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Research Article

A numerical study on influence of strain gradients
on lattice rotation in micro-machining of a single crystal

Murat Demiral * (9, Anish Roy "

,Vadim V. Silberschmidt?

? Department of Mechanical Engineering, University of Turkish Aeronautical Association, 06790 Ankara, Turkey
> Wolfson School of Mechanical, Electrical and Manufacturing Engineering, Loughborough University, LE11 3TU, UK

ABSTRACT

ARTICLE INFO

In latest years small scale machining has been widely used in advanced engineering
applications such as medical and optical devices, micro- and nano-electro-mechani-
cal systems. In micromachining of metals, a depth of cut becomes usually smaller
than an average crystal size of a polycrystalline structure; thus, the cutting process
zone can be localized fully indoors of a single grain. Due to the crystallographic ani-
sotropy, development of small scale machining models accounting for crystal plastic-
ity are essential for a precise calculation of material removal under such circum-
stances. For this purpose, a 3D finite-element model of micro-cutting of a single grain
was developed. A crystal-plasticity theory accounting for gradients of strain, imple-
mented in ABAQUS/Explicit via a user-defined material subroutine VUMAT, was used
in the computations. The deformation-induced lattice rotations in micro-cutting of a
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single crystal were analyzed extensively.

1. Introduction

In latest years small scale machining has become pop-
ular in manufacturing of components with sizes of sub-
millimeter or smaller used in advanced engineering ap-
plications such as medical and optical devices, micro-
and nano-electro-mechanical systems. This process di-
verges significantly from conventional machining as un-
cut chip thickness is usually smaller than the crystal size
of the sample; hence, instantaneous removal of the ma-
terial takes place entirely within a crystal level. Since sin-
gle crystals are strongly anisotropic in their mechanical
behaviour, the cutting process naturally depends on
crystallographic orientation as well as slip system and
slip activity in single grain (Lee et al., 2000).

Deformation-induced lattice rotations, i.e. a texture-
softening factor, reorientation or lattice spin, have at-
tracted attention in the micromachining community,
since a close connection is present between crystallo-
graphic shear, the leading mechanism ruling the defor-
mation, and the resulting texture evolution (Zaafarani et
al,, 2006). A few researches characterized the observed

phenomena using various techniques including non-de-
structive 3D electron backscattered diffraction (Lee et
al,, 2000), transmission electron microscopy (Lloyd et
al,, 2005) and 3D synchrotron diffraction method (Yang
et al., 2004). Nahata et al. (2021) investigated the sub-
surface microstructure in terms of the lattice rotation,
recrystallization and shear bands after micromachining
of aluminum single crystal experimentally. Lee and Zhou
(1993) accounted for the texture softening factor in their
analytical micro plasticity model to understand chip for-
mation in micromachining.

Due to intrinsic inhomogeneity of deformation field in
small scale machining tests, evaluating the obtained data
is not simple. The computational methods are often used
alternatively to understand its underlying mechanics.
For instance, Zahedi et al. (2013) used a 3D combined fi-
nite element (FE)-smoothed particle hydrodynamics
crystal plasticity model to study the influence of crystal-
lography in machining of a copper single crystal. Simi-
larly, Wang et al. (2020) developed a 2D crystal plasticity
FE model to investigate the chip profile and shear angle,
as well as their dependence on crystallography. Demiral
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et al. (2014a) investigated the effect of grain orientation
on the behavior of a single crystal using a FE model in-
corporating the strain-gradient and crystal plasticity in
the constitutive equations. However, in none of the
above studies, the texture evolution during microm-
achining of a single crystal was studied comprehen-
sively.

In this study, a three dimensional finite-element
study of micro-machining of a b.c.c. single crystal is per-
formed. The role of strain gradients due to inhomogene-
ous plastic deformation in small scales on the response
of the structure cannot be ignored; thus, they are consid-
ered in the constitutive equations. Their effects on the
spin of the crystalline lattice and resulting deformation
patterns are presented.

This paper is divided into five sections. Section 2 in-
troduces the constitutive equations of the theory used in
the simulations. Section 3 describes the details of the de-
veloped FE model. Section 4 shows the obtained results
with their associated discussions. Section 5 presents the
concluding remarks of the study.

2. Theory

In the simulations, an enhanced modelling scheme for
a strain-gradient crystal-plasticity (EMSGCP) theory re-
ported in Demiral et al. (2017) was used. In the follow-
ing, a dot superposed on a symbol indicates a material
time derivative and a bold symbol denotes a vector or a
tensor. The constitutive equations are summarized as
follows:

Elastic (F¢) and plastic (FP?) parts are the components
of the deformation gradient F according to Eq. (1).

F = FeFP (1)

The following flow equation rules the evolution of F?

FP = [PFP (2)

where L?, the plastic velocity gradient, is expressed as

P =X5-17%s" @m® (3)

In Eq. (3), y“ is the shearing rate on the slip system a.
s% and m“ are the slip direction and the slip-plane nor-
mal, respectively. A power-law representation is used
fory%, as

n

v =vgsgn (1) 4)

TIZ
97

Here y§ is the reference strain rate, % is the resolved
shear stress, n is the material constant related to its rate-
sensitivity, gf represents the strength of the slip system
a at the instant time, and sgn(I') is the signum function
of I'.

In this model, the critical resolved shear stress (g% |=o)

is ruled by the initial strength of slip systems associated
with statistically stored densities (SSDs) (g¢|.-,) and ge-

ometrically necessary dislocations (GNDs) (g&|;o)- They
are related to initial SSD (pg|;=,) and GND (p;|;=, ) densi-
ties, respectively, via the constant, K:

9tle=0 = \/(g?h:o)z + (g§|t=o)2 (@)

95 le=0 = Ky/Psle=o (b) (5)

96 le=0 = Ky pgle=o = K,/P|t=o(5/_v)2 (c)

The GND density term considered the normalized sur-
face-to-volume (S/V) ratio of the component (Demiral et
al, 2017). The slip strength during loading progresses
due to SSDs (AgZ) and GNDs (Ag{) on the slip system as
follows:

9% = g¥lieo + VB2 + (AgE)? (a)
Ag§ =X}, hopAy# (b) (6)
AgE = arp /b (©

where haﬁ is the slip-hardening modulus, ar, g, b and ng
represent the Taylor coefficient, the modulus of shear,
the Burgers vector and the effective density of GNDs, re-
spectively. The following hardening model was used to
calculate hp:

haﬁ = qhgea(a # B) (a)

hag = ho sech? |—2L — b) (7)
97 Isat=9T lt=0

7 =X [yt (©)

where h, denotes the initial hardening parameter, 7 is
the cumulative shear strain on all slip systems, gf |, is
the saturation stress of the slip system «, q is the latent
hardening ratio, considered to be 1. The effective GND
density (ng) equals to:

ng = |m? x Ly s®ryP x mf| (8)

Here s® =s%sP and Vy* represents the gradient of
shear strain for each slip system. In an enhanced model
of crystal-plasticity (EMCP), Ag¢ disappears as it does
not consider the evolving GNDs. The models were imple-
mented in the FE software ABAQUS/Explicit via the user-
defined material subroutine (VUMAT) (Demiral et al,,
2016).

In this study, the micro-machining of a single crystal
B-brass having a b.c.c. crystalline structure is investi-
gated. The active slip systems for this structure are
{110}<111> (Ueda et al.,, 1980); thus, only this slip sys-
tem set -among three potential system in b.c.c. materials-
was activated in the computations. The respective planes
and directions of the systems are presented in Table 1.
Material constants and model parameters used in the
simulations are given in Table 2.
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Table 1. The planes and directions of slip systems for {110} <111> set

System Plane Direction
1 (011) [1-11]
2 (011) [11-1]
3 (101) [-111]
4 (101) [11-1]
5 (110) [-111]
6 (110) [1-11]
7 (0-11) [111]
8 (0-11) [-111]
9 (10-1) [111]
10 (10-1) [1-11]
11 (-110) [111]
12 (-110) [11-1]

Table 2. Material and model parameters used in simulations
(Demiral et al., 2014a; Jona et al., 2001; Jia et al,, 2012; Beyerlein et al., 2011).

Elastic properties

Density and damping parameters

Linear bulk Quadratic bulk
-3
C11(GPa) C12(GPa) C14(GPa) p (kg m3) - o ——
131.0 115.0 92.0 8500 0.06 1.2
Plastic properties
Yo (s1) n hy (MPa) 97 lsae (MPa) ar
103 20 294 60 0.8
K (MPa mm) u (GPa) b (mm) Psle=o (mm2) Ple=o (mm2) S/
0.04 27.12 2.56x107 6.8 105 5.0 10+ 4.36
3. Finite Element Modelling of Micro-cutting CP [def]
z'
Y 9 -

The FE modellings of structures have been widely used
in the literature to investigate their responses when sub-
jected to complex loading conditions (Ercan et al,, 2015).
Especially, the chip formation of a single crystal in micro-
cutting process is multifaceted, where the crystal struc-
ture, crystal orientation and cutting direction play an im-
portant role in the formation of the chip. Its numerical
model was developed. Details of the developed FE model
simulating the orthogonal micro-cutting is shown in Fig.
1. The dimensions of the modelled part of a single-crystal
workpiece were: length [ = 20 pm, height h = 20 um and
width w = 0.48 pm. The sample was discretized using
eight-node linear brick elements (C3D8) with a minimum
element size of 60 nm in the process zone (resulted in
29600 elements). The rigid cutting tool was moving with
a velocity of 1300 mm/s in the cutting direction (CD,
[abc] in Fig. 1) (Demiral et al,, 2014a). Its rake and clear-
ance angles are both 0°. While, the depth of cut (ap)
equalled to 0.8 pm, the maximum cutting length was 1.20
um. They were selected to ensure the formation of a chip.
An element-deletion technique available in ABAQUS/Ex-
plicit (2013) was employed in our cutting simulations. A
failure criterion based on the Taylor cumulative shear
strain with a threshold value of 3.0 (represents the onset
of damage) was used to delete the elements (Demiral et
al,, 2014a). Friction between the contacting bodies was
ignored in the simulations (Demiral et al., 2014b).

l’J,

Fig. 1. Details of the developed FE model
for micro-cutting of single-crystal 3-brass.
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4., Results and Discussion

In this section, the results from the numerical compu-
tations of micro-cutting of single-crystal 3-brass are pre-
sented. To evaluate the influence of rotation angle 6 for
a grain with the [101] axis aligned with the observation
direction (OD, [ghi] in Fig. 1) on the lattice rotations,
three cutting directions, namely 8 = 0°, 35° and 90°, were
considered. The respective values are listed in Table 3.

Table 3. Orientations CD ([abc]) and CP ([def])
for various 6 values for [1 0 1] axis aligned with the OD

(see Fig. 1)
0 0° 35° 90°
[abc] [0-10] [-0.990 -2 0.990] [[101]
[def] [-101] [-10.990 1] [010]

Lattice Rotations (°)

44
15
10

-55 ‘.._L
6=0°

Crystal reorientation in the workpiece material for
the grain orientations analyzed is shown in Fig. 2. Here,
lattice rotations about the OD-axis are compared. First,
the lattice spin, i.e. induced lattice rotation, were distrib-
uted in the chip in a significantly different way for the
cases investigated. It was observed that its magnitude
was largest for 8 = 90°, reaching some 65°, and smallest
for 8 = 0° with a maximum value of around 25°. It was
found that while at 6 = 35°,90° the texture evolved in the
chip in both positive and negative directions, at 8 = 0°
this occurred only in the negative direction. Dashed lines
in Fig. 2 separate the regions with positive and negative
lattice rotations in the deformed zone (representing the
formation of a chip). In both orientations, for 8 = 35°,90°,
crystal reorientation occurs in the opposite directions in
the upper region of the chip and in the lower part. While
the boundary between them is nearly vertical for 6 = 35°,
it is more horizontal for 8 = 90°.

6=90°

6 =35°

Fig. 2. Lattice rotation angles with their signs obtained by FE simulations of micro-machining at cutting length
of 1.20 pm for various crystallographic orientations (Dashed line separates the regions in the chip
with positive and negative lattice rotations).

There is a tight link between crystallographic shear,
the key mechanism leading the deformation through slip
systems, and the resulting grain reorientation. In con-
nection with this, to understand the differences in the
characteristics of the lattice rotations depending on the
rotation angle 6, the role of activated slip systems was
scrutinized. Fig. 3 presents a spatial 3D distribution of
individual shear strain values on the active slip systems
for 8=90° of [1 0 1]. It was observed that slip systems 2,
5, 8,9, 10 and 12 accommodated the overall shear in the
workpiece, where the second/twelfth slip systems were
the most active ones followed by the fifth/eighth sys-
tems and ninth/tenth systems in a row. The contribu-
tions of other slip systems were negligibly small; thus,
they were not presented in Fig. 3.

The comparative individual contributions of various
slip systems in the region of workpiece with higher shear
activity (y larger than 0.05) for different 8 values are
presented in Fig. 4. [t was noticed that, there existed only
4 active slip systems for 6 = 0° with 5th and 8th systems
carried around 62.6% of the overall shearing while the
2nd and 12th carried more than 30%. When 6 was
changed into 35°, significant changes were noted. The

most dominant slip systems for 8 = 0°, 5th and 8th, be-
came less active with just 6.31% contribution for each,
whereas the 9th and 10th systems took over their role
involving in more than 50% of the total deformation. The
activity of 2nd and 12th systems remained constant.
Consequently, there were 6 slip systems ruling the de-
formation for 6 = 35° as well as for 6 = 90°, as explained
above. Overall, the 9th and 10th systems did not partici-
pate in ruling the deformation for 6 = 0°, whereas they
were contributing significantly and non-negligibly for 6
= 35° and 90° respectively. These two slip systems
seemed to be responsible for the sign change of the lat-
tice rotations for the orientations with non-zero rotation
angles observed above. Furthermore, the difference in
terms of the active slip systems for different cutting di-
rections affected chip morphology as observed in Fig. 2
(Demiral et al., 2014a; 2016).

The calculated magnitudes of shear angle for the cases
investigated were 44°, 55° and 38° for 6 = 0°, 35°, 90°,
respectively (see Fig. 2). In ultra-precision machining, a
continuous chip formation and good surface finish can
be achieved for a chip having a larger shear angle (Lee,
1990). In connection with this, 8 = 35° is preferable
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among the cutting directions considered here in small
scale cutting of brass single crystals for an enhanced
surface finish.

FE simulations for 8 = 90° were also performed using
the EMCP theory. Compared to it, the EMSGCP theory
exemplifies the involvement of strain gradients and
their progress in an inhomogeneous cutting process.
Lattice rotations along the path A-B in Fig. 2 is pre-
sented in Fig. 5 for the two theories. It was observed

o o o o o
53]
]

L x 2nd and 12th

that the lattice spin had a larger variation on the chosen
path when the EMCP theory was used. Since defor-
mation-induced incompatibility in the lattice spin for a
material point can be accommodated by GNDs in the
EMSGCP theory, the distributions of lattice rotations
are smoother when compared to that for the EMCP the-
ory as expected for a physically reasonable strain-gra-
dient theory (Niordson and Hutchinson, 2003; Demiral
etal,, 2014b).

5th and 8th 9th and 10th

Fig. 3. Distributions of shear strains for different active slip systems on the single crystal workpiece
at cutting length of 1.2 pm for 8 = 90°.

35.00

0° B35° E90°
30.00

25.00

20.00

15.00

10.00

5.00

Contribution of the slip systems (%)

PR,

0.00

VR,
e

Slip system

Fig. 4. Individual contributions of different slip systems (in %) on the workpiece material points
with ¥ larger than 0.05 for different 6 values.

20 T
10
c #
fo= 0 L =
g 3 0.002
> L
ﬁ L
o -10 +
S C
5] [
£ 20 1
= C
— [
30 4 —e—EMCP
C --@--EMSGCP
40 L

Path A-B (pum)

Fig. 5. Lattice rotation along path A-B in Fig. 2 at cutting length of 1.20 um for 6 = 90
from numerical computations using different theories.
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5. Conclusions

The properties of final products are dependent on the
resultant texture. Understanding the establishment and
progress of deformation texture can provide theoretical
insight for texture control, thus enhancing properties of
the material. In connection with this, in this paper, the
reorientation of crystals in the brass single crystal in mi-
cro-machining for different grain orientations was scru-
tinized using an advanced model. Our study confirmed
the following conclusions:

e The patterns of lattice spins varied significantly for
the cutting directions investigated. While both posi-
tive and negative lattice rotations in the chip were ob-
served for 6 = 35°, 90°, they were only negative for 6
=0°.

e The contributions of different slip systems were ob-
served to be different for different orientations of a
single crystal. That affected the magnitudes and sign
change in the lattice spin as well as the resulting chip
morphology.

¢ A smoother distribution of lattice spins was obtained
using the EMSGCP compared to the EMCP theory.

In the future, the model will be further developed to
investigate the texture evolution in micro-machining of
polycrystalline samples.
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The destructive earthquakes and structural damages reveal the importance of the
rules of earthquake-resistant structural design. The need of update and renewal of
these rules periodically become inevitable as a result of scientific developments, in-
novations in construction technologies and building materials. Turkey which is an
extremely region in terms of seismicity was adapted to these changes through time.
The last five seismic design codes (1968, 1975, 1998, 2007 and 2018) were taken
into account within the scope of this study. The differences in dimension and material
grades of structural elements such as columns as beams have been compared in de-
tail for each code. Three different analysis types have been performed for a 4-story
reinforced-concrete model such as eigenvalue, pushover and dynamic time-history
via the minimum conditions for these elements in each code. The natural vibration
period of the building was obtained with empirical formulas stipulated in different
codes for the sample RC building, additionally. The size and the type of the materials
used in beams and columns within the last five codes have been changed. We see that
the changes in these two important parameters which affect the behavior of buildings
during an earthquake, enhance the performance of the building. It has been revealed
that changes and renewals in seismic design codes are a necessity and gain. It has
been clearly revealed that each amended code increases the stiffness and enhance
the seismic capacity of a structure. Each updated seismic design code is aimed to
complete the deficiency of the previous one. The results revealed that there are
changes to be made to increase the seismic capacity of the structure at the point of
reducing earthquake damage.
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1. Introduction

The large scale of earthquake damages reveals the im-
portance of the rules of earthquake-resistant structural
design. This situation is not so different in Turkey, as all
over the countries which are characterized by highest
levels of seismic risk. Recent earthquakes that occurred
in Turkey are the 2011 Van Earthquake (Mw=7.2), the
2020 Sivrice (Elaz1g) Earthquake (Mw=6.7) and the
2020 izmir Earthquake (Mw=6.9). The structural dam-
ages caused by these earthquakes have shown the im-
portance of these rules. These rules and their applicabil-
ity in practice emerge as an important point for the loss

of life and property in the regions where earthquakes are
ineluctable. The development in construction technolo-
gies and building materials, modern approaches and the
use of software in structural analysis led to some com-
pulsory changes and renewals in the codes to meet the
needs of the construction industry. Besides these, the
data obtained from earthquake damages have important
contributions into the progress of seismic design code.
Turkey has been made important amendments to these
rules as a result of the tragic earthquakes. Some of these
rules have been updated or completely amended or new
additions were made on different dates. It finally came
into force on January 1, 2019, and took its final version.

* Corresponding author. Tel.: +90-434-228-0030 ; Fax: +90-434-222-9145 ; E-mail address: eisik@beu.edu.tr (E. Is1k)

ISSN: 2149-8024 / DOI: https://doi.org/10.20528/cjsmec.2021.03.002


tel:+90-434-228-0030
fax:+90-434-222-9145
mailto:eisik@beu.edu.tr
https://doi.org/10.20528/cjsmec.2021.03.002
http://cjsmec.challengejournal.com/
https://orcid.org/0000-0001-8057-065X

124 Istk / Challenge Journal of Structural Mechanics 7 (3) (2021) 123-134

The amendments in reinforced-concrete (RC) structural
elements and systems can be observed easily within
every new code.

The first rules regarding earthquakes in Turkey were
issued in the period of Il Bayezid, after the earthquake
which caused approximately 13.000 deaths in Istanbul
in 1509 (Kemaloglu, 2015). The first regulation was pre-
pared after the 1939 Erzincan earthquake, which caused
about 33.000 deaths in 1939 (Oztiirk, 2018). This was
published in 1940 as "[talian Building Instructions for
Construction in an Earthquake Zone" (Alyamag¢ and
Erdogan, 2005). After this date, due to developments in
engineering technologies the codes have been constantly
updated by taking into account the structural features
that cause significant losses in earthquakes (Isik et al,
2021). Ten different seismic design codes have been
used in Turkey up to now which came into force in 1940,
1944, 1949, 1953, 1962, 1968, 1975, 1998, 2007 and
2018. The first four regulations contain only earthquake-
related rules. The 1962-1998 regulations include rules
on all types of disasters such as floods, fires and earth-
quakes. The earthquake related rules were prepared
separately with the 2007 code. The loss of life and prop-
erty (Mw=7.2 and Mw=5.6) encountered in 2011 Van
earthquakes revealed the need for updating the latest
code. Each regulation was made to eliminate the speci-
fied weaknesses in the previous regulation. Especially
with the last two regulations, very significant changes
have been made. The current regulation has been pre-
pared in much more detail. The structural system ele-
ment dimensions and the material grades, which have
significant effects on earthquake behavior of structures,
were also modified by these changes.

The changes in the minimum requirements which are
suggested for the structural system elements are very
important. These values become more important espe-
cially for RC buildings that suffer more damage in earth-
quakes. The majority of the existing structures and the
structures to be built and already exists in Turkey con-
sist of RC structures. Therefore, the legal regulations to
be made regarding RC structures have a greater im-
portance. Poor/low strength of materials and dimension
take an important place among the causes of earth-
quake-led damages in such structures. Lack of material
strength and dimensions increases the amount of dam-
age, especially in RC structures that do not receive engi-
neering services. When these two parameters are poor,
the structural strength mechanism weakens and it can
be damaged even at values below the foreseeable loads
in RC structural elements. Damages are generally associ-
ated with the low strength of concrete in RC buildings.
The mechanical properties of concrete have an im-
portant place in terms of safety in RC structures. The
grade of reinforcement is also one of the parameters
which directly affects the structural strength of the
structure. When the concrete dimensions do not meet
the standard requirements the level of potential damage
also increases. There are numerous publications on ex-
amining the changes in the codes in Turkey. These pub-
lications generally compared the last two earthquake
regulations. Base shear forces, displacements, periods,
target displacements and spectral acceleration curves

have been compared within these studies (Isik et al,
20204, 2020b; Aksoylu et al., 2020; Aksoylu et al., 2019a;
Keskin and Bozdogan, 2018; Kocer et al., 2018; Karasin
et al, 2020; Bozer, 2020; Karaca et al.,, 2020). In this
study, not only the last two but the last five earthquake
codes are taken into account.

The last five seismic design codes in Turkey are taken
into account within the scope of this study. The study has
been limited by considering the minimum material
grade and dimensions for column-beam elements which
take place in 1968, 1975, 1998, 2007 and 2018 codes.
This study aims to examine the change of these parame-
ters in the codes of different dates and to reveal to what
level the building performance is affected. Eigenvalue,
pushover and dynamic time-history analyses are per-
formed for a 4-story RC sample building via the mini-
mum dimension and material grades for each code. Fur-
thermore, empirical formulas are used to compare these
five codes with respect to natural vibration periods of
the building under consideration. The period, base shear
force, elastic/effective stiffness, target displacement and
total support force/moment are obtained through the
analysis of the sample RC building. In the first part of the
study, some information is given about the codes under
consideration. After the explanations on the modelling of
sample RC building, the process of the formation and the
damping of the natural vibration period of the building
are analyzed. Subsequently, information about the struc-
tural analysis used in this study such as eigenvalue,
pushover and dynamic time-history is given. The results
are shown with the help of tables and figures. Finally, the
results are compared and some conclusions are derived
from the analysis. This study will be one of the first stud-
ies to be carried out considering both the last five seismic
design codes and the minimum dimension and material
grade.

2. Advance in Seismic Design Codes in Turkey

Earthquakes are critical to experiment with the struc-
tures under horizontal loads. The data obtained on
earthquake damages are very important in understand-
ing the earthquake behavior of buildings. These damages
must be obtained and interpreted correctly in terms of
revealing the deficiencies in the construction and design
rules (Isik, 2016, 2018; Hadzima-Nyarko and Sipos,
2017; Inel and Meral, 2016; Yakut, 2004; Xian et al.,,
2016). This earthquake-damaged data can be used for
different purposes. One of the main purpose of the gath-
ered data is that it can be used to revise or to completely
renew the standards and the codes related to the build-
ing. It also helps to identify the deficiencies in the code.
In parallel with the development of technology, new
standards and codes have been imposed in the construc-
tion process to minimize the earthquake-led losses.

The first regulation about disasters based on edict
issued by II. Bayezid after the earthquake that caused
approximately 13.000 deaths in Istanbul on
14.09.1509 (Kemaloglu, 2015). However, the first reg-
ulation was prepared after the 26 December 1939
earthquake that occurred in Erzincan which had
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caused substantial destruction (Oztiirk, 2018). The first
code has been published in 1940 as "Italian Building In-
struction for Construction in Earthquake Region" (Al-
yamag¢ and Erdogan, 2005). This code has been continu-
ously updated, by taking into account the developments

in engineering technologies and significant losses in
earthquakes. Ten seismic design codes were entered
into force, in the years 1940, 1944, 1949, 1953, 1962,
1968, 1975, 1998, 2007 and 2018. The codes that have
been published up to now are shown in Table 1.

Table 1. Historical change of seismic design codes in Turkey.

Year Code Name
1940 Italian Building Instruction for Construction in Earthquake Region
1944 Temporary Construction Instruction in Earthquake Region

1949 Turkey Ground Shakes Regions Building Code

1953 Code on Structures to be Made in Disaster Areas
1962 Code on Structures to be Made in Disaster Areas
1968 Code on Structures to be Made in Disaster Areas
1975 Code on Structures to be Made in Disaster Areas
1998 Code on Structures to be Made in Disaster Areas
2007 Code on Buildings to be Built in Earthquake Zones

2018 Turkish Building Earthquake Code

The rules of earthquake-resistant structural design
were included in the disaster regulations at first, in Tur-
key. As these codes were into force, earthquakes contin-
ued to happen over time so that it has been realized that
the codes are insufficient and the need has become clear
for governments to update or to renew the regulations.
With the gained experience and developing technology,

current regulations were tried to be progressed and up-
dated. The major subject in these promulgated codes has
always been earthquakes; hence these codes are also re-
ferred to as earthquake codes (Alyama¢ and Erdogan,
2005). The last five seismic design codes considered in
this study is given in Table 2.

Table 2. The codes that used in this study.

Year Code Abbreviation (in Turkish)
1968 Specification for Structures to be Built in Disaster Areas ABYYHY-1968
1975 Specification for Structures to be Built in Disaster Areas ABYYHY-1975
1998 Specification for Structures to be Built in Disaster Areas ABYYHY-1998

2007 Turkish Earthquake Code

2018 Turkey Building Earthquake Code

DBYBHY-2007

TBDY-2018

The progress of code is directly related with the de-
velopment and elaboration of structural analysis and cal-
culations, experiences gained due to earthquake-led
structural damages and emerging engineering technol-
ogy. Taking into account all of these, the result is that
change is inevitable. Every new code is an achievement
in terms of the rules of the earthquake-resistant struc-
tural design. Therefore, an important step has been
taken in terms of modern disaster management thanks
to the minimization of possible damage levels.

2.1. 1968 Code (ABYYHY-1968)
Some suggestions have been made regarding protec-

tion from floods and fire disasters other than earth-
quakes with this code. The general characteristics of RC

building elements are mentioned, and the rules regarding
dimension and reinforcement are included, with the in-
creasing importance of RC buildings during this period.
Moreover, information is visualised by drawings in these
regulations hence it is better understood. The most im-
portant difference of this code from the previous ones is
that, it mentions the rules of RC structural elements and
the earthquake analysis becomes more detailed (Al-
yama¢ and Erdogan, 2005; ABYYHY-1968). The 1968
code generally includes ways of protection and the rules
of design for different types of natural disasters. The RC
term was used for the first time in this regulation. The RC
structures had been recommended to be constructed
quite simply in a rectangular or square shape without any
overhangs. Criteria on materials and dimensions related
to structures to be built as RC was given for different
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ground conditions. Considering the solidity of the
ground type, three different ground type have been ac-
cepted in this code. However, ground type classification
has not been made according to any parameter such as
shear wave velocity, SPT, etc.

2.2. 1975 Code (ABYYHY-1975)

The country is divided into four different earthquake
zones with this code. A large part of the building stock
consists of RC buildings in this period. It is a successful
work according to the time in the code. The dimensions
and reinforcement values given for RC elements are at a
sufficient level in earthquakes. Earthquake forces calcu-
lations are made in detail according to many parameters
with this code. Many deficiencies that caused heavy dam-
age in earthquakes were observed and corrected in this
code. The subject of repair and RC wall has been given in
wide coverage and related rules are explained. The effect
oflocal soil conditions has been taken into consideration
in more detail in earthquake analysis in this code. The
acceleration spectrum coefficients were determined and
it was requested to be taken into account when finding
earthquake forces (Alyama¢ and Erdogan, 2005;
ABYYHY-1975). The 1975 code has been published un-
der the titles of protection from the disasters of floods,
fire and earthquake, and the details were stated in sub-
headings. Building importance level and live load reduc-
tion factors were first stated in this code. It has been
made compulsory to use vibrators and concrete mixers
in concrete casting. This is an updated version of the
1968 code. RC structural elements and limit values re-
lated to sectional dimensions were included also in this
code. Four different ground types were determined by
considering the shear wave velocity. The ground type ef-
fect is taken into account as a function of the ground
dominance period. Elastic design spectrum is used for
the first time in this regulation.

2.3. 1998 Code (ABYYHY-1998)

This code was made complete for a significantamount
of earthquake resistant building design. It has a very safe
design approach in this code, even considering the
standards and regulations in other developed countries.
Horizontal and vertical irregularities in the buildings
have started to be taken into consideration with this
code (Alyamag and Erdogan, 2005; ABYYHY-1968). This
code, which was prepared in 1997 and entered into force
in 1998, had been published under the titles of protec-
tion from the disasters of floods, fire and earthquake,
and the details were stated in sub-headings, as the 1975
code. This code comprises some rules related to material
properties and sectional dimensions in buildings similar
to the other disaster codes. The ground types are classi-
fied in four different ways, similar to the 1975 code.
Ground type classification was made by considering
shear wave velocity, standard penetration, relative stiff-
ness and free pressure strength. Soil liquefaction is also
specified with this code.

2.4. 2007 Code (DBYBHY-2007)

The need to update the 1998 code has arisen after the
major losses arising from izmit (Gélciik) earthquake
with Mw=7.6 magnitude and Diizce earthquake with
Mw=7.2 magnitude in 1999. The preparation of this code
was started in 2004 and it came into force in 2007. The
biggest difference of this code from the previous codes,
as can be understood from the name of the code, is that
it includes only the rules about buildings to be built in
earthquake zones. It contains earthquake-resistant rules
for masonry, steel and RC structures. A different section
has been added, which includes the foundation and the
design rules of the foundations. The evaluation and
strengthening of existing structures were mentioned for
the first time with this code. This code has been regu-
lated as more detailed and progressed from previous
codes. It has been made mandatory to use ready-mixed
concrete in RC buildings. Additionally, ground types are
classified in four different ways, similar to the 1998 code.

2.5. 2018 Code (TBDY-2018)

Considering the major losses arising from the earth-
quakes that occurred after 2007, Van earthquake (2011)
with Mw=7.2 magnitude and Van (Edremit-2011) earth-
quake with Mw=5.6 magnitude, in particular, this earth-
quake code has been revealed in 2018 and came into ef-
fectonJanuary 1, 2019. This code contains a lot of details
compared to previous codes. The most notable amend-
mentin this code is the usage of site-specific design spec-
tra. The Turkish Earthquake Hazard Map has been
started to be used in the recently updated code instead
of defined seismic zones. The site-specific seismic hazard
evaluation is the main advantage of the new seismic
code. The earthquake parameters obtained from regions
differentiated via large-scale zoning by the previous
code are selected locally through the new code. It is
worth mentioning to this update yields more reasonable
evaluations in structural performance. In addition, while
only the horizontal elastic design spectrum was being
used in the previous code, both horizontal and vertical
elastic design spectra were started to be used with this
code. Rules related to wooden and mixed-functional
structures are also included in this code. Six different
ground types were accepted by combining different
ground types and groups in the previous regulation. As a
result, the norms of earthquake-resistant structural de-
sign, which was introduced in 1940 for the first time in
Turkey, have been continuously updated, taking into ac-
count the developments in engineering technologies and
losses in earthquakes. Each new earthquake code ap-
pears in more detail, comprehensively and scientifically
than the previous code.

3. The Properties of Sample RC Building
The last five codes were promulgated on different

dates were considered within the scope of this study.
The minimum concrete grade, reinforcement grade, col-
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umn and beam dimensions, number and range of rein-
forcement were selected as variables. The minimum con-
ditions are taken into account for each variable to be able
to compare in structural analysis. The amendments of
these parameters in the last five codes were examined.

The changing of these parameters in the different codes
were given in Table 3.

The minimum cross sections of the columns and
beams according to the codes were given in Fig. 1 and
Fig. 2, respectively.

Table 3. The changing of the structural properties considered in this study.

Parameter 1968 1975 1998 2007 2018
Concrete Grade C12 C14 C16 C20 C25
Reinforcement Grade S220 S220 S220 S420 S420
Columns Dimensions (mm) 250%250 250*250 250*300 250*300 300*300
Beams Dimensions (mm) 150*300 200*300 250*300 250*300 250*400
Beam Lower Reinforcement 2012 2912 312 312 312
Beam Upper Reinforcement 2012 2¢12 2¢12 2012 2012
Longitudinal Reinforcement 4914 4914 4p16 4916 614
Transversal reinforcement (mm) $6 $8 $8 $8 $8
Spacing of Transversal reinforcement (mm) 250 200 200 200 200
1998 2007 2018
1968 1976
4014 4014 FREE 4®18 6P 14
Fig. 1. Minimum cross-sections of columns.
2018
1968 1975 1998 2007
2012
2012 2012 2012 2012
2012 2012 3012 3012 3012

Fig. 2. Minimum cross-sections of beams.

Analyses were performed on academically licensed
Seismostruct software (Seismosoft, 2018). Dead and in-
cremental loads were applied to each building model
and these values remained constant in all building mod-
els. Incremental load value was considered as 5kN and
dead load value was 5kN/m. The wizard feature in the
software was used while modeling the building. The wiz-
ard feature automatically activates the calculation of the
target displacement in the case of pushover analysis.
Target displacement was determined as 0.24 m by the
wizard feature, which is constant in all building models.
A sample RC structure with a total size of 20*20m has
been selected as to be four spacing, 5 m each, in both X

and Y directions. The blueprint of the sample RC building
was given in Fig. 3.

The same blueprint was taken into consideration for
each code. The minimum conditions obtained for the pa-
rameters considered within the scope of this study were
selected as variables. In all the building models, local soil
type, building importance level and damping ratio were
indicated with the same values. The two-dimensional
model obtained for the sample RC structure is used in
this study and the applied loads are given in Fig. 4. The
three-dimensional model obtained for the sample RC
structure used in this study, and applied loads were
given Fig. 5.
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Fig. 5. 3D model and applied loads.

Itis a fact that the behaviour of building materials un-
der load can be determined using some mathematical
models, which is vital in building design and evaluation.
The nonlinear concrete model (Mander et al.,1998) and
steel model (Menegotto and Pinto, 1973) were used for
concrete and steel material. The stress-strain relation-
ship of the material models considered for these models
is demonstrated in Fig. 6.

4. Comparison of Natural Vibration Period
The natural vibration period of the structures is one

of the important dynamic properties of the building. The
period depends on the weight of the structure and the

rigidity of the structural system against horizontal loads.
Although natural vibration periods of structures can be
calculated by analytical methods, first mode vibration
periods can be calculated with empirical formulas in
seismic design code in many countries (Aksoylu et al,
2020; Jamadin etal., 2020; Aksoylu ve Arslan, 2019b; Ku-
tanis et al,, 2017). The comparison of the natural vibra-
tion periods was made depending on the empirical for-
mulas between the seismic design codes under consider-
ation.

In the 1968 code, unless the calculation is made ac-
cording to experimental or reliable technical data, the
building fundamental period of vibration will be calcu-
lated as follows.
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T = (0.09-H)/VD €3]

where, H is the height of the building from the founda-
tion base and D is the width of the building parallel to the
direction of the lateral force affecting the building.

In the 1975 seismic design code, the building natural
vibration period can be calculated, as specified in the
1968 code. Also, in this code, the period can be calculated
empirically with;

T = (0.07 — 0.10) - N (2)

where, N indicates the total number of floors above the
building foundation level. The coefficient will be chosen
according to the rigidity of the structure. The coefficient
of 0.10 will be used in structures consisting of only RC
frames.

The empirical formula of the natural vibration period
changed and became the following with the 1998 code;

T, =C.-HY* (3)

No empirical formula was suggested in the 2007 code.
However, in buildings with floor numbers N>13, exclud-
ing the basement floor (s), the natural period will not be
taken higher than 0.1N.

In TBDY-2018, it is stated that two formulas can be
used in the calculation of the natural vibration period of
the building, regardless of the building type, the pres-
ence of infill wall, local ground type and many other pa-
rameters. The first one is the Rayleigh formula, which
can be used at any time and under any condition. The
other one is the empirical formula which is recom-
mended if certain conditions are met. Empirically rec-
ommended formula is;

Tpa=Ci+H 1?1/4 (4)

The sample building model under consideration is RC
framed and consists of 4-story and 12 meters high. The
comparison of the natural vibration periods which are
empirically obtained for the sample building was given
in Table 4.

Table 4. Comparison of the empirical
natural vibration periods.

Code Empirical Formula Natural period (s)
1968 T = (0.09-H)/VD 0.241

1975 T = (0.09 - H)/VD 0.241

1975 T =(0.07 —0.10) - N 0.400

1998 T, =, -H/* 0.451

2007 There is no empirical formula.

2018 Tpy = Co- HY* 0.644

5. Analysis Results

The first type of analysis considered in the study was
eigenvalue analysis. All structure is subjected to vibra-
tional movement under the effect of an earthquake.
These movements are a combination of harmonic
modes. Mode shapes and natural frequency for any
structure can be obtained by eigenvalue analysis. Struc-
ture-related modal period, frequency, modal participa-
tion factors, effective modal masses and their percentage
values can be achieved by eigenvalue analysis (Luo et al,,
2017; Antoniou and Pinho, 2003; Seismossoft, 2018; Ku-
tanis et al.,, 2017; Nikoo et al., 2017; Zuo and Zha, 2018).
In this study, in order to determine the earthquake per-
formance of building models pushover analysis has been
used. This analysis examines the structure’s behaviours
under earthquake loads in a nonlinear situation.
Through this analysis, it’s possible to have enough infor-
mation or data about the seismic demands of structural
systems and components stemmed from the motion of
the ground. This analysis can be implemented in both di-
rections. It is easy to show the behaviour of a building in
the inelastic region. The base shear force and peak dis-
placement obtained from this analysis provide the ca-
pacity curve of the building. To obtain this curve, the lat-
eral forces are increased monolithically until the dis-
placement of the top of the building reaches a predeter-
mined displacement value. The pushover curve is a dia-
gram obtained by geometrically combining the intersec-
tion points on an interaction diagram of the roof dis-
placement values corresponding to the base shear forces
under the applied load by increasing the structure from
zero to unstable (Fajfar, 1999; Chopra and Goel, 2002;
Antoniou and Pinho, 2003; Eslami and Ronagh, 2014;
Isik and Kutanis, 2015; Hadzima-Nyarko et al.,, 2016;
Estévao and Oliveira, 2015). Typical pushover and ideal-
ized capacity curve was given in Fig. 7.

Yield Ultimate

Base Shear

Pushover Curve
» Idealized Curve

Displacement

Fig. 7. Typical pushover and idealized capacity curves.

Besides, estimation of the linear and inelastic behav-
iour of a building exposed to earthquake loads is a com-
monly used dynamic time-history analysis tool. The di-
rect integration of the equation of motion can be taken
by using the numerical damped a integral algorithm or
the Newmark-beta method. The automatic time-step ad-
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justment ensures obtaining optimum accuracy and effi-
ciency. Modelling of seismic effects is provided by defin-
ing acceleration load curves to the structural loadings.
Different curves can be defined in each structural load-
ing, thus, the representation of asynchronous ground
motions is allowed (Antoniou and Pinho, 2003). El
Centro Site Imperial Valley Irrigation District seismo-
gram was taken into consideration within the scope of
this study (Vibrationdata.com, 2020). Figure 8 shows the
acceleration - time graph of this earthquake.

The displacement values were obtained for three dif-
ferent points on the idealized curve. The first value re-
fers to the displacement (dy) at the moment of yield, the
second value refers to intermediate (dint) and the third
value refers to target displacement. The effective stiff-
ness of cracked sections is obtained by using the pre-
scribed stiffness reduction coefficients of the elastic stiff-
ness value (Caglar et al,, 2015; Ugalde et al., 2020; Wild-
ing and Beyer, 2018). The values of elastic stiffness (Kelas)
and effective stiffness (Ketf) were calculated separately
for all buildings model. In the structural analysis, the
limit states are given in Eurocode-8, Part 3 (Eurocode 8,
2005; Pinto and Franchin, 2011) were taken into consid-
eration for damage estimation that used worldwide.
The limit states for damage estimation are presented in

Table 5, according to Eurocode-8. These values were cal-
culated separately for all codes.

Table 6 shows the results obtained in the X-direction
for eigenvalue and pushover analysis for the sample RC
building, while Table 7 shows in the Y-direction. The to-
tal support forces and total support moments are calcu-
lated based on load factors for each building model and
results were given in Table 8.
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Fig. 8. The acceleration - time graph
for El Centro earthquake.

Table 5. Limit states in Eurocode 8 (Part 3) (Eurocode, 2005; Pinto and Franchin, 2011).

Limit State Description

Return period  Probability of exceedance

(year) in 50 years
Limit state of damage limitation (DL) ngayl lciﬁlrlntg;izmzii%f;ﬁigﬁ;i:;;}ig& © 225 0.20
Significantly damaged, some residual
Limit state of significant damage (SD)  strength and stiffness, non-structural compo- 475 0.10
nents damaged, uneconomic to repair
Heavily damaged, very low residual strength
Limit state of near collapse (NC) & stiffness, large permanent drift but still 2475 0.02
standing
Table 6. The comparison of analysis results in X direction.
Code Period Base shear Displacement Kelas Kesr DL SD NC
(s) (kN) (m) (kN/m)  (kN/m) (m) (m) (m)
0.0728
1968 0.569467 414.16 0.1009 10951.29 5675.08 0.0455661 0.0584537 0.1013381
0.240
0.0633
1975 0.550027 496.9 0.1008 15774.23 7851.34  0.0392367 0.0503342 0.0872617
0.240
0.0653
1998 0.545897 733.06 0.096 24367.73 11224.86 0.0403558 0.0517698 0.0897506
0.240
0.0889
2007 0.530264 901.59 0.1536 25863.25 10144.54 0.042432 0.0544332 0.0943679
0.240
0.0671
2018 0.414939 1285.86 0.1056 47371.77 19163.72 0.035343 0.0453392 0.0786021

0.240
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Table 7. The comparison of analysis results in Y direction.
Code Period Base shear Displacement Kelas Kesr DL SD NC
(s) (kN) (m) (kN/m)  (kN/m) (m) (m) (m)
0.0728
1968 0.569467 414.16 0.1008 10951.24 5676.51 0.0230718 0.0295973 0.0513113
0.240
0.0633
1975 0.550027 497.07 0.1008 15773.69 7849.03 0.0218067 0.0279744 0.0484977
0.240
0.0618
1998 0.545897 592.37 0.096 20164.37 9587.37  0.043817 0.0562099 0.0974481
0.240
0.082
2007 0.530264 711.3 0.1392 21420.88 8673.52 0.0460447 0.0590677 0.1024025
0.240
0.0731
2018 0.414939 1243.29 0.1248 46356.85 17009.65 0.037526 0.0481396  0.083457
0.240
Table 8. Load factors, total support force and moments.
X Direction Y Direction
dl Total Support Force Moment Total Support Force Moment
ode
Load Total Support Load Moment Load Total Support Load Moment
Factor Force (kN) Factor (kN-m) Factor Force (kN) Factor (kN-m)
1968 4.15 414.163 4.096 845.394 4151 414.163 3.745 844.957
1975 4.975 497.071 4.506 905.650 4.969 496.896 4.402 905.592
1998 5.933 592.373 5.157 1066.483 7.3741 733.06 6.7398 1319.594
2007 7.112 711.298 6.8787 1281.552 9.0158 901.587 8.8904 1579.939
2018 12.432 1243.393 12.373 2094.214 12.8585 1285.857 12.3514 2126.838

The comparison of the pushover curves obtained for
the X and Y-direction by considering the minimum con-
ditions regarded in the earthquake codes were given in

Figs. 9 and 10, respectively.
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Fig. 9. The comparison of the pushover curves obtained for the X-direction.

The comparison of all values obtained as a result of
dynamic time-history analysis for earthquake code was
given in Table 9.
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Fig. 10. The comparison of the pushover curves obtained for the Y-direction.

Table 9. The comparison of dynamic time-history analysis for different codes.

Dhrlament  ToulSupert | Tolsuper Ve gl e
Code

T(irsr)le N411 T(ir;;e Value T(i;r)le Value T(i;r;e N411 T(i;r)le Value Displ?:ﬂe)ment Bas(ek?\l};ear
1968 2.35 0.043 243 260.6 243 544.20 2.64 0.350 2.43 260.16 0.202 260.581
1975 2.37 0.042 246 3154 246 617.83 2.66 0.360 2.46 314.99 0.203 315.393
1998 2.37 0.041 247 3582 247 980.20 2.67 0.343 2.47 357.61 0.203 358.214
2007 6.20 0.033 6.64 5535 6.64 1062.13 8.19 0.393 6.64 552.81 0.424 553.456
2018 9.62 0.029 995 6382 9.95 1177.37 9.50 0.315 9.95 637.95 0.627 638.203

Due to the minimum conditions that change within
each updated code, the building period values have de-
creased. Accordingly, the stiffness values of the structure
are increased. Therefore, every current code has sug-
gested minimum conditions for more rigid structures.
Each code increased the earthquake behaviour of the
structures by designing structures with higher seismic
capacity than the previous one. Moreover, the target dis-
placement values are decreased with respect to each
new code. The reason for this decrease is that more rigid
structures are obtained for the variables that is used in
this study. The period value is changed by 27% from the
first codes to the last one. The change in the seismic ca-
pacity in the codes of 1968 and 2018 was calculated as
approximately 200%. The variation in the stiffness val-
ues was quite high.

6. Conclusions

The earthquake damages and developing engineering
technologies force governments to constantly update the
rules of earthquake-resistant structural design. This sit-
uation is much more important in regions where it is in-
evitable to live with earthquakes in the world. It is ob-
served that structures are effective in the majority of
life and property losses after earthquakes. Therefore,

to reduce the amount of damage that may occur in build-
ings during this unpreventable natural disaster event, it
is essential to build earthquake-resistant buildings.
There are a number of analyses and rules to make struc-
tures resistant to earthquakes. In the whole process
from the design phase to the use of the building, the me-
ticulous application of these rules is the most basic engi-
neering process. In Turkey, which suffers earthquake-
led severe losses, changes on different dates in earth-
quake codes have been inevitable. For example, the con-
crete grade has been increased to a higher level with
each new code. In the 1975 code, the minimum concrete
grade to be used was C14, while this grade has been de-
termined as C25 in the latest regulation.

The comparisons are performed using three different
analysis types by considering the minimum conditions
given for columns-beams in each code. As a result of the
eigenvalue analysis, the period values have taken lower
values in each new seismic design code. The low period
values show an increase in the stiffness of the structure.
This situation is observed with the increase of both elas-
tic and effective stiffness of buildings. The seismic design
capacities have increased in every new code due to the
increased dimension and grade of material. The base
shear force calculated for the 2018 code increased ap-
proximately three times more than the 1968 code. The
displacement values at the moment of yield have taken



Istk / Challenge Journal of Structural Mechanics 7 (3) (2021) 123-134 133

lower values in each new code due to the base shear
forces. This has been achieved compatibly between
1968-1975-1998 and 2007-2018. Compared to previous
years, the main reason for the lack of compliance for
2007-2018 can be explained by the fact that the mini-
mum reinforcement grade for 2007-2018 was S420.This
situation is also valid for the target displacements esti-
mated for performance criteria. There is an increase in
load factors obtained for each changing code, total sup-
port force and total support moment.

Dynamic time-history analysis has clearly demon-
strated that each new code increases the earthquake re-
sistance of the building. In a much longer time, much
fewer displacements were gained. This is an indication
that the structures improve themselves in terms of their
stiffness. For larger displacement values, seismic capac-
ity values also increased. This is also valid for the values
of the other parameters. A total harmony is obtained be-
tween the three different types of analysis. It is con-
cluded that the change of minimum dimension and ma-
terial properties are given for each new code improved
the earthquake-resistant structural design.

In future studies, it can be examined in more detail
whether these conditions are considered in the codes or
they reflect the requirements. In addition, more detailed
analyses can be carried out by taking into account the
minimum and maximum values recommended for other
structural elements. While performing these analyses,
taking into account the different types of analysis in the
codes will make the results more valuable. This and sim-
ilar studies will be a source for future studies.
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ABSTRACT

ARTICLE INFO

In determining the seismic performance of reinforced concrete (RC) structures in na-
tional and international seismic code, it is desired to use effective section stiffness of
the cracked section in RC structural elements during the design phase. Although the
effective stiffness of the cracked section is not constant, it depends on parameters
such as the dimension of the cross-section, concrete strength and axial force acting
on the section. In this study, RC column models with different axial load levels, con-
crete strength, longitudinal and transverse reinforcement ratios were designed to in-
vestigate effective stiffness. Analytically investigated parameters were calculated
from TBEC (2018), ACI318 (2014), ASCE/SEI41 (2017), Eurocode 2 (2004) and Eu-
rocode8 (2004, 2005) regulations and moment-curvature relationships. From the
numerical analysis results, it is obtained that the axial load level, concrete strength,
longitudinal and transverse reinforcement ratios have an influence on the effective
stiffness factor of RC column sections. The calculated effective stiffness for RC col-
umns increases with increasing transverse reinforcement ratio, longitudinal rein-
forcement ratio and concrete strength. Due to the increase of axial force, effective
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stiffness values of concrete have increased.

1. Introduction

Reinforced concrete (RC) columns are the critical
members of moment-resisting structural systems and
have to be designed adequately in strength and ductility
(Yiksel and Foroughi, 2019). Usually, it is desirable to
design a (RC) member with sufficient curvature ductility
capacity to avoid brittle failure in flexure and to insure
ductile behavior, especially under seismic conditions
(Foroughi and Yiiksel, 2020). The correct estimate of
curvature ductility and effective stiffness of (RC) mem-
bers has always been an attractive subject of study as it
engenders a reliable estimate of the capacity of buildings
under seismic loads (Foroughi et al., 2020). It is gener-
ally accepted that, in the interest of safety, it is essential
to provide a minimum level of flexural ductility, which
will allow energy dissipation and moment redistribution
as required (Baji and Ronagh, 2015). The moment-cur-
vature relation for simple bending is a well-studied

subject and the classical moment-curvature diagram is
commonly found in the literature (Petschke et al., 2013).
The flexural response is usually calculated with a numer-
ically-based moment-curvature diagram of the base sec-
tion and equivalent plastic hinge length (Gentile and Raf-
faele, 2018).

Seismic analysis and design of RC structures are per-
formed based on linear behavior. However, taking into
account the effect of cracking under severe earthquakes,
nonlinear analysis is performed (Pique and Burgos
2008). Cracked section properties must be used for the
analysis of existing structures. Cracked section proper-
ties may also be used when performing advanced anal-
yses (Wong et al. 2017). Cracks in concrete, which re-
duce the stiffness of (RC) members, occur at loads much
smaller than those corresponding to the yielding of the
reinforcement and bearing capacity of the members (Vi-
dovi¢ et al, 2012). Concrete cracking reduces the
bending and shear stiffness of (RC) members. Therefore,
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analyzing (RC) structures without considering the crack-
ing effect may not represent the actual behavior (Caglar
et al., 2015). The effective flexural stiffness EI of the col-
umn represents the equivalent stiffness of a fictitious
column with constant stiffness, whose effective buckling
length and critical axial load agree with those of the real
column (Bonetetal, 2011).

Various research studies have been conducted on the
effective stiffness of RC structural members. In the stud-
ies on the effective section stiffnesses, the equations pro-
posed for the design were investigated by considering
the parameters affecting the bending stiffness of the col-
umns. The researchers proposed equations for the ex-
amination of the effective section stiffnesses of (RC) col-
umns, taking into account different parameters and sec-
tion properties. Various parameters such as the axial
load level, the eccentricity of the axial load and the effect
of the longitudinal reinforcement, the normal and high
strength concrete, the concrete compressive strength
and the reinforcement ratio were taken into account
(Avsar et al., 2014; Kumar and Singh, 2010; Elwood and
Eberhard, 2009; Khuntia and Ghosh, 2004; Mehanny et
al, 2001; Panagiotakos and Fardis, 2001; Paulay and
Priestley, 1992; Mirza, 1990).

Current design codes and technical recommendations
often provide rough indications on how to assess effec-
tive stiffness of RC frames subjected to seismic loads,
which is a key factor when a linear analysis is performed
(Micelli et al., 2015). In widely used codes and guide-
lines, the effective stiffness of (RC) members is ex-
pressed as a proportion of their stiffness, calculated on
the basis of the cross-section properties. Several proce-
dures are suggested to consider effective stiffness:
Turkish Building Earthquake Code (TBEC, 2018),
American Concrete Institute (ACI318, 2014), Seismic
Evaluation and Retrofit of Existing Buildings
(ASCE/SEI41, 2017), Design of Concrete Structures (Eu-
rocode 2, 2004), Design of Structures for Earthquake Re-
sistance (Eurocode 8, 2004) and Eurocode 8-Part 3: As-
sessment and Retrofitting of Buildings (Eurocode 8,
2005). The effective section stiffnesses of (RC) columns
according to different parameters were calculated and
compared according to the mentioned methods and
codes. Analytically investigated parameters were calcu-
lated from different earthquake regulations, various pro-
cedures recommended by researchers and moment-cur-
vature relationships. In this study, a simple formula as a
securer, quicker and more robust is proposed to deter-
mine the effective flexural stiffness of cracked sections of
RC columns. The effective stiffness of RC columns is ob-
tained by based moment-curvature analyses depending
on member properties such as axial load levels (N/
Npax = N/A fo), concrete compressive strength (f,),
longitudinal reinforcement ratio (p,) and transverse re-
inforcement ratios (ps;). The analysis results obtained
for different RC column models are examined by summa-
rizing in graphs. The results obtained at the end were ex-
amined by comparing them according to different pa-
rameters and models.

2. Effective Section Stiffness of RC Column Elements

2.1. Effective section stiffness coefficient according to
moment-curvature relations

The flexural stiffness affects the load-bearing capacity
of the structural element. One of the realistic ways to cal-
culate the effective section stiffnesses of reinforced con-
crete sections is to use moment-curvature relations. The
effective stiffness does not reflect only the effect of
cracking but also the state of the RC members deter-
mined from moment-curvature relationships. Effective
stiffness (E1,) of the cracked section in RC sections is de-
termined by the ratio corresponding to the yield mo-
ment (M,) and the yield curve (@,), taking into account
the moment-curvature relationship (El, = M,,/®,,). The
stiffness of the uncracked section (EI) is calculated ac-
cording to the gross moments of inertia (I) of the RC ele-
ments and the modulus of elasticity of the concrete (E.).
For concrete classes, concrete elasticity modulus (E, =
3250\/5 + 14000 MPa) are calculated according to the
concrete compressive strengths (f;) given in Require-
ments for Design and Construction of RC Structures
(Turkish Standard-TS500, 2000). Effective stiffness co-
efficient of (RC) elements; it is calculated as k, = EI,,/EI.

2.2. Effective section stiffness coefficient proposed in
TBEC (2018)

Effective cross-sectional stiffness multipliers will only
be applied to calculations that are included in earth-
quake-effect load combinations and under loads entered
into these combinations. TBEC (2018) specifies the ef-
fective stiffness coefficient for the RC columns is speci-
fied as 0.7. Effective cross-sectional stiffnesses (EI) of
the RC members designed according to the lumped plas-
tic behavior will be determined according to Eq. (1),
where M, is the yield moment, 0, is the chord rotation
at the yielding end and L; is the shear span. Shear span
can be taken as approximately half of the span length of
the columns. For the nonlinear calculation, chord rota-
tion at the yielding (6,) of the RC members is calculated
by Eqg. (2). In the equation; f,, is the expected yield
strength of transverse reinforcement ( f,.=1.2f,,) and
fee expected compressive strength of concrete
(fee=1.3fx), h is the section height, d,, is the longitudinal
reinforcement diameter and @,, is the yield curvature.
1n = 1in columns.

MyLs

(D), = 2% (1)

_ Oyls n
6, =22 +000157(1+155) +

Q)ydbfye
8y fce

(1)

2.3. Effective section stiffness coefficient proposed in
ASCE standard (2017)

In ASCE/SEI-41 (2017), El. for columns with a de-
sign gravity load less than 0.14,f;, El¢ is specified as
0.3E.I,. For columns with a compressive force greater
than 0.54, f;, this coefficient is given as 0.7.
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2.4. Effective section stiffness coefficient proposed in
ACI standard (ACI 318, 2014)

In ACI318 (2014) specifies the effective stiffness for
the RC columns is specified as 0.70E,I,. Alternatively,
the moments of inertia of compression members, I, shall
be permitted to be computed as follow Eq. (3). I need not
be taken less than 0.35], for the compression members.
In the equation, A, is the total area of longitudinal rein-
forcement, A, is the gross area of concrete section, M,, is
the factored moment at section, P, is the factored axial
force, P, is the nominal axial strength and h is the height
of members.

_ A\ (1 _ Mu _ P
I = (0.80 +25 Ay) (1 0.52)1, < 08751, (3)

Pyh Py

2.5. Effective section stiffness coefficient proposed in
Eurocode 8 (2005)

Part 3 of Eurocode 8 (2005) provides an equation
based on moment-to-shear ratio and yield rotation,
which can be used for the determination of a more accu-
rate effective stiffness (M, L, /36,). The chord rotation at
yielding 6,, calculated at Eq. (4).

Ly+ayz
3

h dpLfy
6,=, +0.0014(1+150) + o, 22 (&)

ygx/Tc

ayz is the tension shift of the bending moment dia-
gram; z = d — d' in beam section; ¢, = f, /E;, d and d’
are the depths to the tension and compression reinforce-
ment, respectively; and d,,; is the diameter of the rein-
forcement. a, = 0, if Vg, > M,,/L; and a, = 1, if Vg <
M,, /L. Vg . is taken in accordance with 1992-1-1 (2004).

2.6. Effective section stiffness coefficient proposed in
Eurocode 8 (2004)

In Eurocode 8 (2004), recommends that the elastic
flexural and shear stiffness properties of concrete ele-
ments are taken as 50% of the corresponding stiffness of
the uncracked element.

2.7. Effective section stiffness coefficient proposed in
Eurocode2 (2004)

The following model may be used to estimate the
nominal stiffness of slender compression members with
arbitrary cross section:

El =K .E 4. + K;EI (5)

where E_; is the design value of the modulus of elasticity
of concrete (E.; = E.,,/Ycg the recommended y; value
is 1.2); I, is the moment of inertia of concrete cross sec-
tion; E; is the design value of the modulus of elasticity of
reinforcement; I is the second moment of area of rein-
forcement, about the centre of area of the concrete; K, is
a factor for effects of cracking, creep etc.; and K is a fac-

tor for contribution of reinforcement. As a simplified al-
ternative, provided p = A;/A, = 0.01, the following fac-
tors may be used in Eq. (6). ¢@.¢ is the effective creep ra-
tio.

0.3
Ks=0 ", K. = (1+0.50,7)

(6)
The stiffness should be based on an effective concrete
modulus:

Ecd,eff = Ecd/(l + (pef) [7)

3. Material and Method

In determining the seismic performance of RC struc-
tures in national and international earthquake regula-
tions, it is desired to use effective stiffness of the cracked
cross-section in RC structural elements during the de-
sign phase. One of the realistic analyses of calculating the
effective stiffness of RC structural members is the use of
moment-curvature relations. Effective stiffness of the
cracked cross-section in RC structural members are de-
termined by the ratio of yield moment to yield curvature
considering the moment-curvature relationship. The ef-
fective stiffness of the cracked cross-section depends on
parameters such as structural member size, concrete
strength and axial load levels. RC square and circular col-
umn models with different axial load levels, concrete
strength, longitudinal and transverse reinforcement ra-
tios were designed to investigate effective stiffness. The
effective stiffness coefficient of the cracked cross-section
of the RC structural members designed in different pa-
rameters were obtained analytically. Analytically inves-
tigated parameters were calculated from TBEC (2018),
ACI318 (2014), ASCE/SEI41 (2017), Eurocode 2 (2004),
Eurocode 8 (2004, 2005) regulations and moment-cur-
vature relationships of cross-sections.

Reinforced concrete column models having different
cross-sections were created in order to examine the ef-
fects of effective cross-sectional stiffness of design pa-
rameters of RC column cross-sections. In order to inves-
tigate the effect of axial load levels, longitudinal and
transverse reinforcement ratio on the effective stiffness
coefficient, the column models having dimensions of
500mmx500mm square cross-section and 600mm di-
ameter circular cross-sections were designed. Six differ-
ent longitudinal reinforcement (LR) diameters, two dif-
ferent transverse reinforcement (TR) diameters and
three different transverse reinforcement spacing are
used for each RC column model. In (RC) column models,
longitudinal reinforcement diameters were selected as
20mm, 22mm, 24mm, 26mm, 28mm and 30mm. In (RC)
column models, transverse reinforcement diameters;
10mm and 12mm and transverse reinforcement spac-
ings; it was chosen as 50mm, 75mm and 100mm. The re-
inforcement ratios used in the RC columns cross-sec-
tions have been determined by considering the limita-
tions given in TS500 (2000) and TBEC (2018). Details for
the designed RC column cross-sections with different pa-
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rameters are given in Table 1 and Fig. 1. Accurate calcu-
lation of moment-curvature relations of (RC) elements is
areliable indicator of the load capacity of structures sub-
jected to seismic loads. It is essential for the calculation
of cross-section strength, flexural stiffness and ductility,
and for the nonlinear analysis of (RC) structures. Theo-
retical moment-curvature analysis for RC members indi-
cating the available bending moment and curvature can
be constructed providing that the stress-strain relations
for both concrete and steel are known. Moment-curva-
ture relationships were obtained by SAP2000 Software
which takes the nonlinear behavior of materials into
consideration. The combined effect of vertical and seis-
mic loads (N4 ), cross-section area of RC column shall
satisfy the condition A, = Ngper/0.4f;,- In this study,
the moment-curvature relationships of the RC column
cross-sections were investigated for the values of
N /N4, ratios 0of 0.10, 0.20, 0.30 and 0.40. To investigate

-S00mnr

500mm A-A Section

the effect of axial force on the cross-section behavior; the
RC rectangular, square and circular columns were inves-
tigated under four different axial load levels. The de-
signed RC columns are considered to be composed of
three components; cover concrete, confined concrete
and reinforcement steel. A confined and unconfined con-
crete model proposed by Mander et al. (1988) used to
determine the moment-curvature relationships of RC
members. In moment-curvature analyses, material mod-
els given in Fig. 2 are used for concrete and reinforce-
ment steel. RC members having different geometries
were designed considering the regulations of ACI318
(2014) and TBEC (2018). For all RC members, C30, C35,
C40, C45 and C50 were chosen as concrete grade and
B420C was selected as reinforcement for the reinforce-
ment behavior model. In the moment-curvature analysis,
the effect of concrete tensile strength is neglected be-
cause it is insignificant.

600mm

B-B Section

Fig. 1. Cross-sectional dimensions.

Table 1. Details for the designed RC column cross-sections.

Longitudinal

Transverse reinforcement

R reinforcement " . N/Nmax
Diameter Spacing

®20mm

€30 ®22mm 0.10

C35 50mm
d24mm ®10mm 0.20

C40 75mm
d26mm ®12mm 0.30

C45 100mm 0.40

4

C50 D28mm

D®30mm
fe (MPa) fs(MPa )‘
Confined concrete f511:550
f '
\ f 5}.=42 0
' Unconfined
f co concrete
Assumed for
cover corncrete &c Es
- —— =
£c=0.002 0.004 0.005 Ecc Eeur 85;\-‘70'00‘] 53.]’:0_003 csu=0.08

Fig. 2. Stress-strain relationships for concrete and reinforcement.
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Analytically investigated parameters were calculated
from different standards and codes and moment-curva-
ture relationships of cross-sections. In this study, the ef-
fect of the axial load levels, concrete strength, longitudi-
nal reinforcement and transverse reinforcement ratios
were considered for square and circular RC column
cross-sections. This study is based on parametric analy-
sis of the cross-sectional response of a wide range of RC
column cross-sections. The major factors affecting the
effective stiffness of the RC column cross-sections are in-
vestigated. The effective section stiffness coefficient ob-
tained from the analyses were compared with the effec-
tive cross-section stiffness coefficient given for RC col-
umns in different regulations. The results of the compar-
ison are examined in detail. The effective stiffness values
obtained from the analysis results are presented in detail
in the Research Findings and Discussion section.

4. Research Findings and Discussion

The effective flexural stiffness resulting from concrete
cracking depends on some important parameters such
as confinement, level of axial load, cross-section dimen-
sions and material properties of concrete and reinforce-
ment. The results of the parameters investigated for
(RC) column models are summarized in the following
sections according to cross-section geometries. The ef-
fective stiffness and effective stiffness coefficient of the
cracked cross-section of the RC structural members de-
signed in different parameters were obtained analyti-

cally. Analytically investigated parameters were calcu-
lated from TBEC (2018), ACI318 (2014), ASCE/SEI41
(2017), Eurocode2 (2004) and Eurocode8 (2004, 2005)
regulations and moment-curvature relationships. The
effective section stiffness coefficient obtained from the
analyses were compared with the effective section stiff-
ness coefficient given for RC square and circular columns
in different regulations. The results obtained at the end
were examined by comparing them according to differ-
ent parameters and models.

4.1. Nonlinear moment-curvature analysis of
reinforced concrete columns

In this part of the study, the moment-curvature rela-
tions are obtained by changing the axial load levels, con-
crete strength, longitudinal and transverse reinforce-
ment ratio. A total of 1440 different analyzes were per-
formed to determine the moment-curvature relation-
ships and effective stiffness coefficients of square and
circular (in two geometries) cross-section columns with
different parameters. Each cross-sectional analysis is
compared according to criteria which can change the ef-
fective stiffness of RC column cross-sections. The mo-
ment-curvature curves were drawn for different RC col-
umn models and were interpreted by comparing the
curves. Moment (M,,, M,,) and curvature (@,,, @,) values
were calculated for yield and ultimate conditions from
moment-curvature relationships according to different
parameters in the designed (RC) square and circular col-
umn models (Figs. 3 and 4).
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800 800
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700 700
,g 650 ’E\ 650
600 = 600 LY
2 550 — £ 550 ———
> 500 = 500 ~1
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350 = —=—12/50mm | 350 A —o—12/75mm |
300 T/ ——10/50mm | 300 ¢ 12/100mm
250 4 | 250 4 |
0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
NIN,,0x NIN ax
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oo | 30mm | 800 1 C50 |
750 4 o 2omm X 750 {- —*—C45 |
700 4 2emm T 700 - ca0 | ;74 -
I | Y 1 650 L. —=*—C35 >
__ 650 7 ——22mm = —~ 65 c30 i
£ 600 { —=—20mm — = [|Ee0f ° =
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100 = — 400 327/ 4
350 ji( 350
300 - 300 T!,/
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0.1 0.2 NIN 0.3 04 0.1 0.2 NIN 0.3 0.4

Fig. 3. (continued)
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Fig. 3. (continued)
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Fig. 3. Influence of N/N,,,,,, concrete strength, longitudinal and transverse reinforcement
on the moment-curvatures (square columns).
700 LR:8®20mm-Concrete grade:C30 700 LR:8®20mm-Concrete grade:C30
|
650 650
600 600 %
’g 550 E 550
= 500 < 500
> / = /
= 450 s 450
400 —a&— 12/50mm _| 200 A —a— 12/50mm
/ —o— 12/75mm
350 —o— 10/50mm — 350 12/100mm |
300 - } 300 4 }
0.1 0.2 0.3 0.4 0.1 0.2 0.3 04
NIN, NIN, o
900 TR:®10/50mm-Concrete grade:C30 900 LR:8020mm-TR:®10/50mm
] K—/
800 800 7 ——
2 00 2 T V g
E 600 § 600 A /'//»
500 500 1 A — c45
C40
400 400 —=—C35
— ——22mm
300 1 —a— 20mm 300 €30
0.1 0.2 0.3 0.4
0.1 02 N, 0.3 0.4 NN,
001 LR:8®20mm-Concrete grade: C30 001 LR:8®20mm-Concrete grade: C30
0.0095 _ 0.0095 =
0.009 ~ 0.009 —
— ' E . 7%
£ 0.0085 //;7 T 0.0085
=
S 0.008 & 0.008
= 2
& 0.0075 prad " 00075 A
—@— 12/50mm
! e 0.007
0.007 = —=—10/50mm | 0.0065 —&—12/75mm
0.0065 ‘| —— 12/50mm : ] 12/100mm
0.006 } 0.006 + ;
0.1 0.2 NN, 0.3 0.4 0.1 0.2 NN, 0.3 0.4
0.01 TR:®10/50mm-Concrete grade: C30 001 LR:8020mm-TR:®10/50mm .
0.0095 ==
T T 0.009 =
S
3 S 0.0085
g E‘; 0.008
+
ey = 00075 % gig -
0.007 1 C40
0.0065 0.0065 —=—C35 |
: ] —=—20mm ol —+—C30
0.006 0.006 +
0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
NIN NIN o

Fig. 4. (continued)
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Fig. 4. Influence of N/N,,,,, concrete strength, longitudinal and transverse reinforcement
on the moment-curvatures (circular columns).

4.2. Effective stiffness analysis of reinforced concrete
columns

The effective stiffness coefficient of the (RC) square
and circular column cross-sections designed according
to different design parameters was investigated using
the relationships proposed in different regulations and
non-linear moment-curvature analysis. The effective
stiffness of the RC columns is obtained by nonlinear
moment-curvature analyzes depending on different de-
sign parameters. The effective stiffness coefficient ob-
tained from analysis for different RC column models

are examined by summarizing in graphs. The results ob-
tained at the end were examined by comparing them ac-
cording to different parameters (axial load, concrete
compressive strength, longitudinal and transverse rein-
forcement ratio) and models (Square and circular cross-
section). The effective stiffness coefficient obtained from
the analyzes were compared from moment-curvature
relations and different seismic codes (TBEC, 2018;
ACI318,2014; ASCE/SEI41, 2017; Eurocode 2, 2004; Eu-
rocode 8, 2004; Eurocode 8-Part 3, 2005). The calculated
effective stiffness coefficient are comparatively given in
Figs. 5-17.
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Fig. 5. k, values obtained from moment-curvature relationships
according to different parameters of the square column.
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Fig. 6. k, values obtained according to the non-linear behavior defined in TBEC (2018) of the square column.
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Fig. 8. k, values obtained from moment-curvature relations according to different parameters of circular column.
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Fig. 7. k, values obtained according to part 3 of Eurocode 8 (2005) of the square column.
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Fig. 9. k, values obtained according to the non-linear behavior defined in TBEC (2018) of circular column.

0.23
0.22
0.21
0.20
0.19
0.18
0.17
0.16
0.15

0.27
0.26
0.25
0.24
0.23

022
0.21
0.20
0.19
0.18
0.17
0.16
0.15

LR:®20mm-Concrete grade: C30

—a— TR:12/50mm —
—o— TR:10/50mm |
/——
0.1 0.2 NIN, .. 0.3 0.4
LR:®20mm-TR:®10/50mm
_—
'7'
A
/ /‘»
Y. —_—4 /
/‘/ —=— C50
—e—C45
/ C40
——C35
( —%—C30

0.2

NIN,

0.3

max

LR:®20mm-Concrete grade: C30

4

e e

/

/

—#— TR:12/50mm

—@— TR:10/50mm
|
0.1 0.2 03 04
NIN e
LR:®20mm-TR:®10/50mm
/“/ >
P
7= —
7
A —=—C50 |
—@— C45
C40 |
[ # ——C35
- —%—C30
0.1 0.2 03 04

NIN ax

0.27
0.26
0.25
0.24
0.23
0.22
0.21
0.20
0.19
0.18
0.17
0.16
0.15

0.23
0.22
0.21
0.20
0.19
0.18
0.17
0.16
0.15

0.31
0.30
0.29
0.28
0.27
0.26
0.25
0.24
0.23
0.22
0.21
0.20
0.19

0.18 ;
0.17 &

0.16
0.15

LR:®20mm-Concrete grade: C30

—=— TR:12/50mm
—e— TR:12/75mm

TR:12/100mm

%,//

0.1

NIN ox

TR:®10/50mm-Concrete grade: C30

/'

e

v

L T

e

r—

—a— LR:30mm
—o— LR:28mm |
LR:26mm
—&— LR:24mm |
—¥*— LR:22mm
LR:20mm

0.1

0.2

NIN

max

0.3

0.4

LR:®20mm-Concrete grade: C30

'S —&— TR:12/50mm |
1/ —e— TR:12/75mm
| ‘ TR:12/100mm
0.1 0.2 0.3 0.4
NIN, 0
TR:®10/50mm-Concrete grade: C30
T e
—
! Y
A e
—#— LR:30mm
& —&— LR:28mm
LR:26mm
K —&— LR:24mm
- —¥—LR:22mm
‘ LR:20mm 7
0.1 0.2 0.3 0.4

NIN ox

Fig. 10. k, values obtained according to part 3 of Eurocode8 (2005) of circular column.
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Fig. 13. Effect of longitudinal reinforcement on k, of square column cross-sections (TR: ®10/50mm-C30).
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Fig. 17. Effect of concrete compressive strength on k., of circular column cross-sections
(LR: ®20mm, TR: ®10/50mm).

When the moment-curvature analysis results are ex-
amined, it is observed that the variation of the axial load,
longitudinal reinforcement diameter, transverse rein-
forcement ratio have an important effect on the mo-
ment-curvature behavior of the (RC) columns. Yielding
and ultimate moment capacities of the sections increase
when the transverse reinforcement spacing decreases.
The increase in the transverse reinforcement diameter
increases the ultimate moment, ultimate curvature and
curvature ductility values, but yield moment and yield
curvature values remain almost constant. The increase
in the axial load level causes curvature values to de-
crease. Yield and ultimate moment capacities of the
members increase with the increment of longitudinal re-
inforcing ratio for the columns.

ACI318 (2014) gives a constant ratio of 0.70E_I, for
columns. In ASCE/SEI-41 (2017), for columns with a de-
sign gravity load less than 0.14,f;, El¢ is specified as
0.3E.I,;. For columns with a compressive force greater
than 0.54, f;, this coefficient is given as 0.7. The effective
stiffness value of the cracked section given in Eurocode
8 (2004) is fixed. The effective stiffness of the cracked

section is considered to be half of the initial stiffness. In
Eurocode 8 (2004), features such as concrete strength,
cross-section geometry, longitudinal and transverse re-
inforcement ratio and axial force acting on the cross-sec-
tion are not taken into consideration. Part 3 of Eurocode
8 (2005) provides an equation based on moment-to-
shear ratio and yield rotation, which can be used for the
determination of a more accurate effective stiffness.
Both the ultimate level and serviceability level loads are
addressed in Eurocode 8 for linear and nonlinear anal-
ysis. According to Eurocode 2 (2004) in a second-order
analysis based on stiffness, nominal values of the flex-
ural stiffness should be used, taking into account the ef-
fects of cracking, material non-linearity and creep on
the overall behavior. Similarly, in TBEC (2018), effec-
tive stiffness is assumed to be constant and effective
stiffness coefficient values of the cracked section are
0.70 for the column. The effective stiffness of reinforced
columns modelled according to the lumped plastic be-
havior in TBEC (2018) can be calculated depending on
the effective yield moments, yield rotation and the shear
span.



Foroughi and Yiiksel / Challenge Journal of Structural Mechanics 7 (3) (2021) 135-150 149

5. Conclusions

When the moment-curvature analysis results are ex-
amined, it is observed that the variation of the axial load,
longitudinal reinforcement diameter, transverse rein-
forcement ratio have an important effect on the mo-
ment-curvature behavior of the (RC) columns. Yielding
and ultimate moment capacities of the cross-sections in-
crease when the transverse reinforcement spacing de-
creases. The ductile behavior for (RC) column cross-sec-
tions is observed due to the increment of curvature duc-
tility with the increase of the transverse reinforcement
ratio. The increase in the transverse reinforcement di-
ameter increases the ultimate moment, ultimate curva-
ture and curvature ductility values, but yield moment
and yield curvature values remain almost constant
(transverse reinforcement spacing and axial load levels
are the constant). Yield moment, yield curvature, ulti-
mate moment and ultimate curvature values increase
however, curvature ductility values decrease as the lon-
gitudinal reinforcement diameter increases while other
parameters kept constant. The increase in the axial load
level causes curvature values to decrease. In cases where
the axial load is low, (RC) cross-sections have a ductile
behavior. Yield and ultimate moment capacities of the
members increase with the increment of longitudinal re-
inforcing ratio for the columns cross-section.

In the relations suggested for the effective stiffness
coefficient, the confining effect is not taken into account
as in the regulations. Therefore, it means neglecting the
effects of parameters such as cross-section dimension,
concrete strength, confining effect and axial force acting
on the cross-section. Determining the moment-curva-
ture relationship in the design and evaluation of (RC) el-
ements and obtaining effective stiffness values are of
great importance in order to obtain more realistic re-
sults. Existing codes and previous studies revealed that
the effective stiffness is often expressed in terms of the
axial load level in the columns. The axial loads, concrete
strength and the amount of longitudinal and transverse
reinforcements have been identified as the most im-
portant factors affecting the cross-section yield point as
well as the effective stiffness of the RC column cross-sec-
tion. As can be seen from the comparison results, the ef-
fective stiffness values calculated from the SAP2000 pro-
gram, from different regulations are different from each
other. Taking the effective stiffness higher than the re-
quired value will cause the structural stiffness to be
overestimated. As a result, problems will arise in the cal-
culation and evaluation of structures. As can be seen
from the comparison of effective stiffness coefficient val-
ues obtained with different regulations and relations for
RC columns designed in different parameters; the calcu-
lated effective stiffness for RC columns increases with in-
creasing transverse reinforcement ratio, longitudinal re-
inforcement ratio and concrete strength. Due to the in-
crease of axial force, effective stiffness values of concrete
have increased.
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ABSTRACT

ARTICLE INFO

Since the ground floor of most of the buildings in our country is designed as a shop
or ground floor (in the buildings created as a workplace), there is very little infill wall
ratio on the ground floors due to architectural and functional reasons, and some of
them do not even exist at all. However, infill walls significantly increase the horizon-
tal rigidity and strength of the structure, thus causing a decrease in the period value
that determines the earthquake loads that will affect the structure. However, the infill
wall meets the first destructive forces of the earthquake, and during this time, it
cracks and absorbs some of the earthquake energy. The structural system elements
of the building (columns and shear walls) start to meet the earthquake forces only
when the infill walls are damaged and fail. In this direction, the aim of this study is to
investigate to what extent the amount of infill wall on the ground floor affects the
period of the building, and whether there are soft storey irregularities in the building
according to the change in the amount of infill wall on the ground floor. In this study,
while there are infill walls on all floors and all axes of buildings of various heights (3,
6,9 and 11 floors), the amount of infill walls in the x and y directions on the ground
floors is reduced to a certain extent, and many models are created until the ground
floor is completely without infill walls. All these models created were analyzed with
the support of the SAP2000 program, and the period values were determined and
examined according to the soft storey problems and compared with the case of the
entire building with and without infill walls. In addition, it was examined whether
the period formulas determined as a result of the studies and taking into account the
infill wall give realistic results for the situation examined in this study.
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1. Introduction

Today, in the design and analysis of buildings, the ef-
fects of infill walls, which are defined as non-structural
elements, on building behavior are often neglected.
However, infill walls have properties that affect dynamic
characteristics such as mode shape, damping and vibra-
tion period in buildings. In addition, the fact that the con-
tribution of the infill walls to the horizontal rigidity is not
taken into account in the calculations gives rise to the
thought of staying on the safe side, the distribution and
ratio of the infill walls in the floor; It can cause some neg-
ativities such as torsional irregularity, short column, soft

storey irregularity (Kose and Karshoglu 2007; Kose
2009). For this reason, infill walls should be considered
during the design and analysis of buildings in order to
obtain the true structural behavior.

This increase in stiffness during an earthquake can in-
crease the base shear force demand of the structure and
cause greater earthquake forces to act on the structure.
Damages in infill walls mean the damping of earthquake
energy, which requires infill walls to be taken into ac-
count in analytical models. In the literature study, it has
been seen that there are many studies that reveal the ef-
fect of infill walls on the earthquake behavior of rein-
forced concrete buildings. The approaches proposed by
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TEC-2007 and Hendry were used to model infill walls
with equivalent pressure bar. As a result of the study, it
was determined that the infill walls changed the rigidity
of the structure, thus reducing the period, relative story
drift and shear force on the columns, and increasing the
base shear force (Sagliyan, 2018).

In the research of Akyiirek et al. (2018), residential
type reinforced concrete buildings with different num-
ber of spans and floors were chosen as models. The seis-
mic performance of these buildings, which are designed
with and without infill walls, was made using the linear
inelastic evaluation method. The effects of infill wall
amount and placement change on the building's capacity
curve, first natural period, target displacement request,
damage distribution of the first-floor columns, and
building performance level were examined on the se-
lected buildings. The results showed that the infill wall
placement significantly affects the building behavior.
Therefore, in order to obtain more accurate results in de-
scribing the earthquake performance of buildings, infill
walls should be taken into account in the analysis. That
is also important to emphasize the importance of cor-
rectly defining the characteristics of the infill wall (Akyti-
rek etal, 2018).

By Furtado et al. (2017), itis emphasized that most of
the damages in reinforced concrete buildings in earth-
quake zones are caused by infill walls, infill walls signifi-
cantly affect the earthquake behavior of the building and
cause different collapse mechanisms in the building. For
this reason, an experimental study was carried out in or-
der to observe in-plane and out-of-plane infill wall dam-
ages. In the report published as a result of the Van-
Edremit earthquake that took place in 2011, it is stated
thatin the case of structures with infill walls made of hol-
low bricks, if the drift ratio between floors exceeds ap-
proximately 0.5% - 0.7%, the partition walls are crushed
and/or toppled out of its plane, and as a result, the dam-
age observed in the structural system increases. Kogak
(2013) investigated the short column damages caused
by infill walls in a reinforced concrete building damaged
in the 1992 Erzincan earthquake.

By Ning et al. (2017), as a result of the analytical stud-
ies they carried out to investigate the effects of infill
walls used in buildings on the performance of load-bear-
ing system elements, they determined that infill walls af-
fect the collapse mechanisms of buildings and plastic
hinge positions. Qian and Li (2017) investigated the ef-
fects of infill wall on the failure mechanisms and load-
displacement curves of the frames in their experimental
studies on infilled and non-infilled frames. Asteris et al.
(2011) and Asteris (2003) presented a reduction param-
eter to the equivalent pressure bars, which are widely
used in the modeling of infill walls in the literature, in or-
der to reflect the voids in the infill walls. For this pur-
pose, they used analytical models that they updated ac-
cording to the data obtained from various experimental
studies. In the study of Giiler et al. (2008), effect of infill
wall on the building period was studied and they consid-
ered a twelve-storey building without infill wall, with in-
fill wall (unplastered) and infill wall (plastered). Using
the microtremor (small vibration measurements)
method, for all these cases, they found the periods of the

structure in small ground motion (not taking into ac-
count the earthquake effect) in the two earthquake di-
rections.

In Borekgi’s study (2019), the dominant period of a
building consisting of 6-storey reinforced concrete
frames, which is thought to represent the building stock
in Turkey, was obtained both analytically and directly by
formulas by modeling in the SAP2000 program. In this
study, in which the building periods are obtained with
two different models, with and without walls, the ap-
proaches of the proposed formulas in obtaining the pe-
riod and how much they take into account the wall effect
were investigated. In buildings with few floors and no ir-
regularities, the dominant mode is the translation mode,
and it is possible to consider such buildings as a single
degree of freedom. Since a single mode can be used in the
design of buildings under seismic loads whose displace-
ment mode can be considered as dominant and equiva-
lent single degree of freedom, it will be sufficient to ob-
tain only the period of this mode. Direct formulas that
will help to obtain this period quickly without the need
for long calculations have been proposed in various
studies in the literature. Walls are built in order to create
rooms in buildings and it is clear that these walls will
change the period with their contribution to rigidity.
However, during the design, the contribution of the walls
to the rigidity is neglected and only the weight is taken
into account. While some of the direct formulas pro-
posed in the literature to obtain the period do not take
into account the effect of the wall, some take into account
the contribution of the wall stiffness.

In the modeling studies on infill walls, the properties
of the materials or the form of construction caused dif-
ferences in the period. By Lemonis et al. (2019), the pro-
posed model was evaluated parametrically against the
numerical results obtained from the frame analyzes with
varying number of frame plies, infill openings, wall thick-
ness and modulus of elasticity. Evaluation of the pro-
posed model was performed against regular frames with
uniform infill properties across all of its panels. No dete-
rioration in filling properties was observed. They found
that more research is needed for frames with irregulari-
ties in their structural form or walls, particularly where
a soft ply is created. In Asteris et al.’s study (2015), this
article examines the foundation vibration period of rein-
forced concrete buildings through finite element macro
modeling and modal eigenvalue analysis. As a baseline
study, a large number of 14-storey reinforced concrete
buildings were rated as “designed according to code”
and “not designed according to code”. Various parame-
ters were examined, including the number of apertures;
span length in the direction of movement; hardness of
fillings; percentage openings of fillings and; location of
soft floors. The calculated values of the fundamental pe-
riod are compared with the values obtained from the
seismic codes and equations proposed by various re-
searchers in the literature. From the analysis of the re-
sults, it has been found that the span length, the stiffness
of the infill wall panels and the position of the soft floors
are very important parameters that affect the foundation
period of reinforced concrete buildings. In a different
study by Asteris (2015), it was found that the number of
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floors, span length, rigidity of infill wall panels, location
of soft floors and floor type are very important parame-
ters that affect the foundation period of reinforced con-
crete buildings. Asteris further developed his research
(2016, 2019) and estimated the base periods with neural
network support. By Asteris (2017), effect of the number
of floors, number of spans, span length, infill wall panel
stiffness and percentage of openings in the infill panel on
the foundation period of infilled reinforced concrete
frames were investigated. Based on these results, a re-
gression analysis is applied to propose a new empirical
equation for the estimation of the fundamental period.
The derived equation has been shown to be better. Pre-
dictive power compared to equations are available in the
literature.

The aim of the present work is to investigate the pe-
riod of vibration of 3, 6, 9 and 11 floors-storey bare and
infilled RC frame building by means of finite element
modelling under various geometric and other parame-
ters, including the influence of the number of storey, the
floor irregularities as well as the soft storey position.

2. Material and Method

In this section, the effects of the changes in the ratio
of the infill walls on the ground floor on the period of the
building in infilled buildings are examined. As a result of
the analyzes made on building models with different
heights and different sizes of load-bearing systems, var-
ying period values depending on the rate of change of the
infill wall on the ground floor were obtained, these val-
ues were interpreted and compared with the results ob-
tained from the period formulas considering the infill
wall (Fig. 1).

The axial stiffness of the crossbars was determined by
Ersin's (1997) formula for the axial stiffness of infill
walls. In this study, while determining the axial stiffness
of the crossbars, window openings on the outer walls
and door openings on the inner walls were taken into ac-
count, and parameters such as the plastered infill wall
elasticity modulus, wall thickness, and the length of the
cross were used.

w=a-Ly

(1

where E is the elastic modulus of the wall, t is the thick-
ness of the wall, and w is the width of the wall.
EF=E-t-a-L, (2)
where Lq is the diagonal length of the infill wall, and «is
the coefficient that allows the pendulum bar width to be
defined according to the infill wall diagonal length.

This expression is multiplied by a factor such as S to
include void infill walls and yto take all other effects into
account.

EF=E-t-a-Ly-B-y (3)

Fig. 1. A pair of articulated crossbars
representing the infill wall.

In the four different building models created, the infill
walls on the ground floor were reduced at certain rates,
and analyzes of the models in each case were examined in
detail. As a result of these analyzes, the relationships be-
tween this change of the infill wall on the ground floor and
the period values, soft storey irregularity were evaluated.

2.1. Features of the created carrier systems

The plan views of the four different (3, 6, 9, 11 storey)
mechanical building models are the same, but the build-
ing heights are different. The floor thickness is fixed in
each building model and on each floor and is 15 cm. Con-
crete class C25 and reinforced concrete steel class S420
concrete were used in all structures. Floor heights in all
buildings are fixed and 3 m. All four building models
have 4 openings in the x direction and 5 openings in the
y direction (Table 1).

Table 1. Building elements case.

Building Storey Square Column Rectangle Column Beam
1.2 45/45 40/45 35/40

3 Storey
3. 40/40 40/40 35/40
1.2. 55/55 40/55 35/55
6 Storey 3. 4. 50/50 40/50 35/50
5.6. 45/45 40/45 35/45
1.2.3. 55/55 40/55 35/55
9 Storey 4.5. 6. 50/50 40/50 35/50
7.8.9. 45/45 40/45 35/45
1.2.3. 60/60 40/60 35/60
4.5. 6. 55/55 40/55 35/55

11 Storey
7.8.09. 50/50 40/50 35/50
10. 11. 45/45 40/45 35/45
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The ground periods used in the spectral analysis of all 2.2. No infill wall in the system (bare frame)
these models were taken as Ta=0.15 and Th=0.40. In this

model, in which infill walls are not included in the me- In this model, the entire building is designed without
chanical model, equivalent cross-pressure bars repre- infill walls and any element representing the infill wall is
sented by infill walls are placed, and the fully infill wall not reflected in the mechanical model (Fig. 3).

model in Fig. 2 is created. In this model, the entire building is designed with in-

From the completely infilled model created in each  fill walls, and the elements representing the infill wall
building model, new models were created by reducing  with spaces (door, window) on each axis in the x and y
the infill wall areas only on the ground floor, and the directions are reflected in the mechanical model (Figs. 4

analyses were repeated. and 5).
§ 8 8 8 ¢
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¥ =
Three-dimensional view of the 11-storey Section view of the fully infilled wall model
building without walls created in SAP2000 created in SAP2000 of the 11-storey building
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Fig. 2. Storey building of modelling image.
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Fig. 3. No walls in the building plan.
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Fig. 4. The case of infill walls in all of the building frames (plan image x-x).
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Fig. 5. The case of infill walls in all of the building frames (plan image y-y).
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In this model, the absence of infill walls in all of the A
and E axes in the y-y direction only on the ground floor is
reflected in the model. Except for the ground floor, the
plan views of all floors are the same as the plan view of
the fully infilled model. The ground floor plan view is as
in Fig. 5.

3. Investigation of the Period Values of the Models
Created

3.1. Examining the analysis results

Analysis results for 3, 6, 9 and 11 storey buildings
show that; the period of the entire structure with infill
walls is much smaller than the period when the structure
is completely without infill walls (bare frame). In addi-
tion, it is seen that the decrease in the infill wall ratios in

the x and y directions only on the ground floor increases
the periods of the building in the x and y directions (alt-
hough not as much as the periods in the bare frame situ-
ation). As a result of this period change, it is seen that the
period decreases rates compared to the bare frame de-
crease due to this decrease as the amount of infill wall
decreases on the ground floor. Below is the graph show-
ing the period decrease rates in all cases, which express
the change in the amount of infill walls on the ground
floors of the 3, 6, 9 and 11 storey buildings, depending
on Ay (infill wall/ (infill wall + load-bearing system)).

As can be seen from the Fig. 6 graph, the change in the
amount of infill wall on the ground floor mostly affects
the period of 3-storey buildings, while this effect is very
low in 11-storey structures. In other words, as the num-
ber of floors increases, the effect of the infill wall reduc-
tions on the ground floor to increase the period of the
building decreases.

/
y = 52.696x0-3111
3 Floor R?=0.9854
6 Floor
9 Floor
X 11 Floor y = 45.134x01423
0 R?=0.8455
]
£
|—
g y = 39.047x0.1225
g R?=0.4393
—
8 y = 34.68x00785
.5 R?=0.4762
a
Ay
o

%

Fig. 6. Relationship between reduction of infill wall area and period reduction in all buildings.

The comparison of the period values obtained from
this study with the formulas obtained in other studies is
given in Table 2. While the period values obtained as a
result of the formula obtained by the infill walls depend-
ing on the change in all floors give the same result for the
bare frame and all-walled cases, they give higher results
than the period values obtained depending on the reduc-
tion amount of the infill wall on the ground floor. This
result is quite natural since the change of the infill wall
only on the ground floor cannot be compared with the
change in the amount of infill wall on all floors. The pe-
riod values obtained as a result of the infill wall reduc-
tion on the ground floor are slightly larger than the pe-
riod values in the completely walled condition, except
for the 3-storey building. The results obtained from the
other period formulas that take into account the infill
wall, on the other hand, are closer to (slightly lower than
these periods) the periods of the buildings in the bare
frame condition. From these results, it is understood that
using the period formulas that take into account the pro-
posed infill wall will not give realistic results for cases
where the infill wall is reduced only on the ground floor.

Investigation of soft storey irregularity formation
conditions of the created models provides analysis re-
sults for 3-storey building in Table 3.

Cases of soft floor irregularities of buildings;

If nei = (ZAe)i / (ZAe)i+1 < 0.80, there is soft storey ir-
regularity.

Definition of effective cutting area on any floor:

YA, =XA,+XA;+ 015X Ay (4)

where nciis the strength irregularity coefficient defined at
ith floor, XA, is the effective shear area at any floor in the
direction of the earthquake under consideration, Aw is the
effective area of the column cross-section (excluding the
area of the column projections perpendicular to the earth-
quake), ZAw is the sum of effective body areas Aws of col-
umn cross-section at any storey, X4, is the sum of the
cross-sectional areas of the structural system elements
operating as a shear parallel to the earthquake direction
considered at any floor, and XA« is the sum of the masonry
infill wall areas (excluding door and window spaces) par-
allel to the earthquake direction considered at any floor.
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Table 2. Period comparison.

Sy Kogak et al. Goel and Chopra
(2011,2018)  Guleretal oo 000 oo iogs (1997)
T T T (2008) Lower Top
X Y X Limit Limit
Frame 0476  0.447 0476  0.447
3 Storey
Frame+Wall 0251 0244 0247  0.245
X-1 0258 0244 0279  0.245
X-2 0269 0244 0304 0245
3 Storey XX X-3 0284 0244 0338 0245
direction
X-4 0304 0244 0392 0245 0.329 0.364 0.38 0.34 0.484
X-5 0333 0244 0476 0245
Y1 0251 0252 0247 0285
3 Storey YY Y2 0251 0271 0247 0324
direction Y3 0251 0289 0247 0368
Y4 0251 0324 0247  0.447
Frame 0798 0744 0798  0.744
6 Storey
Frame+Wall 0456  0.440 0438  0.430
X-1 0461  0.440 0497  0.430
X-2 0470  0.440 0538  0.430
DT 0 X-3 0480  0.440 0596  0.430
direction
X-4 0494  0.440  0.680  0.430 0.619 0.612 0.639 0.634 0.903
X-5 0513  0.440 0798  0.430
Y1 0456  0.447 0438  0.496
6 Storey YY Y2 0456  0.461 0438  0.566
direction Y3 0456 0474 0438  0.628
Y4 0456 0496 0438  0.744
Frame 1.038 0934  1.038 0934
9 Storey
Frame+Wall 0649 0619 0600  0.561
X-1 0653 0619 0677  0.561
X-2 0660 0619 0730  0.561
i R X-3 0667 0619 0797  0.561
direction
X-4 0677 0619 0898  0.561 0.884 0.829 0.866 0.913 1.301
X-5 0689 0619 1.038  0.561
Y1 0.649 0625 0.600  0.650
9 Storey YY Y2 0.649 0635 0600 0731
direction Y3 0.649  0.644 0.600  0.808
Y4 0.649  0.659  0.600  0.934
Frame 1151  1.070 1151  1.070
11 Storey
Frame+Wall 0763  0.735  0.691  0.674
X-1 0767 0735 0776  0.674
11 Storey X-2 0767 0735  0.835  0.674
XX direc- X-3 0772 0735 0917  0.674
tion X-4 0777 0735  1.019  0.674 1.058 0.964 1.006 1.093 1.559
X-5 0792 0735 1151  0.674
Y1 0764 0739  0.691 0776
11 Storey Y2 0764 0747 0691  0.867
YY direc-
o Y3 0764 0753  0.691  0.947
Y4 0764 0762  0.691  1.070

In Table 3, the strength irregularity coefficients of the

ground floor of all models created for the 3-storey build-
ing are given. When the results are examined, it is seen
that these coefficients decrease in the x and y directions
due to the reduction of the infill wall in the x and y direc-
tions. It is seen that the strength irregularity coefficients
take the values of 0.785, 0.742, 0.771, (0.742 and 0.771)
respectively in the X-4, X-5, Y-4th and ground floor un-
walled cases, and it is understood that soft storey irreg-
ularity occurs in these models.

In Table 4, the strength irregularity coefficients of the
ground floor for all models created for the 6-storey
building are given. When the results are examined, it is
seen that these coefficients decrease in the x and y direc-
tions due to the reduction of the infill wall in the x and y
directions. Itis seen that the strength irregularity coeffi-
cients take the value of 0.774 in both the X-5th and
ground floor unwalled cases, and it is understood that
weak floor irregularity occurs in these models.
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Table 3. Analysis results of 3-storey building models.

Cases SAw YAk (m2) YAk (m2) YAe (m?2) YAe (m?2) et et Soft Storey
(m?) (X Direction) (Y Direction) (X Direction) (Y Direction) (X Direction) (Y Direction) Irregularity
Ground
S Frame+Wall 5.76 13.35 11.42 77.625 7.473 1.000 1.000 No
torey
X-1 5.76 8.88 11.42 7.092 7.473 0.914 1.000 No
X-2 5.76 6.66 11.42 6.759 7.473 0.871 1.000 No
X-3 5.76 4.44 11.42 6.426 7.473 0.828 1.000 No
X-4 5.76 2.22 11.42 6.093 7.473 0.785 1.000 Available
X-5 5.76 0 11.42 5.760 7.473 0.742 1.000 Var
Y-1 5.76 13.35 6.83 77.625 67.845 1.000 0.908 No
Y-2 5.76 13.35 4.10 77.625 6.375 1.000 0.853 No
Y-3 5.76 13.35 2.28 77.625 6.102 1.000 0.817 No
Y-4 5.76 13.35 0 77.625 5.760 1.000 0.771 Available
Non Wall 5.76 0 0 5.760 5.760 0.742 0.771 Available
Frame 5.76 0 0 5.760 5.760 1.000 1.000 No
g‘rsr Frame+Wall  5.76 13.35 11.42 77.625 7.473 : - -
trorey
Frame 5.76 0 0 5.760 5.760 : : -
Table 4. Analysis results of 6-storey building models.
Cases SAw YAk (m?) Ak (m?) 4. (m?2) 4. (m?2) Ty Ty Soft Storey
(m?) (X Direction) (Y Direction) (X Direction) (Y Direction) (X Direction) (Y Direction) Irregularity
Ground
St Frame+Wall 6.8 13.26 11.33 8.789 84.995 1.000 1.000 No
orey
X-1 6.8 8.8 11.33 8.120 84.995 0.924 1.000 No
X-2 6.8 6.6 11.33 7.790 84.995 0.886 1.000 No
X-3 6.8 4.4 11.33 7.460 84.995 0.849 1.000 No
X-4 6.8 2.2 11.33 7.130 84.995 0.811 1.000 No
X-5 6.8 0 11.33 6.800 84.995 0.774 1.000 Available
Y-1 6.8 13.26 6.75 8.789 78.125 1.000 0.919 No
Y-2. 6.8 13.26 4.05 8.789 74.075 1.000 0.872 No
Y-3 6.8 13.26 2.25 8.789 71.375 1.000 0.840 No
Y-4 6.8 13.26 0 8.789 6.800 1.000 0.800 No
Non Wall 6.8 0 0 6.800 6.800 0.774 0.800 Available
Frame 6.8 0 0 6.800 6.800 1.000 1.000 No
First Frame+Wall 6.8 13.26 11.33 8.789 84.995 - - -
Strorey
Frame 6.8 0 0 6.800 6.800 - - -
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In Table 5, the strength irregularity coefficients of the
ground floor for all models created for the 9-storey build-
ing are given. When the results are examined, it is seen
that these coefficients decrease in the x and y directions
due to the reduction of the infill wall in the x and y direc-
tions. It is seen that none of the strength irregularity co-
efficients are less than 0.8, and it is understood that weak
story irregularity does not occur in any of these cases.

In Table 6, the strength irregularity coefficients of the
ground floor for all models created for the 11-storey build-
ing are given. When the results are examined, it is seen
that these coefficients decrease in the x and y directions
due to the reduction of the infill wall in the x and y direc-
tions. It is seen that none of the strength irregularity coef-
ficients are less than 0.8, and it is understood that weak
story irregularity does not occur in any of these cases.

Table 5. Analysis results of 9-storey building models.

c YAw YAk (m?) YAk (m?) YAe (m?) YAe (m?) ey Ty Soft Storey
ases (m?) (X Direction) (Y Direction) (X Direction) (Y Direction) (X Direction) (Y Direction) Irregularity
Ground  promeswall  7.92 13.17 11.25 98.955 96.075 1.000 1.000 No
Storey
X-1 7.92 8.72 11.25 9.228 96.075 0.933 1.000 No
X-2 7.92 6.54 11.25 8.901 96.075 0.899 1.000 No
X-3 7.92 4.36 11.25 8.574 96.075 0.866 1.000 No
X-4 7.92 2.18 11.25 8.247 96.075 0.833 1.000 No
X-5 7.92 0 11.25 7.920 96.075 0.800 1.000 No
Y-1 7.92 13.17 6.68 98.955 8.922 1.000 0.929 No
Y-2. 7.92 13.17 4.01 98.955 85.215 1.000 0.887 No
Y-3 7.92 13.17 2.23 98.955 82.545 1.000 0.859 No
Y-4. 7.92 13.17 0 98.955 7.920 1.000 0.824 No
Non Wall 7.92 0 0 7.920 7.920 0.800 0.824 No
Frame 7.92 0 0 7.920 7.920 1.000 1.000 No
Rt Frame+Wall  7.92 13.17 11.25 98.955 96.075 - - -
Strorey
Frame 7.92 0 0 7.920 7.920 - - -
Table 6. Analysis results of 11-storey building models.
Cases SAw YAk (m?) Ak (m?) Y4e (m?2) YAe (m?) Ty Ty Soft Storey
(m?) (X Direction) (Y Direction) (X Direction) (Y Direction) (X Direction) (Y Direction) Irregularity
Ground  promeswall  9.12 13.08 11.16 11.082 10.794 1.000 1.000 No
Storey
X-1 9.12 8.64 11.16 10.416 10.794 0.940 1.000 No
X-2 9.12 6.48 11.16 10.092 10.794 0911 1.000 No
X-3 9.12 4.32 11.16 9.768 10.794 0.881 1.000 No
X-4 9.12 2.16 11.16 9.444 10.794 0.852 1.000 No
X-5 9.12 0 11.16 9.120 10.794 0.823 1.000 No
Y-1 9.12 13.08 6.60 11.082 10.110 1.000 0.937 No
Y-2. 9.12 13.08 3.96 11.082 9.714 1.000 0.900 No
Y-3 9.12 13.08 2.20 11.082 9.450 1.000 0.875 No
Y-4. 9.12 13.08 0 11.082 9.120 1.000 0.845 No
Non Wall 9.12 0 0 9.120 9.120 0.823 0.845 No
Frame 9.12 0 0 9.120 9.120 1.000 1.000 No
First Frame+Wall  9.12 13.08 1116 11.082 10.794 - - -
Strorey
Frame 9.12 0 0 9.120 9.120 - - -
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4., Conclusions

In this study, it has been investigated to what extent
the amount of infill wall on the ground floor affects the
period of the building, and whether soft floor and weak
floor irregularities occur in the building according to the
change in the amount of infill wall on the ground floor.
For this research, analyses were made for various situa-
tions of 4 types of buildings with 3, 6,9 and 11 floors. The
results obtained are as follows.

e In order to take the infill walls into account in the
analyses, it has been seen that representing the infill
walls in the load-bearing system of the buildings as a
cross-pendulum rod with two ends gives very realis-
tic results.

e In the examined structures, it was observed that the

infill walls significantly increased the rigidity of the
structure and as a result, they caused a significant de-
crease in the construction period.
The 3-storey building was the most affected by the pe-
riod-reducing effect of the infill wall. The period value
obtained when all floors and all axes of the 3-storey
building are in infilled condition (all-walled condi-
tion) is 47.27% less than the period value obtained
when all floors and all axes of the 3-storey structure
are without infill walls (bare frame condition).

The 11-storey building was least affected by the pe-

riod-reducing effect of the infill wall. The period value

obtained when all floors and all axes of the 11-storey
building are in infilled state (all-walled state) is

33.71% less than the period value obtained when all

floors and all axes of the 11-storey building are with-

out infill walls (bare frame state).

Even though the period-reducing effect of the infill

wall decreases as the structure rises, it is still very

large. Regardless of the height of the structure, it
should be noted that the infill wall greatly reduces the
period of the structure.

e The decrease in the amount of infill wall on the

ground floor of a building with infill walls on all floors
and all axes (all-walled condition) increases the pe-
riod of the building somewhat compared to the period
of the building with all walls.
While this increase was significant in the 3-storey
building, it was observed that it was too small to be
ignored in the 11-storey building. From this, we can
conclude that the change in the amount of infill wall
only on the ground floor has a large effect on the pe-
riod of the building in buildings with low height, and
negligible effect on the period of the building in build-
ings with high height. In addition, we can say that this
effect increases and decreases inversely with the
height of the building (the lower the structure, the
greater the effect, the larger the structure, the less the
effect).

o Ithas been seen that the period values obtained from
the period formulas that take into account the infill
wall effect, which have been revealed as a result of the
studies carried out by various people before, do not
give appropriate results for all-walled structures
where the amount of infill wall changes only on the
ground floor.

In all buildings except the 3-storey building, the peri-
ods obtained by reducing the wall on the ground floor
are closer to the period of the whole building with
walls. Although the values obtained from the other
period formulas are between the periods of all the
buildings with walls and bare frames, they are quite
far from the period values obtained by reducing the
wall on the ground floor, except for the 3-storey build-
ing.

e Reducing the amount of infill walls only on the ground
floors of the buildings considerably increases the rel-
ative floor offsets on the ground floors of the build-
ings.

e In low-rise buildings and in the case of medium-
height (6-7-storey) buildings, only the ground floors
have very little or no infill walls (all of the other floors
are infilled), weak floor irregularities may occur in the
ground floor of the buildings. In very high buildings,
although the building is completely filled with infill
walls, even if there is no infill wall on the ground floor,
weak floor irregularities do not occur on the ground
floor of the building.

If we want to design earthquake-resistant structures,
we need to know the behaviour of structures under the
influence of earthquakes and design our structures in
the most appropriate way to this behaviour. As can be
understood from the results above, the infill walls cre-
ated to fulfil the architectural and functional functions in
a building have a great effect on the behaviour of the
building under the influence of earthquakes. Since this
effect cannot be neglected in many respects, the infill
wall must be reflected in the analysis and calculations in
the building design. Otherwise, the reliability of the
building may be shaken in many respects, unexpected
negativities and even catastrophic destructions may oc-
cur under the influence of earthquakes. In this case, ig-
noring the effects of the infill wall on the structure under
the influence of an earthquake can be equivalent to ne-
glecting human life.

From the results of the analysed four different (3, 6, 9,
11 storey) regularity, it was shown that current code
equations are unable to accurately predict the effect of
horizontal and vertical regularities on the period. It was
also shown that structures with vertical irregularities,
like a setback, tend to have shorter period than the reg-
ular structures and compared formulations. Especially
we will try to achieve it by means of regressive tech-
niques, using as data all the above studied parameters
and corresponding results, irregularity systems.
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