and

M?7) at 0° wave direction, respectively. This is the con-
nector at the top modules and bottom modules facing the
wave direction 0°in same time as shown in Table 2 ex-
hibit the similar value. The same applies by Li et al.
(2023) that demonstrated the same horizontal con-
nector load between two connectors facing the incident
wave in the same time.

Table 2. Sequential orientation of the connector influenced by wave forces, highlighting
the changing angle of the connector relative to the wave direction in in in 7U-shaped arrangement.

Angle connector facing wave force

Wave Sequential connector
direction facing wave force C1 C2 C3 C4 C5 Cé6

(DC\) ven (P-) (P) (P (P)

0° C5=C6, C3=C4, C1=C2 120° 60° 0° 0° 0° 0°

30° C6, C4=C5, C2=C3,C1 90° 30° -30° -30° -30° -30°

45° C6, C4, C5,C2,C3,C1 75° 15° -45° -45° -45° -45°

60° C6, C4, C2, C5,C3=C1 60° 0° -60° -60° -60° -60°

85° C6=C4, C2, C1, C3=C5 35° -25° -85° -85° -85° -85°

90° C6=C4, C2, C1, C3=C5 30° -30° -90° -90° -90° -90°

Secondly trend, the if the top connector is higher
value of horizontal connector force, the bottom will have
a lower value, and vice versa for wave directions of 30°,
45°, 60°, 85° and 90°.The second trend is also given, in
wave directions of 30° and 45°, the higher horizontal
connector force at the top and the middle of the con-
nector (C3) and followed by the first module facing wave
(C5) while the lower of horizontal connector force is at
the last module facing wave (C1). In addition, 60°, 85°
and 90° of wave directions are opposite with 30° and
45°, the higher horizontal connector force at the bottom
and the last module (C2) while follow by the middle
module (C4). Other than that, the angle connector for C3,
C4, C5 and C6 are the same angles due to the same con-
nector orientation shown in Table 2, for example, wave
direction of 30°, the parallel connector orientation of
connector is C3, C4, C5 and C6 is -30°. However, the
higher horizontal connector force is in connector C3, fol-
lowed by connector C5, C4 and lastly Cé6. This finding is
consistent with the findings of Liu et al. (2022), who
demonstrate twelve square modules arranged in a line-
arly and side-by-side exhibit a higher horizontal con-
nector load at inner modules compared to outer mod-
ules. They assert that this occurs due to the connector
loads being influenced by load differences among adja-
cent modules, which caused by environmental condi-
tions and other modules. Consequently, the connector
loads can be effectively reduced by appropriately bal-
ancing the loads on adjacent modules.

3.2. VP-shaped configuration of HMFS arrangement

The maximum horizontal connector force of each con-
nector for VP-shaped configuration at various wave di-
rections is shown in Fig. 5. At 45°, 60°, 85° and 90° of the
wave directions, the higher horizontal connector force is
connector C5, while at 0° and 30°, the higher is at con-
nector C3. The lower horizontal connector force on C4 at

wave directions of 45° and 60° while on C3 at wave di-
rections of 85° and 90°. Overall, the highest horizontal
connector force is 4 MN on C3 and C4 at 0° of wave di-
rection and the lowest is 0.35 MN at 30° of wave direc-
tion. Additionally, the higher horizontal connector force
at 0° wave direction such as connectors of C2, C3, C4 and
C6. The higher horizontal connector force of C1 is 30°
wave directions at the center module while 60° of wave
directions at connector C5. The lower of the connector is
mostly at 30° of the wave directions on connectors C2,
C4 and C6 at the bottom module (M3, M5, and M7).
There are three trends of higher horizontal connector
force: Firstly, mostly higher horizontal connector force
at the top connector arrangement module (C1, C3, C5)
which has 0°,30°, 45° and 60° of wave directions. The an-
gles of connector facing the incident wave decreases on
connectors C1, C3 and C5, which is below 30°, as indi-
cated in Table 3. Besides, the findings of horizontal con-
nector load indicates that for a linear arrangement, an in-
crease in wave direction correspond to a decrease in hor-
izontal connector loads. Thus, the top connectors of C1,
C3 and C5 expressed lower connector angles facing wave
force compared to connector C2, C4 and Cé6. It is similar
to the findings of Song et al. (2023) and Wu et al. (2016)
that the longitudinal load connecting two and three rec-
tangular modules, respectively, experience an increase
in wave direction given the decrease in longitudinal load.
Secondly, the 0° and 30° wave directions give a higher
horizontal connector force on connector C3 which is the
top middle module. However, in 45°, 60°, 85° and 90° the
of wave direction on C5 at M6 are the outer module and
end of top arrangement. Thirdly, in 85° and 90° wave di-
rection the higher is C5 at the top module arrangement
however the bottom connector (C2) is the second higher
horizontal connector force. This is because the outer
modules of the MFS, whether positioned at the front or
rear, experience a higher horizontal connector load com-
pared to the inner modules. The findings are similar to
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Zhang et al. (2023) indicating that the connector in the
middle module, assigned as connector C2 experiences
lower loads compared to connectors C1 and C3, which
are located in the outer modules linked three rectangu-
lar modules. Li et al. (2022) and Ren et al. (2021) also

4.0

0.0
C1 C2 C3

experienced the higher horizontal connection loads at
the connector of outer modules, including initial mod-
ules and last modules, in comparison to middle modules
for hexagonal and square for modular floating struc-
tures, respectively.
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Fig. 5. Maximum horizontal connector force of each connector for VP-shaped configuration at various wave directions.

Table 3. Sequential orientation of the connector influenced by wave forces, highlighting
the changing angle of the connector relative to the wave direction in 7VP-shaped arrangement.

Angle connector facing wave force

Wave Sequential connector

direction facing wave force C1 C2 C3 C4 C5 Cé6

ve)) (DC\) (ve/)) (DC\) (ve)) (DC\)

0° C1=C2, C3=C4, C5=C6 60° 120° 60° 120° 60° 120°
30° C2=C4=C6, C1, C3, C5 30° 90° 30° 90° 30° 90°
45° C6,C4,C2,(C1,C3,C5 15° 75° 15° 75° 15° 75°
60° C6,C4,C2,(C1,C3,C5 0° 60° 0° 60° 0° 60°
85° C6,C4,C2,(C1,C3,C5 -25° 35° -25° 35° -25° 35¢
90° C6,C4,C2,C1,C3,C5 -30° 30° -30° 30° -30° 30°

3.3. VV-shaped configuration of HMFS arrangement

Fig. 6 shows the maximum horizontal force of each
connector for a VV-shaped configuration at various wave
directions. At 0°, 85° and 90° of the wave directions, the
higher horizontal connector force is at connector C3
while at 30° 45° and 60° of the wave directions, the
higher horizontal connector force is at connector C5.
Connector C4 receives the majority of the lower horizon-
tal connector force value. Overall value of horizontal con-
nector force for VV-shaped, the higher value is 4.77 MN
on connecter C3 at 0° wave direction and the lower value
is 0.14 MN at C6 at 90° wave direction. In addition, many
connectors have a higher Fx value at the 30° wave direc-
tion, such as C1, C2, C5 and C6 as the connectors attached
at the center module (M1) and outer module facing the
wave (M6, M7). The lower Fx force at the 90° wave direc-
tions on connectors C4, C5 and C6 because HMFS linked
M1, M3, M5 and M7 illustrates as linear arrangement.
The lower connector Fx forces at C1, C3 and C5 are 30°,
60°, and 90°. Due to linear arrangement at the bottom
(M3, M5 and M7), the connector Fx force at C2, C4 and C6

is lower and higher horizontal connector force at C1, C3
and C5 for the top symmetrical loop arrangement mod-
ule (M2, M4 and M6).

The higher horizontal connector force at the top ar-
rangement has two trends: at the outer module (C5) for
wave directions of 30°,45° and 60°, while 0°, 85° and 90°
of wave directions at the connector on the middle mod-
ule (C3). The lower horizontal connector force at the bot-
tom arrangement also has two trends: at outer module
(C6) for wave directions 45°, 60°, 85°, and 90° while 0°
and 30° of wave directions are at the middle module
(C4). The connector of C1, C3 and C5 shown the angle
connector facing wave force shifting to below 30° inci-
dent waves for wave direction 0°, 30°, and 45° shown in
Table 4. In contrast, the connector of C2, C4 and Cé6 is fac-
ing wave directions 0°, 30°, and 45° shifting to above 30°
incident waves, as indicated in Table 4. This finding con-
firmed by Otto et al. (2019), indicating the hexagonal
modular floating structures should avoid the environ-
mental condition below 30° as given the higher con-
nector loads and also compared with the square modular
floating structures.
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Fig. 6. Maximum horizontal connector force of each connector for VV-shaped configuration at various wave directions.

Table 4. Sequential orientation of the connector influenced by wave forces, highlighting
the changing angle of the connector relative to the wave direction in in 7VV-shaped arrangement.

Angle connector facing wave force

Wave Sequential connector

direction facing wave force C1 C2 C3 C4 C5 Cé6
ve)) (P) (ve)) (P) ve)) (P)

0° C2=C4=C6, C1, C3, C5 30° 90° 30° 90° 30° 90°
30° C6,C4,C2,(C1,C3,C5 0° 60° 0° 60° 0° 60°
45° Ce6,C4,C2,(C1,C3,C5 -15° 45° -15° 45° -15° 45°
60° C6,C4,C2,(C1,C3,C5 -30° 30° -30° 30° -300 30°
85° C6,C4,C2,(C1,C3,C5 -55° B® -55° B® -55° B®
90° C6, C4, C2, C1, C3,C5 -60° 0° -60° 0° -60° 0°

However, in wave direction of 85° and 90°, the angle
connectors facing the wave force 0° and close to 60° en-
counter the higher horizontal connector load. The find-
ings of Li et al. (2022) different from these research find-
ings as the higher horizontal connector loads in linear ar-
rangements is 60°, followed by 0° and 30° linked five
hexagonal modular floating structures. They stated that
an incidence wave direction of 60° results in higher con-
nector load due to a less significant shielding effect
among modules. Additionally, Li et al. (2023) studied
four hexagonal modular floating structures linked in L-
shaped oblique arranged in one central module, mention
that the yaw, sway and heave all tends to be higher with
the incident wave direction of 0° or 60°. In their findings,
they also indicate the higher horizontal connector load
towards 0° and 60° compared to 30° and 90°. Thus, hex-
agonal shape should consider that the wave direction of
0° and 60° will be experience the higher horizontal con-
nector loads.

3.4. Design recommendations for real-world
implementations

In the real world, a hexagonal module positioned with
its vertex side facing the incident wave was installed at
Hakata Bay, Japan, in 2011 to evaluate its performance
as floating offshore wind turbine (Watanabe et al. 2017).
The hexagonal modular floating structure also has been
installed in Punggol Eco Town in Singapore, serving as a

sustainable waterfront community for tropical regions
(Wong et al. 2013). In addition, Paul Ridden (2018) re-
ported that twenty-eight hexagonal module floating
structures made by recycled plastic was assembled at
Rotterdam harbor, Netherlands, with the vertex side ori-
ented towards incident wave on July 2018. The hexago-
nal modules served as the floating park that the hexago-
nal module being planted with greenery, benches for vis-
itors and habitat for micro and macro fauna, such as
snail, beetles, fish and birds. Furthermore, the small hex-
agonal modular floating structure has also functioned as
a floating dock. The HMFS has also been installed in the
Republic of Djibouti, Africa, operating as a fish farm (Pic-
colotti and Lovatelli 2013). Currently, China has installed
a huge hexagonal module with 434 photovoltaic panels
(CGTN 2024), functioning as wave-resistant floating
photovoltaic platform located in waters near the south-
ern part of Shandong, China. They indicated that a mod-
ule has been installed to the testing process, with addi-
tional modules to be added later, resembling a giant hon-
eycomb to provide optimal stability. Meanwhile, the
HMEFS function as floating cities is still in conceptual de-
signs. The conceptual design of floating cities is pre-
sented by Lister and Muk-Pavic (2015), Stankovi¢ et al.
(2021), and Shihy (2024).

This research studied two types of HMFS arrange-
ment: linear arrangement and staggered arrangement.
In the context of linear arrangements, the parallel sides
of hexagon can be aligned in a straight line, as illustrated



Azlan et al. / Challenge Journal of Structural Mechanics (2025) 11(2) 89-98 97

in linear arrangement; however, the vertex sides cannot
arrange in a straight line. Furthermore, the linear ar-
rangement can create two arrangements: firstly, the par-
allel side of hexagon facing the incident wave, as illus-
trated in linear arrangement and second, the vertex side
facing the incident wave, represented as one apartin VV-
shaped arrangements. This research identifies the con-
nector that aligns with the incident wave as a parallel
connector in horizontal direction (P-) exhibiting the
highest horizontal connector loads in linear arrange-
ments, especially in 0° wave direction. In contrast to the
parallel connector in the vertical direction (P|), the low-
est horizontal connector loads are indicated in the find-
ings of VV-shaped arrangement. Besides, the shifting of
the angles connector facing the incident wave in the par-
allel connector in vertical direction (P|) has 0° wave di-
rection did not demonstrate a higher horizontal con-
nector load in certain arrangements. Therefore, the ver-
tex side facing incident wave applied the parallel con-
nector in vertical direction is a good selection for linear
arrangements. The linear arrangement is commonly
used in breakwater, floating dock and renewable floating
system, such as solar panels and wind turbines.

The vertex side facing the incident wave has also been
recommended in designing the HMFS arrangements,
which adopted the arrangement of side-by-side and cir-
cular configuration. The hexagonal side facing the inci-
dent wave influenced the number and layout of HMFS ar-
rangements. As the finding discovers that two connect-
ors, such as horizontal direction (P-) and vertical angles
exhibit the higher horizontal connector loads. Likewise,
the symmetrical conceptual design of MFS, creates the
parallel side facing incident waves only can be arranged
in seven modules: one in the central, three modules act-
ing as arm, that three modules positioned top and two
module bottoms, as illustrated in U-shaped (7U) utilized
three directions of connector: horizontal connectors in
horizontal direction (P-), vertical angles and diagonal
angles. The VP-shaped arrangement connecting all seven
modules utilizes two directions of connector: vertical an-
gles and diagonal angles. Meanwhile, the VV-shaped uti-
lized two directions of connector: vertical connectors in
horizontal direction (P|), and vertical angles. However,
only the vertical angles indicate the higher horizontal
connector loads.

4. Conclusions

The present work proposes a HMFS connected to
seven modules with a ball connector. The multi-floating
structure hydrodynamics interaction effect and con-
nector coupling effect were considered. The effect of
wave direction and location of connector on the different
arrangements of HMFS was investigated. The conclusion
has been summarised as follows:

e The 0° wave direction gives a higher horizontal con-
nector force for the HMFS system in all arrangements,
for instance, U-shaped, VP-shaped and VV-shaped ar-
rangement of HMFS.

e The U-shaped arrangement has the higher horizontal
force of connector among three arrangements. U-

shaped arrangement also has symmetrical Fx force

value, the top connector and the bottom connector

have the same connector force within the same loca-
tion connector symmetrically.

e The parallel side hexagonal facing wave continues or
changing the other sides will still get the VP-shaped
layout however, in the VV-shaped arrangement the
vertices facing wave given more to the L-shaped layout.

e The horizontal force at VV-shaped is higher horizon-
tal force compared to VP-shaped as the difference be-
tween the vertices and sides facing wave direction 0°.

e The designer should choose the best arrangement for
the hexagonal shape of the modular floating structure
because each arrangement has its own suitable func-
tion. Then, next decision knowing the maximum hori-
zontal connector force pattern in chosen the best ar-
rangement due connector is also crucial for safety and
stability for modular floating structure.

The determination of horizontal load in various HMFS
arrangements allows early estimation of the connector
load according to its HMFS functionality and HMFS lay-
out. The identification of the higher horizontal connector
load in various wave directions enables the connector
and VLFS designer to focus to the 0° and 60° of wave di-
rections when pursuing the conceptual design of the
VLFS in hexagonal shape. As Otto et al. (2019) mention
that designer should avoid the conceptual design of
HMEFS arrangement in wave direction below 30° as gen-
erated the higher horizontal connector load. Other that
than, the comparison of horizontal connector load in var-
ious wave directions allowing identifying the impact of
the changing angle of the connector relative to the wave
direction in in HMFS arrangement.

For future recommendation, the simulation per-
formed in this research is a limited selected case on 8s at
a short-wave period at all seven arrangements. Thus, the
simulation work should be extended for more wave pe-
riod including short wave periods of 4s-8s and longer
wave periods of 10s to 20s to enhance the safety con-
nector and take into account that it effected the stability
of HMFS. Other than that, the simulation performed in
this research is limited to the determination of horizon-
tal connector load increasing in seven numbers of mod-
ules, as the MFS has a higher number of modules, espe-
cially in the conceptual design of the floating city. Thus,
the horizontal connector load should be extended fur-
ther up to 20 modules as the limitation number of mod-
ules created in ANSYS software, then will confident in the
early approximation of horizontal connector load.
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1. Introduction

The construction industry contributes significantly to
environmental problems such as high CO, emissions, de-
pletion of natural resources, and intensive energy con-
sumption, especially due to the calcination process of ce-
ment production (Mahmud et al. 2025; Mohamad et al.
2025; Bulut 2024; Giiney and Yildizel 2024; Macherla
2023; Melia et al. 2014). In response, earth-based mate-
rials are increasingly being considered due to their envi-
ronmental friendliness and lower energy requirements
for production. Recent studies have focused on improv-

ing the engineering properties and durability of these
natural materials (Nagaraj and Muguda 2020). This re-
newed interest is in line with broader trends towards
sustainable construction practices, as evidenced by the
growing popularity of materials such as rammed earth
(Sposito and Scalisi 2017).

3D printing technology has emerged as a promising
method in the construction industry, allowing for rapid
production, cost savings, and intricate architectural de-
signs. Its integration with earth-based materials has at-
tracted considerable attention due to their sustainability
and accessibility (Shahrubudin et al. 2019; Ferretti et al.
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2022; Gomaa et al. 2021; Perrot et al. 2016; Tarhan and
Perrot 2023; Tarhan et al. 2024). Perrot et al. (2016) pi-
oneered the field of 3D-printable earth-based materials,
successfully demonstrating the 3D printability of earth-
based mixtures for the first time. Gomaa et al. (2021) de-
veloped a novel dual-ram extruder system for 3D print-
ing cob, improving extrusion rate, continuity, con-
sistency, and mobility while also optimizing the cob mix-
ture for 3D printing by adjusting water content. Ferretti
et al. (2022) investigated the long-term mechanical
properties of earthen mixtures for 3D printing, examin-
ing the effects of rice husk shredding on compressive
strength and stiffness.

However, reinforcement is a significant challenge that
needs to be addressed but is mainly ignored in 3D-print-
able earth-based materials. Natural fibers such as jute
(Loccarini 2017; Sen and Saha 2024; Tarhan and Perrot
2023; Tarhan et al. 2024), sisal (Alves Fidelis et al. 2013;
Yadav et al. 2019; Zavaleta et al. 2024), date palm (Ab-
deldjebar et al. 2018; Benzerara et al. 2021; Dawood and
Alqgaissi 2024; Taallah and Guettala 2016), and bamboo
(Sen and Saha 2024) are utilized to enhance the mechan-
ical properties of earth-based construction materials.
Nevertheless, the bond between such fibers and clay-
rich printable mortars remains a key limitation, often
leading to inadequate stress transfer and reduced struc-
tural efficiency.

Taallah and Guettala (2016) examined untreated and
alkali-treated date palm fibers in compressed earth
blocks. Alkali treatment slightly improved fiber perfor-
mance but decreased overall block strength and thermal
insulation compared to non-fiber blocks. The study high-
lights the complex effects of fiber treatments on earth-
based materials. Ramesh et al. (2017) also examine the
use of plant fibers in construction, noting their potential
in composites for sustainable development and the im-
proved mechanical properties they can provide. Locca-
rini et al. (2017) investigated using jute fabric as a natu-
ral reinforcement for rammed earth structures. The
study examined the adhesion capacity of jute fabric with
an earth-gypsum matrix through peeling tests and single
lap joint tests. Results showed that jute fabric reinforce-
ment significantly increased the bearing capacity and
kinematical ductility of rammed earth arches. Tarhan
and Perrot (2023) proposed a novel technique using un-
treated jute fabric to reinforce 3D-printed earth-based
composites. They found that jute fabric reinforcement
significantly improved the ductility and compressive
strength of 3D-printed earth-based samples. In a follow-
up study, Tarhan et al. (2024) investigated the effects of
earth slurry-treated jute fibers on the flexural, compres-
sive, and interlayer strength of 3D-printed earth-based
beam samples. This treatment resulted in notable im-
provements in mechanical properties, highlighting the
significant impact of fiber treatment on the performance
of reinforced 3D-printed earth-based materials. The
study also emphasized that further measures should be
investigated to increase the bond strength of jute fabric
and earth-based mortar. Sen and Saha (2024) evaluated
bitumen-treated jute and bamboo fibers for retrofitting
rammed earthen houses against seismic loads. Their

novel approach using bitumen-treated bamboo strips as
external reinforcement and L-shaped corner reinforce-
ments significantly enhanced structural strength and
ductility, with seismic resistance improving up to 6.81
times compared to unreinforced structures. However,
Archila et al. (2018) noted that while plant fibers can im-
prove certain material properties, they may also intro-
duce new complexities that necessitate further research
and innovation.

Although previous studies have investigated the use
of natural fibers in earth-based construction materials,
there is still a limited understanding of how these fibers
interact with earth-based mortar specifically in the
context of 3D-printed structures. In particular, the
mechanisms governing fiber-matrix bonding and the
influence of fiber treatments in 3D printing remain
largely unexplored. Addressing this gap, the present
study aims to examine the key factors that influence the
bond strength between jute fibers and 3D-printable
earth-based mortars. To achieve this, jute fibers were
pre-treated by immersion in clay (mud) slurry - the
binder component of the mortar - before being placed
between printed layers. Pull-out tests were then con-
ducted to assess the bond strength of both untreated
and slurry-treated fibers in two different mortar com-
positions. By doing so, this research contributes new
quantitative insights into how sand addition and fiber
pre-treatment affect interfacial bonding, thereby ad-
vancing the material design of sustainable, fiber-rein-
forced 3D-printed structures.

2. Materials and Method

This section details the materials used in the study,
the preparation of specimens, and the methods em-
ployed for testing bond strength between jute fibers and
earth-based mortars. The focus is on two main variables:
the composition of the earth-based mixture and the pre-
treatment of jute fibers.

2.1. Materials

In the current study, the same natural materials used
in previous studies (Tarhan and Perrot 2023; Tarhan et
al. 2024) were adopted to prepare the earth-based mor-
tar mixtures. These include silt-containing raw earth,
clay-rich quarry wash mud, and fine silica sand with a
maximum particle diameter of 1 mm and a bulk density
of 2.26 g/cm?. The quarry wash mud, acting as the main
binder, had a specific surface area of 10 mz/g, a density
of 2.65 g/cm?, a plasticity index of 29, a liquid limit of
62.8%, and a plastic limit of 34.1%. To evaluate the influ-
ence of sand, a second sand-free mixture was also pre-
pared, replicating the formulation reported by Tarhan et
al. (2024) but omitting silica sand. Since sand represents
the largest particle size fraction in the mixture, its inclu-
sion was expected to prominently affect fiber-mortar in-
teraction, especially considering the small dimensions of
the pull-out test specimens. Compositions for both mix-
tures are listed in Table 1.
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The jute fibers used were natural, untreated, and
sourced commercially. For the treatment group, fibers
were immersed in a clay (mud) slurry for 15 minutes, then

gently wiped to remove excess slurry and dried at ambi-
ent conditions (20 °C, ~50% RH) for 24 hours. Specimens
were classified into four groups as shown in Table 2.

Table 1. Proportions of the mixtures.

Components (%)

3D printable mixes

Rawearth  Quarrywash Sand  Water
1. Mixture (with sand) 44 16 40 21
2. Mixture (sand-free) 64 36 - 28

Table 2. Description of the specimen groups based on mixture composition and fiber treatment.

Group Mixture composition Fiber treatment
EC-F Earth + Clay (No Sand) Untreated
EC-MF Earth + Clay (No Sand) Mud slurry-treated
ECS-F Earth + Clay + Sand Untreated
ECS-MF Earth + Clay + Sand Mud slurry-treated

To assess the printability of both mixtures, fall cone
tests were conducted in accordance with EN ISO 17892-
6 (2017). This was achieved by measuring the penetra-
tion depth of a cone under an applied load. The cone tip
was placed on the surface of the mixture and released for
approximately five seconds, allowing sufficient time for
penetration to occur. The resulting data demonstrated
penetration depths of 19.8 mm for the sand-blended mix
and 16.5 mm for the sand-free mix. Both of these mix-
tures exhibited excellent printability characteristics for
use in 3D printing. Fig. 1 shows one of the 3D-printed
beam-shaped samples reinforced with jute textiles.

’ Vo e GRS

Fig. 1. Earth-based specimens equipped with 3D-
printed jute fabric (Tarhan and Perrot 2023).

Fiber diameters —both untreated and slurry-coated-
were measured using an optical microscope (Leica
DM750), and representative images are provided in Fig.
2. Eight jute fiber samples were utilized in sand-blended
and sand-free mixes, untreated, and immersed in mud
slurry for the pull-out test. Some of the fiber diameters
measured by optical microscopy are shown in Fig. 2.

Fig. 2. Optical microscope measurements:
(a) Diameter of the untreated jute fiber;
(b) Jute fiber immersed in mud slurry.

2.2. Sample preparation and pull-out test

Pull-out test specimens were prepared using a custom
designed PVC mould as shown in Fig. 3. The mould con-
sists of two laser-cut PVC plates: the lower plate contains
a 1 mm diameter hole to center the fiber, the upper plate
forms a 5 mm diameter cylindrical cell for the earth mix-
ture. Prior to casting, the upper mold surfaces were lu-
bricated with a thin layer of Vaseline to facilitate
demolding. The jute fiber was threaded through the
mold hole and centered so that approximately 15 mm of
its length was embedded. The earth-based mixture was
then poured into the mold and gently compacted by
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hand. After casting, the specimens were left in the mold
for 24 hours under laboratory conditions (20 °C and
50% relative humidity). They were then demolded and
further oven dried at 60 °C for 15 days to ensure com-
plete moisture removal and strength gain, following the
methodology of Tarhan and Perrot (2023).

(a)

® ©

Fig. 3. (a) Muddy jute fibers; (b) Untreated jute fibers;
(c) The tool used to create specimens, and placing jute
fiber and earth-based mortars.

For mechanical testing, tensile tests were performed
using a universal testing machine (MTS Insight Series)
equipped with a 50 N load-cell. Each jute fiber was
clamped in pneumatic grips to prevent slippage and
pulled at a constant displacement rate of 1 mm/min until
complete debonding occurred. Testing was carried out
under controlled laboratory conditions (~20 °C, 50%
RH). The average interfacial bond strength was consid-
ered as the apparent interfacial shear strength (IFSS), as-
suming a uniform interfacial stress distribution at the fi-
ber/earth interface. It was calculated according to
Lecompte et al. (2015) using the Eq. (1):

IFSS = Zbond (1)
TL’.t.Df

where Frond is the maximum pull-out force (N), ¢t is the
matrix height (mm), and Dy is the average fiber diameter
(mm) placed in the earth-based mixture (Fig. 4). This cal-
culation provides a standardised measure of interfacial
bonding performance, allowing comparison between
different mixture compositions and fiber treatments,
and is critical for understanding the efficiency of load
transfer between the fiber and the surrounding matrix.

Fig. 4. Pull-out test device and crack development
in the sample.

3. Results and Discussion

Table 3 and Fig. 5 present the results from the pull-
out test, including maximum force, maximum elonga-
tion, IFSS, and the percentage increase in bond strength
compared to the reference EC-F specimens.

Table 3. Results of the pull-out test.

Grou Sample Force Extension IFSS Average Increase

p name ) (mm) (MPa) IFSS (MPa) (%)

EC-F (1) 5.42 1.58 0.33
1 0.30

EC-F (2) 4.29 1.43 0.26
ECS-F (1) 8.54 1.38 0.52

2 0.57 90
ECS-F (2) 9.96 1.45 0.61
EC-MF (1) 13.64 2.17 0.84

3 0.74 147
EC-MF (2) 10.50 1.57 0.64
ECS-MF (1) 9.56 2.55 0.59

4 0.56 87
ECS-MF (2) 8.47 1.03 0.52
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Fig. 5. Pull-out test results.

The reference group (EC-F), consisting of earth and
clay without sand and using untreated jute fiber, showed
the lowest average IFSS at 0.30 MPa. The addition of sand
to the mix (ECS-F) resulted in a significant 90% increase
to 0.57 MPa. This improvement is probably due to the in-
creased frictional resistance provided by the sand parti-
cles at the fiber-matrix interface. The presence of sand
can create a more tortuous path during fiber extraction,
increasing the mechanical interlock and the energy re-
quired for debonding — defined here as the resistance of
the fiber to being pull-out of the mortar. These findings
are consistent with the findings of Tang et al. (2010),
who demonstrated that increasing sand content in soil
composites improved sliding resistance of fibers due to
higher superficial roughness. Similarly, Abdi etal. (2011)
showed that encapsulating reinforcement in sand layers
within clay matrices significantly increased pull-out re-
sistance.

The most significant improvement was observed in
the EC-MF group where the jute fibers were pre-treated
by immersion in clay slurry. This group achieved an av-
erage [FSS of 0.74 MPa, an increase of 147% over the ref-
erence. Two main mechanisms may explain this im-
provement: (i) the clay slurry may fill micro voids on the
fiber surface, increasing the effective contact area; and
(ii) the pre-treatment may improve the physico-chemi-
cal compatibility between the fiber and the clay-based
matrix, resulting in a stronger bond. Similar positive ef-
fects of slurry treatments were reported by Tarhan et al.
(2024), who found that jute fibers treated with earth
slurry improved both flexural and compressive strength
in 3D printed earth-based elements. Fagone et al. (2019)
showed that jute fabric reinforcement improved adhe-
sion and ductility in rammed-earth arches, although
bond strength was not quantified in this study. Fode et
al. (2025) revealed that bentonite slurry-treated sisal fi-
bers embedded in cementitious matrices exhibited im-
proved interfacial bonding and mechanical strength.

Interestingly, the combination of sand addition and fi-
ber pre-treatment (ECS-MF) resulted in an average IFSS
of 0.56 MPa, an increase of 87% over the reference. How-
ever, this was slightly less than the improvement achieved
by pre-treatment alone (EC-MF), suggesting that the ef-
fects of the two methods may not be additive. A possible
explanation is that there may be opposing mechanisms
atwork. While sand increases friction and surface rough-
ness at the interface, the slurry coating may smooth or
modify the fiber surface, thereby reducing the ability of
the matrix to compact tightly around the treated fibers. In
addition, material-specific limitations —such as the bind-
ing capacity of the clay matrix or the tensile strength of the
jute fiber— may impose a ceiling beyond which further im-
provements are not possible, even with multiple interven-
tions. This interpretation is consistent with Archila et al.
(2018), who noted that combining reinforcement strate-
gies in earthen materials can lead to complex interac-
tions that do not necessarily yield cumulative benefits.

These results demonstrate that both sand addition
and fiber surface treatment can significantly improve fi-
ber-matrix bonding, but clay slurry treatment emerges
as a more effective strategy, particularly for small-scale
3D printing applications. Importantly, the performance
of the sand-free, fiber-treated group (EC-MF) highlights
a simple and innovative approach that relies solely on
readily available, low-cost materials without the need
for sand or advanced processing. This makes the method
highly relevant for sustainable construction, particularly
in regions where sand is scarce or expensive.

4., Conclusions

This study investigates the bonding between jute fi-
ber and earth-based 3D printable mortar via pull-out
tests on different fiber conditions (untreated and mud
slurry-treated) and mixture compositions.
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The results indicate that interfacial shear strength can
be substantially improved -from 0.30 MPa to 0.74 MPa (a
147% increase) - through clay slurry treatment of jute
fibers, offering an accessible and cost-effective rein-
forcement method. Although sand addition alone led to
a 90% increase, combining both strategies yielded no
further improvement, suggesting a performance ceiling
likely governed by material limits. These findings high-
light the effectiveness of targeted, single interventions in
enhancing fiber-matrix interaction and offer practical
guidance for optimizing the mechanical performance of
sustainable, 3D-printed earthen structures.

However, it was found that when the fibers were pre-
treated, the presence of sand may inhibit further bond
development - possibly due to reduced matrix compac-
tion around the slurry-coated fibers or interference with
the formation of a continuous contact layer at the fiber-
matrix interface, both of which may limit mechanical in-
terlocking and adhesion. Future research should focus on
evaluating the long-term durability of fiber-reinforced
earth mortars, particularly their resistance to moisture in-
gress, thermal cycling, and freeze-thaw conditions, as
these factors are critical to ensuring structural integrity
and service life in real-world applications. Furthermore,
an important finding is that the sand content may be crit-
ical for applications requiring sufficient bond strength.
Hence, further investigation is necessary to optimize the
amount of sand needed. In addition, it is suggested that
future studies evaluate long-term bond retention through
accelerated ageing cycles and verify the effectiveness of
treated fibers in full-scale 3D-printed wall panels.

This study contributes to the advancement of sustaina-
ble 3D printing technology by demonstrating that simple,
low-cost fiber treatments and earth-based mortar formu-
lations can significantly improve fiber-matrix bonding
without the need for synthetic additives or complex pro-
cessing — providing a viable pathway to environmentally
friendly and locally adaptable construction solutions.
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In this study, the seismic behavior of a real-size steel truss structure is ex-
amined for elastomeric isolator, double friction pendulum isolator, and fixed
support conditions. Hence, the main aim of the study is to examine which
type of support is safer for seismic response of a real-size steel truss struc-
ture, considering the structural reactions under earthquake and other acting
load effects. To do this, the structural models generated with three different
support conditions are examined in detail in terms of earthquake character-
istic according to conducted structural seismic analyzes. The real-size steel
truss structures are modeled in SAP2000 structural analysis program and
are designed in accordance with the Turkish Building Earthquake Code-
2018 specifications. The snow and wind loads acting on the truss structures
are calculated in the direction of TS EN 1991-1-3 and TS EN 1991-1-4 speci-
fications, respectively. The earthquake forces are implemented to the truss
structure through mode superposition method. Finally, the truss structure is
comparatively examined in terms of the structural weight, base shear force,
natural vibration period, and relative drift. As regards to the obtained re-
sults, it has been observed that the seismic responses of the steel truss struc-
ture are remarkable better when the seismic base isolator is implemented
into the structure.
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1. Introduction

Due to its geological location on numerous active
faults, Ttirkiye is in high seismicity region. A large part of
Tirkiye is located within the earthquake zone formed by
these faults. In other words, it is known that 95% of the
population is under earthquake hazard and 98% of large
industrial structures are located in these regions (Hattap
and Essiz 2005). Because of country's location on such
active faults, structural engineers have been conducted a
lot of different construction design to resist on the earth-
quake behavior utilizing reinforced concrete and steel
structures. Although steel structures are safer structural

system due to the high strength and ductility of steel,
their initial construction costs limit their usage in site.
Hence, steel structures are preferably used in non-resi-
dential highway and railway bridges, industrial facilities,
and/or low-rise buildings in Tiirkiye. Besides, the steel
truss structural systems, which have recently started as
to be in sports facilities, industrial buildings, stadiums,
large shopping centers, concert and exhibition areas,
etc., are a type of popular steel structure. The steel truss
structures are designed based on the principle that
structural elements are joined at the nodal points at
which moments are zeroed and consequently, the ele-
ments forming the structure work only against axial ten-
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sion and compression forces. In terms of static benefits,
these structures are much lighter than many other load-
bearing structural systems, and the low dead loads re-
duce costs not only on the roof but also on the foundation
and other sub-elements. Steel framed structures, on the
other hand, are structures where column, beam, and
floor structural elements are used, as in reinforced con-
crete structures. In such structures, column and beam el-
ements have high bending stiffness, and connection
points resist horizontal displacements. When designing
seismic resilient construction, steel structures are gen-
erally preferred because of their low weight and high
ductility. Since the structural weight of steel structures
is approximately 50% less than that of reinforced con-
crete structures, the steel structures reacts to seismic
forces at the same rate less (Ozdemir 2022). Therefore,
the damages caused by earthquakes in steel structures
are less than other types of structures. Traditionally,
steel structural systems are designed with the aim of
damping the energies arising under earthquake loads by
means of joints formed at the nodal points. In addition,
seismic dampers are used in earthquake resistant steel
structure designs in order to increase the stability of the
structure under seismic effects. These are generally
grouped as active and passive dampers. However, there
are special hybrid damping systems that are formed by
combining these two damping systems (Artar and
Carbas 2022, 2023; Carbas and Artar 2024). Another ef-
fective method used to minimize the earthquake effect in
steel structures is seismic isolation. Seismic isolation
aims to minimize the earthquake damage to the struc-
ture by transferring the horizontal earthquake forces
caused by the incoming ground motion to the super-
structure as little as possible by means of so-called seis-
mic isolator devices placed between the foundation and
columns of the structure. The basic working principle of
these isolator devices is to increase the period of the
structure by increasing the horizontal displacement at
the foundation of the structure. By increasing the period
of the structure, the intensity of the spectral accelera-
tions caused by the earthquake and the damaging effect
of the earthquake in parallel are reduced as much as pos-
sible. Seismic base isolator systems differ in size, shape
and especially in the material they are made of. The most
commonly used ones are elastomeric isolators, lead-core
isolators and friction pendulum isolators (Taymus 2021;
Ozdemir 2022). The usage of seismic isolation has be-
come widespread in our country, as well. Scientific stud-
ies on seismic base isolation systems in our country have
a substantial impact on the increase in practical applica-
tions (Ozpalanlar 2004; Reyhanogullar1 and Akyiiz 2015;
Wieland and Malla 2015; Erdem and Saifullah 2016;
Erdem et al. 2016; Yurdakul and Yildiz 2020).

In this study, a steel truss structure was modeled in
the SAP2000 structural analysis program according to
three different support conditions (double friction pen-
dulum isolator, elastomeric isolator, fixed support), and
the seismic response of the structure under earthquake
forces was investigated. It was also examined whether
the application of seismic base isolators increases struc-
tural stability. The handled real-size steel truss structure
originally designed with fixed supports and was con-

structed in the form of a tennis court, by implementing
elastomeric isolators and double friction pendulum iso-
lators under its load-bearing columns, resulting in a total
of three different structural models. The main aim here
is to examine in detail whether real-size steel truss struc-
tures can be constructed with less structural weight
compared to traditional base design methods by placing
different types of seismic base isolators, and most im-
portantly, whether the seismic responses of the struc-
ture can be improved. For this purpose, the final struc-
tural designs were comparatively analyzed based on
structural weight, base shear force, natural vibration pe-
riod, and relative drift. Consequently, comparisons were
made based on the results obtained for three different
structural models; traditional fixed support, elastomeric
isolator, and double friction pendulum isolator applica-
tion.

2. Seismic Base Isolators

Seismic base isolators are one of the earthquake resil-
ient systems that isolate the superstructure from the
ground by separating it, thus reducing the reactions that
may occur from ground motions and increasing the nat-
ural vibration period and damping ratio of the structure.
They are one of the most effective seismic proof methods
for minimizing the damage that seismic excitations can
cause. They also play an important role in reducing both
story drifts and story accelerations. In structures de-
signed according to the traditional lateral load-bearing
method, almost all acting loads originating from ground
motions are transmitted to the superstructure, and the
risk of these loads damaging the load-bearing elements
is quite high. However, in seismically base-isolated
structures, since energy absorption is high, the effect of
external loads originating from ground motions on the
superstructure is significantly less. When seismic isola-
tors are used at the load-bearing columns’ base in struc-
tural design, the structure initially exhibits an almost
rigid behavior, and displacement occurs only in the iso-
lators. As the natural vibration period of the structure in-
creases, the spectral acceleration resulting from the
earthquake and the deformation effect of the earthquake
on the structure are significantly reduced. While the in-
tensity of seismic forces originating from ground mo-
tions and acting on the structure may not be controlled,
making the structure safer is achieved by reducing the
intensity of the transmission of loads from the ground to
the structure. The damping ratio, which is accepted as
5% in steel structures designed with normal traditional
methods, increases up to 25% in structures where seis-
mic base isolators are implemented (Kamrava 2015;
Makris 2019; Taymus et al. 2024).

Various base isolator devices are used for seismic iso-
lation. The most commonly used types are elastomeric
and friction pendulum isolators (Kelly 2001; Naeim and
Kelly 2007). The elastomer parts of elastomeric isolators
are produced from natural rubber. One of the main rea-
sons why they are preferred is that they can take the de-
sired shape. They have good compatibility with metals
and these features facilitate their installation on the
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foundation in practice. Elastomeric isolators, which can
deform up to four times the height of the rubber layers,
have high stiffness vertically and very low stiffness hori-
zontally (Fig. 1(a)). In the design and modelling stages of
elastomeric isolators, especially their shear modulus, en-
ergy absorption capacity and time-dependent mechani-
cal properties are expected to change as little as possible.
In practice, they can be placed at the base of the column,
in the middle of the column or between floors. In retro-
fitting projects, they can be used by creating a rigid plat-
form between the column and the foundation. The work-
ing principle of friction pendulum isolators under earth-
quake loads is as follows; when the incoming seismic
forces exceed the design friction force of the isolator, the
steel sphere between the upper and lower plates starts
to slide on the concavely designed lower plate and in-
creases the oscillation period of the structure and makes
the structure make small oscillations (Saiful Islam et al.
2011). In this way, the earthquake energy is damped by
the friction force (Fig. 1(b)). Friction pendulum isolators
can be designed in three different types: single, double,
and triple friction pendulum.
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Fig. 1. Seismic base isolators: (a) Elastomeric (Arfen
2023); (b) Friction pendulum (Kan et al. 2017).

Among those triplets, the double friction pendulum
isolator preferred in this study due to its popularity and
ease of practicability is formed to consist of three com-
ponents; the bottom and top plates, and the center slider.
Such isolators are designed to absorb seismic energy by
the movement of the center slider between the bottom
plate and the top plate. Thus, a double friction surface is
created that will be activated by the seismic loads com-
ing to the structure. Since the friction will not be the
same on two sliding surfaces, it is also considered that
the sliding surface can always rotate a little. Therefore,
the sliders are designed as articulated and irregular de-
formation is prevented. Since it has a double friction sur-
face, it can be produced in smaller sizes and is often pre-
ferred in practice. Due to some rotation of the support
body and the slider, this should be taken into account
when calculating the displacement capacity. The double
friction pendulum isolator cross-section and itself is
shown in Fig. 2 (Constantinou 2004; Scheaua 2020).

Fig. 2. Double friction pendulum isolators
(Constantinou 2004; Scheaua 2020).

2.1. Modelling of elastomeric isolator in SAP2000

The elastomeric isolators can be modeled in SAP2000
structural analysis program. In this context, the ready-
defined "Rubber Isolator” element type can used for this
purpose. In elastomeric isolators, since there is no move-
ment (sliding) limiter, a "gap" (clearance) definition is
not made. After entering the mass and selecting the ele-
ment orientations, data entries are made for the mechan-
ical properties of the isolator. Since a nonlinear analysis
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is performed, "NonLinear" must be selected and a "Stiff-
ness" value is initially entered as 5025.313 kN/m. The
"k1" value, which will be mentioned in the further sec-
tion, is entered as the "Stiffness" value. The "Yield
Strength" value is also entered as the force value of
92.4658 kN at which the "k2" value starts. The value of
the "k1/k2" ratio is entered as the "Post-yield Stifness
Ratio" value as 0.1667. The "Rubber Isolator" option
readily available in the SAP2000 structural analysis pro-
gram, as mentioned before, this type of isolator can also
be modeled by selecting a single "Link" element. In fact,
the "Rubber Isolator" used here is a biaxial hysteretic
isolator that exhibits plastic behavior for orthogonal and
interactive shear deformations in two directions and
shows linear effective stiffness for the other four defor-
mations. The hysteretic concept in this definition is the
cyclic response behavior exhibited by the internal force-
deformation relationship formed in the element as a re-
sult of external seismic loading. For each shear defor-
mation degree of freedom, linear or nonlinear behavior
can be defined (Ozpalanlar 2004). When modeling the
elastomeric isolator in the SAP2000 structural analysis
program, a "Link" element definition is initially made
downwards from the connection point of the structure
with the foundation. A fixed end support is assigned to
the bottom point of the defined "Link" element. The de-
fined "Rubber Isolator," as explained above, is assigned
to this "Link" element. The visuals of the elastomeric iso-
lators modeled in the SAP2000 structural analysis pro-
gram are shown in Fig. 3.

(@) f (b)

Fig. 3. Elastomeric isolator modeled in SAP2000:
(a) 3D view; (b) x-z plane view.

2.2. Modelling of double friction pendulum isolator
in SAP2000

Within the scope of this study, the double friction pen-
dulum isolator has been modeled in the SAP2000 struc-
tural analysis program by utilizing “Plastic (Wen)” op-
tion as link/support data. The elements to be defined as

"Plastic (Wen)" are considered as plastic hinges. Also, a
gap is defined in the form of a "gap"” element. Namely, the
element definitions have been made as "Plastic (Wen),"
i.e,, plastic hinge, and "gap," i.e., gap element. All solu-
tions made other than the "NonLinear Link" element def-
inition is calculated assumed as linear behavior. Another
data entry is made to define the orientations and me-
chanical properties. Here, for mechanical properties, the
"Effective Stiffness" and "Effective Damping" properties
to be used in "Linear" analysis are entered. Then, the el-
ement properties "Stiffness" and "Open" to be used in
"Nonlinear" analysis. The selected "U1" direction means
to make a definition equivalent to the x-direction in the
coordinate system if the global axis system is defined in
the SAP2000 structural analysis program. Later, the me-
chanical values of the "gap" element are entered. When
modeling the double friction pendulum isolator, it
should be taken into account that it will move horizon-
tally and slide, and when it displaces to the edges of the
concave surface, it should not displace further due to the
limiters at the edges of this surface. So, the isolator has a
certain displacement capacity. In the "gap" element, this
represents the displacement capacity. In the SAP2000
structural analysis program, the "Open" option is de-
fined as the displacement capacity. The "Stiffness" op-
tion represents the bearing capacity stiffness of the iso-
lator after it displaces up to the limiters. Naturally, this
value should be entered as a large value that will prevent
deformation during isolator modeling. The assumption
that the "Effective stiffness” value is 1/500th of the nor-
mal "Stiffness" value can be accepted. After mass defini-
tion, the "U2" and "U3" directions are selected. To define
the properties of these directions, the "Stiffness" value is
entered as the stiffness value in the nonlinear analysis.
Thereby, the double friction pendulum isolator will not
displace, i.e., will not move, until the friction force is
reached. When making the "Plastic (Wen)" element defi-
nition, calculations are made assuming very high stiff-
ness and a slight amount of displacement. The "Yield
Strength" value is the force value at which sliding, i.e.,
yielding, begins. In this study, since a simulation is per-
formed and to be exactly the same in reality, the "Plastic
(Wen)" element type was used when modeling the dou-
ble friction pendulum isolator. The "Post Yield Stiffness
Ratio" value is defined as the ratio of the stiffness at the
moment yielding starts to the stiffness after yielding
ends. The "Yielding Exponent" value is generally taken as
22. In Friction Pendulum Bearings, transitions between
sliding regimes occur sharply. The Yielding Exponent pa-
rameter should be a value that reveals this sharpness.
Thus, the reason for taking "Yielding Exponent” value as
22 is that the hysteretic curve of double friction pendu-
lum isolators should be sharply cornered, i.e., square or
rectangular in shape. Here, the larger the area under the
curve, the more the energy damping capacity against
earthquake effects for steel structures is increased.
When modeling the double friction pendulum isolator
in the SAP2000 structural analysis program, first, the
concave surface of the lower part of the isolator is con-
sidered, and 5 “link” element definitions are made. This
element type is defined to the start, end, and joint points
of the "Link" elements. Then, fixed supports are defined
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atthe corner points. Displacement of the bottom 5 points
of the isolator is prevented. In the upper part of the iso-
lator, movement under seismic forces is considered. The
upper part of the isolator also has 5 "link" element defi-
nitions just like the bottom, and this element type is de-
fined to the start, end, and joint points of these elements.
The "Plastic (Wen)" link element is assigned to the de-
fined vertical links, and the "gap" link elements are as-
signed to the horizontal links. Since the three points de-
fined on the upper plate of the isolator will not move in-
dependently, it is assumed that they will move together.
Hence, "Joint constraints" are defined and assigned to
these 3 points in the SAP2000 structural analysis pro-

(a) (b)

Up2

gram. The 2 points in the middle of the lower and upper
plates represent the central slider. Since it is assumed
that these two points will move together, "joint con-
straints" have been assigned. However, different "joint
constraints"” have been assigned to the 3 points on the up-
per plate and the 2 points on the lower plate. The reason
for this is that the upper 3 points and the middle 2 points
need to move separately. The "joint restraints” assign-
ment to the top middle point of the upper plate is made.
Since the points on the upper plate will move together,
assignment has been made only to this point. The double
friction pendulum isolators modeled in the SAP2000
structural analysis program are shown in Fig. 4.

® Up1l
Up3
{ ]
Lw2
Lwl
o

Fig. 4. Double fraction pendulum isolator modeled in SAP2000: (a) 3D view; (b) x-z plane view.

3. Design of Real-Size Steel Truss Structure in
SAP2000 using Seismic Base Isolators

With the nonlinear analysis capability developed in
the SAP2000 structural analysis program, the static and
dynamic computations and designs of real-size (3D)
steel truss structures can be performed by defining non-
linear elements. According to Hooke's law, there should
be a linear displacement according to the applied force.
However, in nonlinear analysis, the applied force and
displacement do not change linearly. The element may
flex or deform without flexing under the applied force.
Therefore, nonlinear analysis should also be performed
in the design of steel structures. This type of analysis
performed in steel structure design is called second-or-
der analysis. From this point of view, it is understood
that linear displacement occurs in linear analysis under
force, and nonlinear displacement occurs in nonlinear
analysis. The type of material used is also important in
this respect. The resistance shown by the material
against force, that is, its yield strength, may not be clear
after it is exceeded. In this case, the hardness or stiffness
value of the material used play very significant role.
Therefore, these values should be considered in the cal-
culations in duration of design. One of the reasons for
performing nonlinear analysis during design is that as
the force effect increases in linear analysis, the sections
in the design grow at the same rate, but in nonlinear
analysis, the structure can be designed with smaller
cross-sections (Ozdemir 2022).

In this study, a real-size steel truss structure taken as
a structural design example was modeled with 7 span,

each span has 6 m wide, and a truss span of 21 m. The 3D
view of the modelled real-size steel truss structure is
shown in Fig. 5. The columns of the structure were de-
signed using Q1685mm pipe profiles, the roof trusses us-
ing Q1684mm pipe profiles, the column bracing mem-
bers using Q763mm pipe profiles, the roof truss bracing
members using 603mm pipe profiles, the roof purlins us-
ing 40x80x3 mm box profiles, and the bracing members
also using 40x80x3mm box profiles. In this study, the
snow and wind loads acting on the life-size steel truss
structure were calculated by considering the criteria in
TS EN 1991-1-3 (2025) and TS EN 1991-1-4 (2022)
specifications regulations, respectively.

Fig. 5. 3D view of real-size steel truss structure
modeled in SAP2000.
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3.1. Seismic data identification using mode
superposition method

In this study, it was assumed that the real-size steel
truss structure taken as a design example would be con-
structed in Karatay/Konya at coordinates latitude
'37.88680' and longitude '32.500621". Based on these
coordinates, an earthquake hazard report and a horizon-
tal elastic design spectrum were generated from the
website of the Disaster and Emergency Management
Presidency (AFAD) (Fig. 6).

The data considered when creating the spectrum
above were selected as Ss=0.686, $1=0.148, Sps=0.841,
Sp1=0.222, PGA=0.293, PGV=14.219, and soil class ZD. Af-
terwards, a reduced design spectrum graph was created
by considering the horizontal elastic design spectrum.
The reduced design spectrum graph was graphed ac-
cording to the earthquake load reduction factor design
criteria under the title "Earthquake Load Coefficients
and Capacity Design Principles” from the Tiirkiye Build-
ing Earthquake Code-2018 (TBEC 2018) as depicted in
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0,300 -
0,250 -
0,200 -
0,150 -
0,100 -

0,050 -

SaR (g) reduced spectral acceleration

Fig. 7. Here, R=4 and D=2 are taken from TBEC-2018/Ta-
ble 4.1, [=1.2 is taken from TBEC-2018/Table 3.1,
TB=Sp./Sps is taken from TBEC-2018/Eq. 2.3 and so the
TB=0,264 is calculated.
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Fig. 6. Horizontal elastic design spectrum graph.
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Fig. 7. Reduced response design spectrum graph.

The reduced response design spectrum was created
according to the design criteria in the relevant section of
TBEC-2018. The method used in this study is the mode
superposition method, which is one of the dynamic solu-
tion methods. The mode superposition method is solved
by statistically combining the maximum internal forces
and displacements calculated for each of the natural vi-
bration periods in the structure (Issever 2012). From the
equations under the title "4.2.1. Earthquake Load Reduc-
tion Factor" of TBEC-2018;

R,(T)=R for T>TB (1)

Ra(T)=D+(R—D)-% for T<TB (2)
_ Sae(T)

SR(T) =5 for T>TB (3)

In these equations;
SqR(T): reduced spectral acceleration for a specific natu-
ral vibration mode,

Sae(T): elastic spectral acceleration for a specific vibra-
tion mode,

Ro(T): earthquake load reduction factor for a specific vi-
bration mode.

Subsequently, the period, elastic design spectrum val-
ues, earthquake load reduction factor, and reduced ac-
celerations were created in an Excel program and saved
as a ".txt" extension file compatible with the SAP2000
structural analysis program. In the SAP2000 structural
analysis program, "Function" was entered from the
"Define" tab, and then "Response Spectrum Function
Definition". Then, the created ".txt" format text docu-
ment was loaded to crate the response spectrum func-
tion graph. The reduced response spectrum graph
through the "Load Case Data" tab was defined in the
SAP2000 structural analysis program and included in
the structural analysis. While identification the data, real
acceleration-time records were applied to the structure
in both directions in accordance with the TBEC-2018
specifications.
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3.2. Modal analysis

It is important to consider modal analysis when mak-
ing structural designs. This is because most structures
tend to vibrate at natural frequencies even when not un-
der any load or force. Due to these natural frequencies,
structures exhibit mode changes, even if very slightly.
This type of analysis is used to determine the parameters
needed to define the design that shows the dynamic be-
havior of structures. In this way, the created modes, nat-
ural frequency, damping, and resulting mode shapes can
be determined. If modal analysis is categorized, it can be
divided into traditional modal analysis and operational
modal analysis. If the vibrations to be applied to the
structure are known, the conventional modal analysis
method can be used. However, if the vibrations to be ap-
plied to the structure are unknown, the operational
modal analysis should be preferred. During the analysis,
it is assumed that the structure is a whole, its structural
behavior does not change over time, the material prop-
erties do not change, and the structure exhibits linear
characteristic (Sahin et al. 2020). Fig. 8 below shows the
behavior of the real-size steel truss structure subjected
to modal analysis in the SAP2000 structural analysis
program at "mode=1".

Fig. 8. View in x-z plane of real-size steel truss structure
as a result of modal analysis via SAP2000.
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4. Discussions

In this study, a real-size steel truss structure modeled
in the SAP2000 structural analysis program was first de-
signed using the traditional base method, i.e., with fixed
supports. Then, the structure was designed separately
again for the cases elastomeric and double friction pen-
dulum seismic base isolators. Consequently, the struc-
tural analyses of three different structural design mod-
els—fixed supported, with elastomeric seismic base iso-
lators, and with double friction pendulum seismic base
isolators—under the load effects were carried out. The
obtained structural design solutions were then examined
in terms of comparisons of structural weights, base shear
forces, natural vibration periods, and relative drifts.

In order to compare the structural weight of the life-
size steel frame structure modeled with and without seis-
mic base isolator using SAP2000 structural analysis pro-
gram, the obtained weight of structures from each struc-
tural analysis for the cases with fixed support, elastomeric
isolator, and double friction pendulum isolator are tabu-
lated in Table 1. The total reaction weight of the structure
was calculated by summing the reaction force values oc-
curring at the supports. When Table 1 is examined, it is
seen that the highest reaction force occurs when imple-
mentation of the elastomeric isolators, followed by the
case where double friction pendulum isolators are imple-
mented, and the lowest reaction force occurs when imple-
mentation of fixed supports. When the steel truss struc-
ture is designed with double friction pendulum isolators,
it gives approximately 60% higher reaction force com-
pared to the case where it is designed with fixed supports.

When the base shear forces of the real-size steel truss
structure designed with and without isolators using
SAP2000 structural analysis program are compared it
can be deducted that considering the resistance of the
real-size steel truss structure modeled in the SAP2000
structural analysis program against seismic effects, the
values of shear forces play an important role in deter-
mining the section properties. As can be understood
from the base shear force values resisted by the supports
shown in Fig. 9, the highest base shear force is resisted
by elastomeric isolators, followed by double friction
pendulum isolators, and the lowest by fixed supports.

Elastomeric
Isolator

Fig. 9. Base shear forces with respect to support conditions.
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Table 1. Structural weights with and without seismic base isolator.

Protal/Fixed Support (kN)

Prota/Elastomeric Isolator (kN)

Proal/Double Friction Pendulum Isolator (kN)

7.583,81 8.215,29

12.058,17

When Fig. 9 is examined, it is seen that the elastomeric
isolator resists approximately twice as much base shear
force as the fixed support when used in the real-size steel
truss structure. When the double friction pendulum iso-

lator is implemented in the real-size steel truss struc-
ture, it is seen that it resists approximately 20% more
base shear force compared to the fixed support as obvi-
ously seen in Table 2.

Table 2. Base shear forces for the support condition according to load combinations.

Support Condition Fixed Support

Double Friction Pendulum Isolator

Elastomeric Isolator

Maximum base shear force

according to load combinations Vivax (IN) Vitax (IN) Vivax (kN)
1.2G+0.2S+Ex 6.644,38 = =
1.2G+0.2S+Ey - 8.056,55 -
1.2G+0.2S+Ex - - 11.623,03

In Table 2, the maximum base shear force obtained
from the structural analysis results executed in the
SAP2000 structural analysis program according to the
load combinations are given. Here, while maximum base
shear force values are obtained in the 1.2G+0.25+Ex load
combination when fixed support and elastomeric isola-
tor are implemented into the structure, the maximum
base shear force value is obtained in the 1.2G+0.2S+Ey
load combination when double friction pendulum isola-
tors are implemented into the structure. When the iso-
lated steel truss structures are compared among them-

selves, it is seen that approximately 47% more base
shear force is resisted in the case where elastomeric iso-
lators are implemented into the structure compared to
the case where double pendulum isolators are imple-
mented.

The natural vibration periods obtained for the first,
second, and third structural modes as a result of the
structural analyses of the real-size steel truss structure
modeled with fixed supports and seismic base isolators
in the SAP2000 structural analysis program are tabu-
lated in Table 3.

Table 3. Natural vibration periods according to support conditions.

Structural Modes Ttixed support (S€C)

Tdouble friction pendulum isolator (Sec]

Tetastomeric isolator [Sec)

1 0.23
2 0.11
3 0.10

0.29 0.41
0.21 0.38
0.11 0.13

If Table 3 is examined, it is seen that the natural vibra-
tion period of the real-size steel truss structures in-
creases by approximately two times of magnitude when
designed with base isolators compared to the case where
they are designed with fixed supports. After the third
mode, it is seen that the natural vibration periods of the
structure reach almost the same values for all support
conditions.

After the structural analyses of the real-size steel
truss structures modeled with fixed supports, double
friction pendulum isolators, and elastomeric isolators in
the SAP2000 structural analysis program, the maximum
relative drifts were obtained when the relative drifts at
the apex points of the trusses and the relative drifts at
the internal joint points where the fully vertical truss
members end and the inclined truss members begin,
which are in the same alignment as the fixed sup-

ports/isolators, were considered. The maximum relative
drifts values of the obtained results are tabulated in Ta-
ble 4. It is seen that the maximum relative drifts obtained
for the fixed supported structural case will be greater
than the relative drifts obtained in the cases where the
structure is modeled with isolators. The maximum apex
point relative drift was obtained in the 1.2G+0.55+1.6Wy
load combination for the isolated structural designs, and
in the 1.2G+0.2S+Ex load combination for the fixed sup-
ported structural design. On the other hand, the relative
drift values at the internal joint points where the fully
vertical truss members end and the inclined truss mem-
bers begin, which are in the same alignment, were ob-
tained from the 1.2G+0.5S+1.6Wy load combination for
the isolated structural designs, and from the
1.2G+0.2S+Ex load combination for the fixed supported
structural design.
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Table 4. Relative drifts of the apex point and specified joints for three different support conditions
according to load combinations.

Support Condition Fixed Support

Double Friction Pendulum Isolator

Elastomeric Isolator

Maximum relative drifts

. . A x / Ajointmax (cm
according to load combinations apeXnax / Ajointna (cm)

AapeXmax / Ajointmax (cm) AapeXmax / Ajointmax (cm)

1.2G+0.55+1.6Wy =

1.2G+0.2S+Ex (4.3) / (4.27)

(1.88) / (1.87) (1.87) / (1.78)

When Table 4 is examined, it is seen that maximum
relative drifts at the apex point and at the internal joints,
which are in the same alignment as the isolators, where
the fully vertical truss members end and the inclined
truss members begin, were obtained in the same load
combination and in the same direction (y-direction) for
the isolated structural designs. It has been observed that
the maximum relative drift value in the steel truss struc-

4,5 -

3,5~

2,5=

Relative Drifts (cm)

1,5+

0,5 -
0+

ture with fixed supports is greater than the maximum
relative drift values in the seismically isolated struc-
tures. In this context, the structures with seismic isola-
tors exhibited approximately 40% less maximum rela-
tive drift compared to the structure with fixed supports.
When the seismic isolated structural cases are compared
within themselves, almost the same relative drift values
were obtained (Fig. 10).

B Max. relative drift at apex point

Max. relative drift at joints

Double Friction'
Pendulum Isolator

Fixed
Support

Elastomeric
Isolator

Fig. 10. Comparison of relative drifts according to support conditions.

5. Conclusions

In this study, to investigate the seismic response char-
acteristic of a real-size steel truss structure, the struc-
ture was modeled and designed in SAP2000 structural
analysis program according to a total of three different
support conditions as fixed support, double friction pen-
dulum isolator, and elastomeric isolator. The structural
analyses were performed according to the mode super-
position method. The achieved structural analysis of
real-size steel truss structures were compared in regard
of the structural weight, base shear force, natural vibra-
tion period, and relative drifts. Thus, in this study, the
seismic response characteristic of the real-size steel
truss structures with seismic base isolation and a steel
truss structure modeled with traditional fixed supports
against earthquake forces was investigated. Within the
scope of this study, the following main concluding re-
marks were deducted:

e Considering the structural weight calculated accord-
ing to the support reaction forces obtained from the

structural analysis results, fixed supported and seis-
mically isolated steel truss structures were compared,
and the results are given in Table 1. According to this
table, it has been observed that the fixed supported
steel truss structure gives alower reaction force value
compared to the seismically isolated structures. In the
comparison made according to the base shear force, it
is seen that the steel truss structures with seismic
base isolators resist a higher base shear force, and
therefore, more resilient structural systems against
earthquake effects are constructed. This is because a
large part of the seismic energy coming into the struc-
ture during the completion of the oscillation of the
steel truss structures is damped by the seismic base
isolators implemented into the structure, so the base
shear force has reached its maximum value. In addi-
tion, when a comparison is made according to the
maximum relative drifts obtained, the drift values in
the structure are also low due to the isolators becom-
ing active when the structure starts to oscillate under
the influence of seismic forces. From these results, it
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is seen that real-size steel truss structures with seis-
mic base isolation become safer against earthquake
forces. In other words, it is seen that steel truss struc-
tures exhibit effective seismic resilience performance
against earthquake forces when they are designed
with properly modeled seismic base isolations.

e The most important result obtained mainly in this
study is that when seismic base isolators are used
practically in real-size steel truss structures, loss of
life and damage will be prevented due to the structure
exhibiting effective seismic performance against
earthquake forces.
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