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Abstract

Today, wind energy is considered as one of the most used types of renewable energy for electricity production. Over the past
two decades, wind energy has been a major source of electricity, and electricity supply has been drastically increasing. Among
the technologies available to generate electricity from wind, wind turbines play a major role, with offshore wind turbines
playing a significant part. Offshore structures such as wind turbines, unlike other types of structures, are in a dynamic
environment, the main forces generating this dynamic wave and wind environment, which impose significant structural
vibrations, fatigue loads and significant loads on the blades, the turbine, structural platform, and other components import it.
Welded joints and points in offshore structures are vulnerable to fatigue failure due to stress concentrations and intermittent
environmental loading. Offshore structures have been exposed to shock forces and cyclic loads throughout their lifetimes,
which cause the cyclic loads to cause fatigue in the joints. The dynamic forces of the waves gradually cause small cracks in
the structural joints over time, and the expansion of these cracks at the weld foot and joints of the structural members reduces
the overall stiffness of the joint and in some cases even removes the member from the location of connection. Much research
has been done on the use of offshore wind energy, but despite the special attention of the worldwide scientific community on
offshore wind energy extraction, there are still few studies domestically. Considering the water levels in the south of Iran and
the platforms in the area will add to the importance of this study. The turbine structure will be examined to perform the
research by using and inspiring DNV and API by-laws when the method is nonlinear. The case study will also cover the Strait
of Hormuz and the time zone. This research is carried out using coding in Matlab as well as analysis in Bentley SACS finite
element software which is dedicated to the design of offshore steel structures. The results indicate that the presence of the
turbine blade geometry has a significant effect on the fatigue life of the retaining structure and the entire structure.
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1. Introduction

Over the past two decades, wind energy has
received a great deal of attention as a source of
electricity, and the supply of electricity using this
source is increasing rapidly. Among the existing
technologies for generating electricity from wind,
wind turbines play the main role, among which
offshore wind turbines play a significant part of this
role, the attention to this part is increasing daily.
Offshore structures such as wind turbines, unlike
other types of structures, are in a dynamic
environment, the main forces creating this dynamic
environment are waves and winds, these forces,
structural vibrations, fatigue loads and significant
heavy loads to the blades. They import turbines,
structural  platforms, and other components.
According to the mentioned conditions, today, the
installation of offshore platforms in very deep waters
and very unfavorable environmental conditions is
also economically justified. Therefore, at present,
extensive and increasing efforts are underway to
provide solutions for the analysis and design of
offshore structures against a variety of destructive
phenomena, including the phenomenon of fatigue.
Welded joints and joints in offshore structures are
vulnerable to fatigue rupture due to stress
concentrations and periodic environmental loading.
One of the most important factors in immediate
failure as well as reducing the strength of offshore
platforms in the long run is the phenomenon of
fatigue in the joints and structural members.

Wang et al. (2016) presented a stochastic dynamic
response analysis for a SMW vertical-axis floating
wind turbine as a completely nonlinear coupling in
the time domain. The FVAWT studied in this
research, which is a combination of a Daris rotor and
a semi-submersible float, is placed under different
wind and wave conditions, and its overall motion,
structural response, and elongation of inhibitory lines
are simulated in the time domain as well as the
domain. Frequency is obtained. In this research, the
response of FVAWT in uniform and turbulent wind
conditions is compared and the superiority of this
type of turbine over the model with its fixed base in

reducing the effect of 2p on the dynamic response is
shown [1].

Skaare et al. (2015) performed a comparative
analysis between measurements made on the Hywind
floating wind turbine main scale sample and its
numerical simulations. In this study, they described
the main characteristics of the Hywind structure, its
control system and the important measurements
made. In this research, a method for estimating the
impact wave level to the Hywind structure is
proposed and dynamic simulations comparable with
the estimated time levels of the estimated wave level
along with the measured statistical parameters of the
wind field have been performed. Finally, the
measured values of movement of roll, screw and yaw
modes, tower bending torques, traction line tension,
power generation, rotor speed and blade angle in both
wind speeds lower and higher than the operating
speed with simulations Numerical performed by
SIMO / RIFLEX / HAWC2 numerical tool has been
compared and has shown a very good fit [2]

Zhang et al. (2015) simulated the floating section
and bracing system of a spar floating wind turbine
with chain harness using Orcaflex software. In this
research, by calculating the loads on the wind turbine,
hydrodynamic analysis has been performed on the
braking system and the tension of the braking lines
under different loading conditions has been studied.
Finally, using the obtained results, an optimal design
for the desired inhibition lines was presented [3]

In 2016, Tamamgar et al. Feasibility study and
location of offshore wind turbine fields on the shores
of the Persian Gulf and the Sea of Oman, along with
providing the optimal option of the basic turbine
infrastructure and the optimal pattern of arrangement
and arrangement of fields. In this study, after zoning,
which is necessary to start a coherent research, wind
information related to the southern regions of the
country for 7 years, including the years 2000, 2005
and 2009 to 2013 were collected, and after
classification and the creation of a data center Can be
used for future work, annual averaging and
determining the feasibility criteria of the regions
according to the IEC standard, the study of the wind
pattern of the region was performed to validate the
information used. Also, at this stage of the research,
it was found that there are compatible wind turbines
on the mass production scale for the mentioned
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region as well as regions with slightly lower speeds.
In the next step, while introducing the types of fixed
infrastructure used in the offshore wind industry and
classifying their strengths and weaknesses, through a
scoring system according to studies and considering
the approximate depth of the potential area, which is
approximately 50 meters, Jacket infrastructure was
identified as suitable infrastructure [4]. Also, Baroni
et al. (2016) Presented research entitled Dynamic
Response Analysis of Offshore Floating Wind
Turbines. In the present study, the motion responses
for operating conditions have been investigated to
evaluate the performance and structural stability of
Spar floating wind turbine with chain restraint. To
develop powerful design tools for the offshore wind
industries, modeling requirements have been
determined and the dominant physical processes have
been calculated, and subsequently the BA-Simula
model has been developed. Finally, the results
obtained in the field of time and frequency are
presented and using various validation methods, it is
shown that the BA-Simula model simulates different
loads well and can be a useful tool for estimating the
physical behavior of the turbine. Floating wind
turbines [5].

As the share of wind in the production of human
energy is increasing, so are offshore wind turbine
farms. An offshore wind turbine must be able to
withstand the sea environment, which consists of
wind and wave loads. The wind and wave create
significant vibrations in the turbine structure and
cause fatigue loads on the blade, the base of the
structure and other turbine components. Fatigue loads
increase maintenance operations, reduce turbine
access, use expensive components, and ultimately
break down turbine structures. Structure control
technique can be used to reduce turbine vibrations
and fatigue loads. So far, little scientific and
laboratory research has been done in this field.
Matthew et al. Investigated the passive control of
offshore wind turbines and used mass dampers to
control structural responses. A code called Fast is
used to analyze the turbine. This is a program code
written in the National Renewable Energy
Laboratory. Also, for modeling the tuned mass
damper (TMD), the Fast program was developed by
Lackner and Rotea (2011) And is known as Fast-SC.
In this research, a barge and monopile turbine have

been investigated. The results of this study show that
the use of a TMD damper controls the turbine
responses to incoming loads and thus reduces the
turbine vibrations [6]

Hu and He (2017) Examined the semi-active
control of floating base turbines. In this research, an
adjustable fluid column damper has been used to
control the turbine wvibrations. In this research,
infinite H algorithm is used to obtain feedback. The
results of this study show that the application of
liquid column dampers improves the performance of
the turbine in the face of completely dynamic sea
conditions and the vibrations of the structure are well
controlled. [7].

Colwel and Basu (2009) Also investigated the
structural control of offshore wind turbines using
liquid column dampers. In this study, the turbine has
been modeled as a multi-degree of freedom structure.
The Kaimal and JONSWAP spectra have been used
to model wind and wave load, respectively. The
results of this study show that with the use of liquid
column dampers, the maximum response of the
structure is reduced by about 55%. This reduction in
turbine  structure  vibrations reduces turbine
construction costs. Also, increasing the damper
amplitude increases the fatigue life of turbine
components [8].

In research by Thompson and Serensen (1999), an
increase in fatigue load in the wind farm compared to
free flow was found between 5 and 15% depending
on the wind farm design. The increase in load
because of awakening was the same for a marine and
terrestrial site [9].

Hakmabadi et al., (2016) investigated the
application of a tuned mass damper with different
masses, in an offshore Tension Leg Platform (TLP).
Tuned Mass Dampers (TMDs) modeled in a
developed code FAST-SC. Results show that using
TMD in the nacelle can reduce the moments in the
base of the tower and turbine vibration. This
reduction can also increase time until failure factor of
the OWTs. [10].

2. Methodology

The information  corresponding to  the
specifications of the wind turbine support structure
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studied in this region is given in Table 1. It is worth
mentioning that 5 class levels have been considered
to investigate the phenomenon of fatigue in this
study, of which 3 class levels are below the water
level and 2 class levels are above the base level.

Table 1
Specifications of wind turbine holding structure studied in this area
Water depth at the
place of installation of 61.5 meters
wind turbine structure
Height of wind
turbine jacket to the 81 meters

bottom of the sea

140 cm diameter,

Base of the structure thickness 2.5 cm

+9,+5.75, -6, -
18-,-37.5

Details of class
levels

Angle of sea waves
entering the structure of 45° (8 directions)

wind turbine holder

specific gravity of
pectiic sravity p=1025 kg/m’®
water

In this research, the material of the supporting
structure and wind turbine will be strong steel. The
specifications of the materials in the steel section of
the structure will be as shown in Table 2.

Table 2
Characteristics of materials used in the case platform model
. yield
Special siress Shear modulus of
Weight (kN modulus elasticity
2 2 2
(kN /em?) Jom?) (kN /em?) (kN /em?)
7850 35.50 7921 20590

To apply the loading section to the wind turbine
structure under study, information obtained from
design companies as well as experts and specialists
should be provided. Among these, data such as wind
information from different geographical directions,

water depth and storm wave data, 1-year and 100-
year wave information, and flow information are in
the focus of considerable importance.

In the following, in Table 3, the information
corresponding to the wind speed that occurred in the
Hengam area in the 1-year operating conditions and
the so-called 100-year emergency conditions are
listed.

Table 3
Water depth, storm surge and wind speed in Hengam Region

Depth (m)

Parameter

SE] E[NE[ N [NW][ W [SW]

S

LAT
above
seabed

61.5

MHHW
above 1.6
LAT

Storm
surge 0.3 0.2 0.1 0.1 0.3 0.2 0.1

(100 yrs)

0.2

Storm
surge (1 0.2 0.1 0.1 0.1 0.2 0.1 0.1

year)

0.1

Total
SWL

(100 yrs)

63.4 632 | 632 | 63.4 | 633 | 63.2

63.3

Total
SWL (1
year)

63.3 632 | 632 | 633 | 63.2 | 63.2

63.2

Wind speed (m/s)

Wind
speed (1
year)

21.7 | 222 | 21.5 | 27.6 | 22.7 | 22 | 204

20.6

Wind
speed
(100 yrs)

352 | 36 | 349 | 356 | 36.7 | 356 | 33

Water depth and storm wave data of the region
When in the path of digitization and completion of
depth data in the study area, the base level around the
LAT level is 61.5 meters. This level is the lowest
level of the astronomical tide from the seabed to the
water level. Also, the value corresponding to MHHW
(Mean Higher High Water) above the LAT level is
1.6 meters. Storm wave values as well as total water
levels for 1-year operating conditions and so-called
100-year emergency conditions are also listed.

The wave information of the study area includes
the characteristic wave height (in meters) and the
wave period (in seconds) in the case of one-year and
100-year return periods in different directions of
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application according to Table 4. As can be seen from
the table, the minimum value of the characteristic
wave height for a one-year return period is from the
southwest direction by 5 meters and the maximum
value is 6.7 meters from the northwest direction. The
mentioned values correspond to the 100-year return
period are 8.8 meters from the southwest and
northeast and 12.2 meters from the northwest,
respectively.

Table 4
1-year and 100-year wave information

Wave (1 year)

Parameter T T TNE T N [ NW | W [ sw ] s
Height | o3 ¢ 151 |55 67| 6 5 | 56
(m)

Period (s) | 8.3 81 | 75 | 7.8 | 8.6 8.1 74 | 19

Wave (100 yrs

Height

116 | 10.8 | 88 | 9.7 | 122 | 10.8 | 88 | 102
(m)

Period (s) | 10.8 | 10.4 | 9.6 | 10 11 104 | 9.5 | 10.2

Flow data Operational and extraordinary
conditions for the Hengam area in both bed
conditions are considered as rough and flatbed
conditions in explaining the flow force. Also, 4
selected levels to provide a more tangible relationship
with this phenomenon in the study environment are
presented. These 4 levels include the current at the
surface, the current at medium height, the current at a
depth of 1 meter from the seabed and the current at a
depth of 0.5 meters above the seabed. It is necessary
to mention that to create a reliability coefficient in the
design, the amount of flow velocity at the middle
height is equal to the amount of flow at the surface.
These values are given in Table 5 in full. The flow
velocity in this research is considered in meters per
second.

Table 5
Flow information

. Flow velocity in Flow velocity in
Flow condition rough bed flat bed
Surface flow 0.9 128
Flow in middle
height 09 L2
1 meter above the 0.68 0.78
seabed
0.5 meter above the 0.62 0.71
seabed

2.1. The Coefficient of Morrison equations

Wave force calculations are divided into two
categories. In small platforms or platforms that are
installed in relatively shallow water, the design
related to the wave forces is done by loading static
forces on the structure. In taller structures where the
natural period of vibration of the structure is closer to
the period of sea waves, a complex dynamic analysis
must be performed. In this article, only static design
is studied. Wave design forces should be considered
based on the worst conditions caused by hurricanes
with a return period of 111 years. In calculating the
water depth in the storm mode, high storm waves
with normal tides should be considered. The design
wave for static analysis of waves is determined by the
client whose structure is designed to his order. The
horizontal force exerted by the waves on a cylindrical
member consists of two parts, one is the drag force
from the kinematic energy of water and the other is
the inertial force from the acceleration of water
particles. To obtain the total force on a member, the
water pressure is multiplied by the volume or area of
the member image perpendicular to the direction of
the wave current. This force is calculated along the
member unit using the relation provided by
Morison, O'Brien, Johnson, and Schaaf, 1950. This
relationship of force on a pipe result in two
components, inertia, and drag. This relationship is as
follows:

F:F[+FD (1)

Cy %Z % Du’u’

The values of ¢m and cd are obtained through
experiments and modeling, depending on the shape
and size of the tube, the amount of mass added to it in
water, and the type of wave theory used to calculate
the velocity and acceleration of water particles has it.
In this study, the drag and inertia coefficients cm and
cd in Morison relation are considered according to
Table 6. These coefficients will be dimensionless.
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Table 6
Drag and inertia coefficients

Members Can | Can

Flat tube members 1.6 1.6

Smooth tube members | 0.65 1.6

Coarse tube members | 1.05 | 1.20

2.2. Effect of growth on the surface of the
structure

Due to the difference in thickness created by the
growth of seaweed on the cross section of the
offshore wind turbine body structure and its effect on
the coefficients and values of the Morrison equation,
this parameter will be one of the components
affecting the research results. This item is considered
in two parts. Thus, from the class level of +2 to the
class level of -6, a section and from the class level of
-6 to the mudline are considered as the second
section. The amount of thickness added to different
parts of the wind turbine base is according to Table 7.

Table 7
Amount of thickness added to different parts of the wind turbine
. . Dry
Thickness Elevation density
Radius 75 mm +2t0 -6
Radius 75 mm 14003
. -6 to kg/m
decreasing to 50 .
mudline
mm

2.3. Modeling of wind turbine implementation

Analysis of wind turbine structure using three-
dimensional model includes support structure and
deck, outer cylinder of wind turbine and wind turbine
blades. Accessories such as shock absorbers and
floating landings are also installed to calculate the
peripheral loads. The structure under study is
explained in the part of the support body and the deck
of the turbine. Information about situations such as
the introduction of middle floor levels, level change
angle of structural foundations, bed level, pile, and

deck connection section, piling specifications of the
structure are provided in this section.

In the following, the specifications of the wind
turbine structure foundations are mentioned in terms
of the number and rows of calls to the software, the
slope of the foundations and the state of pile and base
interference. It is worth mentioning that the
supporting structure will be considered as 3 bases. In
the next stage of design, the dimensions of structural
sections, structural joints and details of loading
sections will be considered. In the following and in
Figure 1, the wind load loading conditions are given
in the selected direction of zero degrees with a
velocity of 27.6 meters per second. The three-
dimensional schematic shown in the figure shows the
details of the offshore wind turbine support structure
in sections such as the work point, Fender.

Fig. 1. Applying wind force to the structure

According to Figure 2 simultaneously, the profile
corresponding to the application of wave force and
current on the structure is presented.
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LOAD CONDITION 101
WAVE STOK

DIRECTION 0.000 (deg)
HEIGHT 6.300 {m)
PERIOD 6.600 (sec)
WATER DEPTH 61.500 (m)
CURRENT

DIRECTION 0.000 (deg)
MAaXVEL 0.9800 (misec)

PROFILE

Fig. 2. Simultaneous application of wave force and current on the
structure

Fig. 3. Connectionl at level -6 meters above water level and
connection? at level +5.8 meters, Connection3 at level +9 meters
above water level, connection4 at level -18 meters and connection5
at level -37 meters relative to water level

LOAD CONDITION 109 ‘
WAVE STOK

DIRECTION 240.000  (deqg)
HEIGHT 6.000 {m)
FERIOD  5.400 {sec)
WATER DEFTH 51.500 {m)

CURRENT
DIRECTION 240.000 (deq)
MAXVEL 0.700 (m/sec)

PROFILE:

¢

Fig. 4. Simultaneous application of wave force and current on a
bladeless structure

2.4. Fatigue analysis method used in the
research

As mentioned, to calculate the fatigue damage
inside the structure, several methods can be
calculated. In this research, we use the Determinant
method. Determinant analysis is in fact static in
nature and the dynamic properties of the structure are
considered in a dynamic incremental coefficient.

In the first stage, by solving the wave equation,
the velocity and acceleration of the particles are
stored as a function of the depth and angle of the
wave phase in a matrix so that these data can be used
in the next step.

In the second stage, the geometry and dimensions
of the structure are received as input and using the
Morrison equation, the wave force is applied as a
wide load on the structure and the wave load is
converted to knot forces. At this stage, the wave
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phase angle is changed from zero to 360 degrees and
in each phase angle, according to the position of the
relevant element relative to a base point (zero
coordinates of the structure), the wave force is
converted to nodal forces in structural analysis. To be
used.

At the end of the second stage, the wave force in
all members is converted to nodal loads and used in
the matrix of stored nodal forces in structural
analysis.

In the third stage, first, by performing an analysis
of special values in the structure, the periodicity of
the structure is used and according to the periodicity
of the wave and the structure, the Dynamic
Amplification Coefficient (DAF) will be calculated.

1
DAF =
\/ T5 5 TSRy 2)
11— () T+ 12 (55!
Table 8
Natural Periods of Jacket Platform
HODE FREQ.{CPS) GEN. MASS EIGENUALUE PERIODD{SECS)
1 0.4088745 2.7393324E+83 1.5161241E-01 240465115
2 8.619758 2.8726531E+83 6.5947035E-82 1.6135318
3 8.622837 1.6413069E+03 6.5296797E-82 1.6855573
4 2.129980 1.776344BE+83 5.5836977E-83 84695057
5 2.195281 1.4941853E+83 5.2560553E-83 84555225
6 2.8660891 2_4158B4QE+03 3.8836153E-83 8.3489072
7 2.944449 3_977733BE+02 2.9216777E-83 A.3396222
8 3.807557 4._7962u69E+081 2.80883514E-83 A.3324958
9 3.327148 2.8971882E+681 2.2882213E-83 A.3065584
18 3.431388 2.1694843E+03 2.1512974E-83 8.2914272
Table 9

The force and moment on the structure of the first state jacket with
vertical bases

BASE SHEAR AND OVERTURNING MOMENT COEFFICIENTS

HODE SHEAR (%) SHEAR(Y) HOMENT () HOMENT (¥)
KN KN KN-H KN-H
1 -1351.462 -1.772 -34.303 15597.192
2 1.779 [-1864.761 | [-24285.719 | -7.630
3 9.535 -35.679 4556.879 -1478.847
h 4.618 -42608.251 448642 .306 -207.627
5 -4979.900 -1.925 -195.807 1476287867
L] -105.461 -190.077 -112008.575 10848.278
7 -2003.320 -64.148 -4014.283 -11837.978
8 -169.663 1390.891 83878.865 19560.346
9 -11.175 -6780.121 -336782.681 3538.965
10 -5850.145 47.973 5058.972 162775.367

We considered the structural modes to be ten, the
first three modes being the most important mode, and
the period of the structure with angle-free bases being
2.446 seconds, which is in accordance with the
standard API regulations and less than three seconds.
Which is mentioned in the regulations for the Persian
Gulf region.

In the fourth stage, using the matrix of node forces
obtained from the second stage and the dynamic
amplification coefficient obtained from the third
stage, structural analysis is performed in the structure
using SACS software [11] and the forces in the
members leading to the connection will be stored at
all angles of the wave phase.

In the fifth stage, according to the connection
geometry and members, the stress coefficients in each
connection are obtained and by using the forces
obtained from the fourth stage, the stress in the
inflamed area in all the restraints of the connection on
both sides of the restraint and the main member will
be obtained. In each connection, the maximum and
minimum stress will be selected from all angles of
the wave phase by maintaining its algebraic sign, and
by using these two values, changes in the stress
interval in each connection will be obtained.

In the sixth step, according to the values of stress
efficiency obtained in each joint using the stress-life
curve, the maximum number of tolerable cycles
within the joint is determined and according to the
number of load cycles in the structure and according
to Palmgren-Miner Rule [12], fatigue damage
accumulation in the structure will be calculated. The
wave scatter diagram in the fatigue life evaluation is
shown in the table below.

Table 10

Magnification coefficient correction for 1-year and 100-years

Wave 1- | DAF | 100- ?(ﬁ

direction year | l-year | years years

West 8.1 1.0426 10.4 1.023

Southwest 7.4 1.0514 9.5 1.03

South 7.9 1.0448 10.2 1.026

Southeast 8.3 1.040 10.8 1.023

East 8.1 1.0425 10.4 1.025

Northeast 7.5 1.05 9.6 1.029

North 7.8 1.046 10 1.027

Northwest 8.6 1.037 11 1.022
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The desired life of the design, which is
recommended in the API regulations for the life of
the jacket platform bases based on 50 years, must be
defined. In the theory of irregular waves, there are
various  spectrums that wused the Pearson
Moskovich spectrum.

To establish a more tangible relationship with the
current phenomenon under study, in Figure 5, the
current force profile on the platform is drawn. The
values of flow velocity are not zero at the bed level
and have a value of 0.69 m /s, and as we get closer to
the surface, this value increases and changes in a
parabolic manner.

m
in
o
a
a

Fig. 5. Profile of the current force acting on the platform

As previously mentioned, the platform studied in
this research is a 4-base jacket platform and the order
of numbering the platform bases is as follows.

It is worth mentioning that base-1 and 2 - 3 and 4
are of the same type and the characteristics of the
material and the base angle (1 and 2), (3 and 4) each
are equal. In this issue, due to the large volume of
results and the duration of finite element software in
this research, we examine the first and third bases.
Base number two has the same results as base
number one and base number four has the same
results as base three. In the following, we considered
four connections in the level of each floor. We

considered the location of these connections as the
connection of the class level to the base of the
platform (joint) as shown in Figure 6. The reason for
choosing this place is that punching is done in this
area, and it is one of the most critical connections.

Fig. 6. Numbering the bases of the wind turbine holding
structure

3. Result

After performing several analyzes on both output
modes, the fatigue damage is attached to the
following.

Table 11
Calculation of fatigue damage in four base connectionsl and 2 in
platform mode with pile-soil interaction

* = = MEHBER FATIGUE REPORT = = =
(JDINT ORDER)

ORIGINAL
JOINT HEMBER CRUP TWPE 0D W JNT MEM LEN. CAP = STRESS CONC. FACTORS * FATICUE RESULTS
1D ID (M) (CH) TYP T¥P (M)  (CH) BX-CR AX-SD IN-PL OU-PL  DAMACE LOC SUC LIFE

1941 1841-8860 CLQ TUB  178.86 5.8V BARC 25.28 2.98 2.00 2.88 2.88 1.895679 L | 68.45070)

1831 1631-3538 CLK

178.88 5.08 ¥ BRC 26.55 2.88 2.80 2.88 2.88 .95927%2 TR | 78.18418

1821 1621262 CLO TUL

178.88 5.88 v BRC 25.28 2.88 2.80 2.80 2.88 .9912468 R | 75.56232

1611 1B11-8865 CL  TUL

176.88 5.88 T BRC 28.41 2.98 2.80 2.80 2.88 .6918965 B | 188.5383
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Table 12
Calculation of fatigue damage in four base connectionl in platform
mode without pile-soil interaction (seabed rigidity)

* % % HEMOER FATIGUE REPORT « » =
(JOIHT ORDER)

BRIGINAL CHORD
JDIHT  MEMBER GRUP TYPE 0D WI  JNT MEM LEW.  GAP » STRESS CONC. FACTORS = FATIGUE RESULTS
T I0 (EM)  (CM) TYPTYP (M) (CH) AX-CR MX-5D IN-PL OU-PL  DAWAGE LOC SUC LIFE

1641 1B41-3438 CLH TUB  170.00 5.00 ¥ BRC 20.55 2.00 2.00 2.00 2.00 1.620778 L [73.87336

1091 1831-9438 CLW TUB  170.00 5.00 ¥ BRC 20.55 2.00 2.00 .00 2.80 9616520 TR | 77.0907%

1621 1E21-2028 CLQ TUR 17000 S.00 ¥ BRC 25.20 2.00 2.00 2.00 2.00 4726386 L | 158.616%

1811 1B1L-0805 CL  TUB 17000 5.80 T BRC 20.M1

2.00 2.00 2.00 2.80 4NE2E31 B | 170.3759
—

Table 13
Calculation of fatigue damage in four base connection! in platform
mode without pile-soil interaction (seabed rigidity)

=+ x WHEWBER FATIGUE REPORT = = =
(JOINT ORDER)

DRIGIHAL CHORD
JOINT  HEMBER GRUP TYPE 0D JNT MEM LEN.  GAP = STRESS CONC. FACTORS = FATIGUE RESULTS
1D ID  (EH) {EH) TYP TYP (W)  (CM) AX-CR AX-SD IN-PL OU-PL  DAMAGE LOC SUC LIFE

3641 3851-0010 CLA TUB  170.88 5.08 v BRC 18.9% 2.98 2.60 2.88 2.88 1.267619 B [51.99506

3031 3031-344B CLH TUB  170.88 5.00 v BRC 20.55 2.00 2.00 2.80 2.88 921220 TR |77.95252

3021 3021-263n CLQ TUB  170.88 5.00 v CHD 25.28 2.00 2.00 2.00 2.00 .999%638 R |75.80278

2011 3011-8975 CL TUB  170.89 5.00 T BAC 28.%1 2.90 2.00 2.09 2.00 9033368 B |93.35043
, SR

Table 14
Calculation of fatigue damage in four connections of base3 in
platform mode without pile-soil interaction (seabed rigidity))

= x = MEMBER FATIGUE REFPORT x = x
(JOIHT ORDER)

ORIGINAL CHORD
D M LEN.  GAP » STRESS COMC. FACTORS = FATIGUE RESULTS

JOINT  HEMBER CRUF TYFE Ol [ el
Ib DD (CH) (CH) TYP TYP (H)  (CH) AX-CR AX-SD IN-PL OU-PL  DAMAGE LOC SUC LIFE

3041 3041- B2R CLA TUB 178.88 5.88 Y CHD 20.55 2.88 2.8 2.88 2.88 1.209750 TR|62.18569

3031 3031- R CLW TUE 170.00 5.00% CHD 20.55 2.80 2.98 2.88 2.09 9683837 TR|78.80379

3621 2021- B3R CLQ TUE 1706.00 5.80Y CHD 25.38 2.88 2.98 2.88 2.88 .ShAS189 L |137.7363

3611 3611- B3R CL TUB 170.00 5.00 T CHD 28.41 2.00 2.80 2.80 2.80 5069366 B |147.9475

—

3.1. Validation of output results

At the end of the research, to validate the research
and in fulfilling the validation item, the amount of
fatigue life obtained in the connections of the jacket
platform bases will be examined and compared with
the valid API regulations [13]. The paragraph used is
as shown in Figure 7.

24 Design Data - Fatigue

24

P

Target Fatigue Life

The platform service life specified in Reference [1] is 25 years. The target fatigue life for nodal joints and
ather welds shall be twice the senvice ife, that is 50 years. However the pile fatigue life shall not be less
than 75 years and shall consider prior damage due to driving. Riser fatigue life is 75 years.

Fig. 7. Paragraph used in the API regulations

Figure 8 shows that the results are acceptable for
the fatigue design life of the platform joints (50
years).

4. Conclusion

In this research, a structure with the use of non-
fossil and natural wind energy extraction is made of
four separate structures, which include the deck of
the structure in the form of a cylinder and wind
turbine as the main part of the research, retaining
structure and piles buried in the seabed. Usually,
most of such research have omitted the presence of
the candle section and have considered the seabed
rigidly, but in this dissertation, the existence of a
candle has also been considered and the seabed has
been considered as elastic.

Considering the interaction of piles, soil and
supporting  structures with wind turbines and
cylinders connected to it for some analyzes including
fatigue analysis, earthquake analysis, static structure
analysis, dynamic structure analysis, ship impact
analysis and even important material analysis will be.

After one of the wind turbine structures in
Hengam area located in the Strait of Hormuz and the
southern part of Qeshm Island, was considered, the
fatigue analysis of the body of this wind turbine
structure with the presence of piles and soil was done

2021-vol(no)-p 1-9
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by time history method and main outputs Achieved
and attached.

The minimum fatigue life designed for the bases
of wind turbine structures in the API regulations is
based on 50 years, the service life for the first and
second base in four class levels is a maximum of 108
years and a minimum of 68 years, and life Service for
grades three and four in four class levels is a
maximum of 93 years and a minimum of 62 years.

As can be seen, the closer we get to the seabed
level, the less wave and current force and the longer
the service life at lower levels, and vice versa, the
closer we get to the water level, the higher the wave
and current force reached, and the service life is
reduced. This issue is briefly at the wave and current
profiles and the collision with the structure is
completely transparent, which is mentioned in most
marine structural engineering references.

As can be seen, the minimum design life of wind
turbine structure foundations is longer than the life
recommended in the regulations.

In explaining the fatigue phenomenon of offshore
structures such as wind turbines and fixed platforms,
the time history method is more accurate than the
definite method, because, in the time history method,
the structure is studied hydrodynamically, but in the
definite method in static form. As a result, the results
of time history analysis outputs are closer to reality.

Fatigue Life

145
135 135

125

=t Base 1
=il Base 2
Base3

APl

50 50 50 50 50

Connectionl Connection2 Connection3 Connectiond ConnectionS

Fig.8 Validation of model results
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Abstract

Today, the use of nanoscale additives in the concrete industry with the aim of reducing the negative effects of
Portland cement and improving the mechanical properties of concrete has received much attention. Also, in order
to reduce the harmful environmental effects and increase the mechanical properties and durability of concrete,
particles with high pozzolanic properties are used as a suitable alternative to ordinary cement in concrete. In this
regard, geopolymer concrete using materials containing aluminosilicate materials with adhesive properties and
filler, as an alternative to cement, has attracted the attention of researchers. Concrete resistance to high heat is of
particular importance. Geopolymer concrete has a good performance against heat due to its strong structure. In
the current study, slag-based geopolymer concrete was used with 0-2% polyolefin fibers and 0-8% nano-silica to
improve its structure. After curing the specimens under dry conditions at a temperature of 60°C in an oven, they
were subjected to Compressive strength, Tensile strength, and Drop weight hammer tests to evaluate their
mechanical properties. all tests were performed at 90 days of age under ambient temperature (20 °C) and high
temperature (500 °C). The addition of nano-silica enhanced the whole properties of the slag-based geopolymer
concrete. Addition of up to 8% nanosilica to the geopolymer concrete composition at 20% temperature improved
the compressive strength test results up to 21.94%, tensile strength up to 15.19% and impact energy up to
36.36%. Addition of up to 2% of polyolefin fibers to the geopolymer concrete composition improved the tensile
strength up to 11.76%, the impact energy up to 8.26 times and the compressive strength drop up to 22.49%.
Applying high heat to geopolymer concrete samples reduced the compressive strength up to 16%, tensile strength
up to 21% and impact energy up to 72.72%. The effect of heat on the drop in results in control concrete is more
than geopolymer concrete. In the following, by conducting the SEM test, a microstructure investigation was
carried out on the concrete samples. In addition to their overlapping with each other, the results indicate the
geopolymer concrete superiority over the regular concrete. Besides, it demonstrated the positive influence of
nano-silica addition on the concert microstructure.

Keywords : Geopolymer Concrete; Polyolefin Fibers; Nano silica; Blast furnace slag; Scanning electron microscope (SEM).
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1. Introduction

Cement production while consuming fossil fuels
has many environmental hazards, in this regard, the
production of concrete with cement alternative
materials has always been the focus of researchers.
Recently, the production of geopolymer concrete
with high environmental properties and strength has
been on the agenda of researchers.Research shows
that cement plants are responsible for emitting about
5% of the total CO> into the Earth's atmosphere [1].
But The amount of CO; produced in the geopolymer
process is much less than the cement production
process [2]. Geopolymeris a name coined by
Davidovits [3]. Geopolymer cements are a group of
alkali-activated  materials  exhibiting  superior
engineering properties compared to Portland cements
[4]. Geopolymer is characterized by high
polymerization —materials with aluminosilicate
structure, which is mainly composed of three cross-
linked unit dimensions, including (SiQ4 (2Al) and
SiQ4 (3A) [5]. The activation of blast-furnace slag
with alkaline liquids (e.g., NaOH or water glass) to
produce alkali-activated slag cement has been studied
during the past few decades [4]. Granulated Blast
Furnace Slag (GBFS) is among the environmental
materials. Using this material instead of cement can
improve concrete resistance and decrease the
increasing demand for its usage in concrete[6,7]. In
addition to positively affecting the mechanical
properties, the presence of silica particles in the
geopolymer concrete accelerates the geopolymer
reaction, reducing the compound alkalinity [8]. The
influence of the nano-silica in improving the strength
can be attributed to the following multi-stage
mechanism  that  improves the  concrete's
microstructures and thus, increases the mechanical
properties.

1. The rise in the pozzolanic reaction [8]. The
presence of nano-silica in the geopolymer concrete
accelerates the pozzolanic reaction.

2. The filling effect of nano-silica particles [9,10].
First, the distribution of nano-silica particles besides
the other concrete particles results in a denser matrix.
Second, the nano-silica's reaction in the
geopolymerization procedure produces a larger
amount of aluminosilicate gel, along with the
reaction products of the main materials. The reaction

by-product is likely to deposit in the structure of the
existing pores. The rise in SiO; increases the matrix
density [11]. Therefore, the filling effect of Nano-
silica is improved by the particle packing, and the by-
product produces a denser matrix, reducing the
porosity and increasing the strength.

3. It acts as a nucleus [12,13]. In the C-S-H gel
structure, nanoparticles can act as a nucleus and form
strong bonds with the C-S particles of the gel. Thus,
during the hydration, the products' stability increases,
and the durability and mechanical products are
expected to improve.

According to the investigations, nano-silica
addition to the geopolymer concrete enhances its
compressive strength until the Silica to Aluminum
(Si/Al) ratio reaches 2% in the mixture and further
silica addition decreases the compressive strength
due to agglomeration  and  non-uniform
distribution[14]. also, An improvement is reported in
the respective compressive strength using nano-silica
particles in the geopolymer concrete compound [15].
On the other hand, The optimum compressive
strength and tensile strength coefficient were
obtained by adding 6% nano-silica [16].

The  presence of  materials  containing
aluminosilicate materials in the composition of
geopolymer concrete due to its pozzolanic properties,
while participating in the reactivity accelerates the
geopolymerization process. They fill the concrete and
strengthen the bond between the aggregates and the
cement paste in the interfacial transition zones (ITZ).
It is done weaker. The structure of nanosilica-
containing slag geopolymer concrete can be
evaluated in microstructural and macrostructural
dimensions. The macrostructural dimension consists
of large components visible to the naked eye, which
is divided into two phases of aggregate and
geopolymer cement paste, but in the dimension.
Microstructure Most components must be viewed
with an electron microscope.According to the studies,
using macroplastic fibers for concrete improvement
instead of metal mesh and fibers has captured
researchers' attention; the concrete-related industries
widely use polyolefin-based fibers[17]. The studies
have indicated that adding polyolefin fibers to the
concrete beams significantly assists the resistance
after being cracked due to increasing the modulus of
elasticity[18]. In an investigation conducted on the
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effect of adding 0.5 of polyolefin fibers to the
geopolymer concretes, it was observed that the
compressive resistance of the samples declined by
12-15%. The samples containing fibers with 55 mm
in length had undergone lower compressive strength
more than those with 48 mm in length[19,20]. The
addition of fibers reduces the compressive strength
[21]. Comparing the concrete containing regular
Portland cement with geopolymer concrete,
McNulty[22] asserted that the geopolymer concretes
have higher compressive strength. The comparison of
the specimens with and without nano-silica showed a
small number of fine cracks in the fracture, which
slightly increased the impact resistance. The fibers
were more effective than the nano-silica. Moreover,
with the addition of polyolefin fibers to the
geopolymer concrete, its failure became more
flexible. This behavior was also observed for various
kinds of fibers in other studies [23-25]. Geopolymer
concretes resistance in encountering a significant
level of heating treatment depends on its constituent
chemical compounds and also the temperature and
the way of curing[26]. This structure (related to the
geopolymer concrete) has some merits compared to
the regular concrete, e.g., it provides better resistance
performance at higher temperatures[27].

The concrete resistance performance against heat
is complicated. When being exposed to a high
temperature, geopolymer concrete experiences a
number of changes indicated based on their thermal
ranges[28].

1. The removal of evaporative water at 100 °C

2. Calcium Silicate Hydrates hydration starts at 180
°C; as the temperature increases to 200 °C, the vapor
pressure continuously elevates in the geopolymer
structure.

3. The OH hydroxyl groups are evaporated at 500 °C.
The dihydroxylation changes the Aluminosilicate
structure, reducing the resistance level.

4. An intensely porous ceramic structure is formed at
800 °C.

The effect of nano-silica on improving and
reducing heat resistance can be explained as a multi-
step mechanism that improves the microstructure of
concrete and, consequently, increases the mechanical
properties of concrete.

1- Increase in pozzolanic reaction [8]: Presence of
nano-silica in geopolymer concrete increases the rate
of pozzolanic reaction.

2- Filer effect of Nano-silica particles [29,10]. In the
first step, the distribution of the nano-silica particles
besides other particles in concrete leads to the
creation of a more compact matrix. Secondly, nano-
silica reaction in the geopolymerization process
produces a greater amount of Aluminosilicate gels
and reaction products from main materials.

3- Acting as a nucleus [30,31] In the structure of C-S-
H gel, nanoparticles can act as a nucleus and create
strong bonds with particles of C-S-H gel.

In this laboratory research, the production of slag
geopolymer concrete with optimal performance in
compressive strength, tensile strength and impact
hammer is introduced as an innovation. On the other
hand, according to the study of others regarding the
reduction of CO2 emissions by the production of
geopolymer concrete, this issue is also one of the
objectives of this research.

2. Experimental program
2.1 Materials

In this experimental study, the Portland cement
type 1 with a 2.35 gr/cm® of specific weight
according to standard En 197-1 and the Blast Furnace
Slag was used in powder form with the density of
2.45 gr/cm® according to ASTM (C989/C989M
standard. The chemical properties of these materials
are indicated in Table 1. The nano-silica particles
made up of 99.5% SiO2 with an average diameter in
the range of 15 to 25 nm were used. Crimped
polyolefin fibers according to ASTM
D7508/D7508M standard, 30 mm in length, were
also used, whose physical properties are shown in
Fig. 1. The used fine aggregates were natural clean
sand with a fineness modulus of 2.95 and a density of
2.75 gr/cm’, and the coarse aggregates were crushed
gravel with a maximum size of 19 mm and a density
of 2.65 gr/cm? according to the requirements of the
ASTM-C33. In this study, the geopolymer concrete
curing has been performed at 60 °C according to the
geopolymer concrete standards extracted from
prestigious articles in this field.
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Tablel

Chemical compositions of materials

Component Slag (%) Portland cement type (%)
Si0; (%) 202 213
AlO3 (%) 194 4.7
Fe 03 (%) 58 4.3
CaO (%) 38.6 62.7
MgO (%) 2.8 2.1
SO3 (%) 2.6 2
K20 (%) 0.1 0.65
NaxO (%) 0.2 0.18
TiO; (%) 0.6 -
Free Cao - 1.12
Blaine (cm?/gr) 2200 3200
Loss on ignition (%) 0.3 1.84

Tensile Strength
(N/mm?)

Length (mm) 30

Diameter (mm)

Elasticity
Modulus (GPa)

Bulk Density
(g/cm®)

>500

0.8 £V
>11 e
T ¥
4 '."’.;df"‘/ A
2400

Fig. 1. Physical properties of the polyolefin fibers
2.2 Mix design

For accurate investigation, six mixture designs
were considered, according to ACI 211.1-89
standard. The first sample included a regular concrete
containing Portland cement where the water to
cement ratio has considered to be constantly 0.45.
Five other samples include geopolymer concrete with
different nano-silica and polyolefin fibers. The
geopolymer concrete samples are generally
categorized into two groups: the first group lacks
polyolefin fibers with the nano-silica amount of 0-
8%. The second group contains 8% of nano-silica,
where the polyolefin fibers are used in these designs
in the form of 1 and 2 percent. In order to achieve the
same performance in each mixture design and obtain
a slump of about 20 £100 mm, we have used normal
polycarboxylate-based  superplasticizers. Besides,
202.5 kg/m? of the alkaline solution is used in this
case. The used alkaline solution is a combination of
NaOH and Na,SiO; with the weight ratio of 2.5,

utilized with the mixture specific weight of 1483
kg/m? and the concentration of 12 M. The conducted
studies indicate that due to the significant level of C-
S-H formation when utilizing Na,SiOs, using a
combination of NaOH and Na,SiO; increases the
compressive strength compared to single employment
of CaOH [32]. The samples mixture design is
indicated in Table 2.

Table 2
Details of the mix designs

Comset Slag Waiee N0 Coarse Fine  polyolefin  Super
Mix ID o silica aggregates aggregates  fibers  plasticizer

(Kg/m®)
I OCNSOPOO 450 0 2025 0 1000 761.13 0 6.75
2 GCNSOPOO 0 450 0 0 1000 816.10 0 6.75
3 GCNS4POO 0 432 0 18 1000 767.42 0 18
4 GCNSSPOO 0 414 0 36 1000 718.75 0 8.3
5 GCNSSPOL 0 432 0 36 1000 67278 24 8.6
6 GCNSSPO2 0 432 0 36 1000 646.28 48 9

2.3 Test methods

After fabricating the samples, for better curing and
increasing the resistance properties, the samples were
placed in an oven at 80 °C with a thermal rate of 4.4
°C/min for 48 h. After taking them out of the oven,
the samples were kept for 90 days at an ambient
temperature. After curing the samples and before
performing the tests heating under standard ISO834,
the samples were placed in an oven at 500 °C for 1 h.
In the end, by opening the oven door, the samples
reached the ambient temperature [33]. In the
following, the required experiments were conducted
on the concrete samples, according to the related
standards. In this study, the compressive strength
tests were performed on 10-cm® cubic specimens
based on BS EN 12390. Furthermore, to determine
the tensile strength of the cylindrical specimens (15
cm in diameter and 30 cm in length), the splitting
tests were conducted based on ASTM C496. The
concrete's resistance to dynamic loads (impacts) was
measured using the drop weight hammer test
according to the report by the ACI 544-2R
committee. This test was conducted with repeating
impacts on disks with a diameter of 15 cm and a
height of 63.5 cm.
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3. Results and discussion

3.1 Results of the compressive strength test

The results of the compressive strength test of
concrete samples at 20°C and 500°C temperature are
shown in Figure 2. Figure 3 shows the concrete
sample after the compressive strength test.

The minimum and maximum compressive
strengths obtained from the samples of control
concrete and geopolymer concrete after exposure to
500 ° C belong to OC-NSOPOO and GC-NS8POO0
designs of 38.89 and 75.99 MPa, respectively. GC-
NS8POO is approximately 95% warmer than OC-
NSOPOO design. Increasing the fibers in GC-
NS8PO1 and GC-NS8PO2 mixing designs, compared
to GC-NS8POO geopolymer concrete design,
increases the heat resistance of the sample. Has not
been. The maximum and minimum compressive
strength of the 90-day samples after heating
compared to the 90-day concrete samples at room
temperature belong to OC-NSOPOO design and GC-
NS8POO design by 37% and 8%, respectively. The
percentage of reduction in compressive strength
(under high temperature), the effect of the properties
of the base materials (slag and nanosilica)
constituting the geopolymer concrete in the samples
of geopolymer concrete are evident in the results of
the diagram. In this regard, the highest and lowest
percentages of reduction in compressive strength of
concrete samples belong to the design of OC-
NSOPOO and GC-NS8PO2 by 37 and 8%,
respectively.

90

©@90 day (20 °C)

@90 day (500 °C)
80

70
60
50
0

30

Compressive strength (M.P)

OC-NSOPOO G S0PO0  GC- PO0 GC-NSSPOO GC-NSSPO1 G

Fi

g. 2. The compressive strength of the specimens

«

| [ A

Fig. 3. Concrete specimen after compressive strength test
3.2 Results of the tensile strength test

The results of the tensile strength test of concrete
samples at 20°C and 500°C temperature are shown in
Figure 4. Figure 5 shows the concrete sample after
the tensile strength test. Based on the results, it can
be seen that the minimum and maximum tensile
strengths obtained from the samples of control
concrete and geopolymer concrete after heating at
500 ° C belong to the OC-NSOPOO0 and GC-NS8PO2
designs of 2.47 and 4.73 MPa, respectively. The
strength increase is approximately 91% for the GC-
NS8PO2 design compared to the OC-NSOPOO
design. The sample was exposed to heat after the
samples were exposed to heat. The maximum
increase in strength belongs to the GC-NS8PO2
design by 36% compared to the GC-NSOPOO design
of geopolymer concrete. The maximum and
minimum tensile strength of the 90-day samples after
heating compared to the 90-day concrete samples at
room temperature belong to OC-NSOPOO design and
GC-NS8PO1 design by 51% and 12%, respectively.
In the diagram, the highest and lowest percentages of
tensile strength reduction (under high temperature) of
concrete samples belong to OC-NSOPO0O and GC-
NS8PO1 designs by 51 and 12%, respectively.
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090 day (20°C)  ®90 day (500 °C)

Tensile strength (M.P)

OC-NSOPOO GC-NSO GC-NS4POO GC-

8PO0 GC-NSSPO1 GC-NS8PO2

Fig. 4. The tensile strength of the specimens

N
Fig. 5. Concrete specimen after tensile strength test

3.3 Results of the impact test

The results of the impact test of concrete samples
at 20°C and 500°C temperature are shown in Figure
6. Figure 7 shows the concrete sample after the
impact test. Following the results, it is observed that
with increasing heat in control concrete samples, the
resistance of the samples to falling hammer blows
decreases and the absorbed energy (6 times) and
refractive energy (5 times) of concrete samples also
decreases. Addition of 8% nanosilica and 2%
polyolefin fibers to the composition of geopolymer
concrete has improved the results of fracture energy
and energy absorbed in the impact hammer test, this
is due to the role of adhesion, filler and nucleation of

silica nanoparticles in mortar Geopolymer cement
and end products of geopolymerization. The amount
of adsorption energy by adding 1 and 2% of fibers
increases the absorbed energy by 6.2 and 9.3 times,
respectively, which indicates the good ability of
fibers to absorb impact energy. At 20 ° C, the
minimum (223.89 J) and maximum (2829.15 J)
energy absorbed in concrete samples belong to the
GC-NSOPO2 and GC-NS8PO2 designs, respectively.
At 500 ° C, the minimum (40.71 J) and maximum
(773.44 J) absorbed energies of the OC-NSOPO0 and
GC-NSOPO?2 designs were obtained, respectively.

4000

EFailure energy (20 °C) # Failure energy (500 °C)
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&absorbing energy (20 °C)  @absorbing energy (500 °C)
3000

2500
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1500
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Fig. 6. The impact of the specimens

T < L

Fig. 7. Concrete specimen after impact strength test
3.4 Results of the SEM test

In this study, 10 pum scale scanning electron
microscopy images at 90 days of curing age are
shown on concrete samples at room temperature in
Figure 8 and under high temperature in Figure 9.

In the samples under room temperature, for
geopolymer concrete, by increasing the consumption
of nanosilica in the designs and due to the
acceleration and greater participation of these
particles in the geopolymerization process, we see an
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increase in the production of hydrated gels in
geopolymer concrete samples. In these images, the
amount of white masses due to non-participation of
particles in the chemical reaction process in Figure 1
(including control concrete containing Portland
cement) is higher than other designs (including
ferrous concrete). The increase in the volume of
masses obtained from hydrated gels in the
geopolymerization product is evident by increasing
the amount of nanosilica in alkaline concrete designs.
The reduction of porosity in the concrete
microstructure has been reduced.In Portland cement,
C-S-H gel consists of silicone and geopolymer
groups of materials with high polymerization and
Aluminosilicate structure[34]. In the sample
containing nano-silica, very few fine cracks are
observed, in which nano-silica acts as a filler to fill
the spaces inside the hardened microstructure
skeleton of the geopolymer paste and increase its
compaction [14,35]. First, the nanoparticles fill the
pores of the matrices, which reduces the porosity of
the geopolymer nanocomposites, resulting in
uniformity, less pores, and a more compact
geopolymer matrix [8]. In fact, the pozzolanic
reaction condenses and  homogenizes  the
microstructures by converting C-H to C-S-H [5], thus
creating more geopolymer gel and a denser matrix
[36] However, further increase in NS content causes
insufficient dispersion and accumulation of nano-
silica particles, which slightly reduces matrix
density[34]. In high temperature samples, tree
structure due to water evaporation and destruction of
concrete microstructure is observed. In this case,
cracks and cavities in the concrete microstructure are
seen more than concrete samples under room
temperature. High heat on concrete has caused
fundamental changes in the microstructure of
concrete and Portland cement paste matrix and
geopolymer, this is one of the main factors reducing
the mechanical properties of concrete under high
temperature, heat causes water to escape in the
capillary spaces between gels Hydrate in the
interfacial transition areas in concrete, water outlet
also causes pores and weakens the microstructure of
concrete. In general, it is believed that due to their
ceramic-like properties, geopolymers have better
performance in encountering fire compared to regular
concretes [8,37,38]. Geopolymer concretes resistance

in encountering a significant level of heating
treatment depends on its constituent chemical
compounds and also the temperature and the way of
curing [26]. The OH hydroxyl groups are evaporated
at 500 °C. The dihydroxylation changes the
Aluminosilicate structure, reducing the resistance
level [33]. According to the obtained results in this
investigation, all designs at room temperature have
"superior" quality, and all samples at 500°C have
average and good quality [39].

Fig. 8. Microstructure (SEM) image under room temperature
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Fig. 9. Microstructure (SEM) image under high temperature

4. Conclusions

In this experimental study, compressive strength,
tensile strength and impact resistance of hammer
dropping in ordinary concrete and geopolymer
concrete at 90 days of curing age at 20% and 500%
were investigated. The results of this research are as
follows.

1. At a temperature of 20%, the lowest (62.43 M.P)
and the highest (82.96 M.P) compressive strength
belong to design concrete 1 (including ordinary
concrete) and design 4 (including geopolymer
concrete containing 8% nanosilica). The lowest (4.41
M.P) and the highest (5.51 M.P) tensile strength
belong to Scheme 2 (including nanosilica-free
geopolymer concrete) and Scheme 6 (including
geopolymer concrete containing 2% fibers). The
lowest (232.89 G) and highest (2829.15 G) impact
energy in the falling hammer test belongs to Figure 2
and Figure 6.

2. At a temperature of 500%, the lowest (38.89 M.P)
and the highest (75.99 M.P) compressive strength
belong to design concrete 1 (including ordinary
concrete) and design 4 (including geopolymer

concrete containing 8% nanosilica). The lowest (2.47
M.P) and the highest (4.73 M.P) tensile strength
belong to design 1 and design 6 (including
geopolymer concrete containing 2% fibers). The
lowest (40.71 G) and highest (772.44 G) impact
energy in the falling hammer test belongs to Figure 2
and Figure 6.

3. Applying high heat to geopolymer concrete
samples reduced the compressive strength up to 16%,
tensile strength up to 21% and impact energy up to
72.72%. The effect of heat on the drop in results in
control concrete is more than geopolymer concrete.

4. The results of all tests at 20% and 500% showed
the superiority of mechanical properties in
geopolymer concrete compared to ordinary concrete.
5. SEM images, due to the microstructural superiority
of geopolymer concrete over control concrete,
covered the results of other tests in this study.
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Abstract

The use of steel shear wall in engineering construction, including high-rise building projects that bear high lateral
forces, is of great importance and practical. Since the steel shear wall with opening may have some pre-cracks
due to initial damage and cause the weak lateral behavior of the shear wall, in this study, the simultaneous impact
of pre-crack and opening in the three-story and one-span frame with steel shear wall has been evaluated. In this
study, 48 numerical samples have been studied using the finite element method and Abaqus software. Axial and
lateral loading has been applied to the samples, and the parameters of the pre-crack position, pre-crack length and
the type of shear wall steel sheet material have been investigated. The results of this study demonstrated that the
numerical model made for the shear wall provides reliable answers compared to the laboratory model. In the
shear walls under study, the parameter of crack length and crack position has a high impact on the ductility
capacity, while it has little impact on the hardness and strength index. The most critical pre-crack modes in the
horizontal position, located at the top or bottom corner of the frame, have had a great impact on the lateral
behavior and reduced ductility by 60% and wall strength by 32%. On the other hand, by changing the materials of
the shear wall steel sheet from LYP steel to St37 and St52, the final strength and hardness have increased by 3.63
and 1.45 times, respectively and the ductility has decreased by 30%.

Keywords: steel shear wall, circular opening, horizontal and vertical pre-crack, axial-lateral loading, finite
performance
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1. Introduction

The steel plate shear wall (SPSW) system is a type of
lateral force resisting structure that consists of filling
plates and boundary elements. SPSWs offer quick
installation and easy production standardization. In a
study, Thorburn [1] showed that a thin steel plate
after buckling forms a tensile field that can continue
to resist horizontal load. The postbuckling
performance of thin SPSWs has attracted the
attention of researchers. In another study, Elgaaly [2]
and Caccese [3] found that out-of-plane buckling
occurs in thin SPSW under a small shear load and a
"pinching" phenomenon appears in the hysteresis
curve. In general, stiffeners are placed to steel plates
in order to improve their performance. The common
shapes of stiffeners in common shear walls with
openings include cross stiffeners, diagonal stiffeners,
multiple stiffeners, etc. [4,5] which have been
evaluated in previous studies. Chen [6] investigated
the elastic buckling behavior and hysteresis behavior
of stiffened SPSWs. The results indicate that the
elastic buckling load is linearly related to the bending
stiffness of diagonal stiffeners that diagonally have
been reinforced with stiffeners and SPSWs and have
better bearing capacity and hysteresis performance
than SPSWs with cross stiffeners. Guo [7] in a
different research showed that semi-rigid connections
weaken the overall stability of the structure and
change the distribution of forces and bending
moments of the connections. Sigariyazd [8]
conducted one-way static pushover tests on a
diagonally stiffened SPSW and a slanted stiffener
SPSW, studied the effect of slanted stiffeners on the
bearing capacity, and presented a theoretical formula
for calculating the bearing capacity.

In another study, Alavi [9,10] suggested that a
channel-shaped stiffener with high torsional stiffness
can be used as a more effective stiffener. Du [11] and
Deng [12] used a multi-crenation network of
channels and a diagonal channel to repair damaged
SPSW. Channel stiffeners effectively repaired the
damaged plate and reduced the tension field effect.
Tong [13] investigated the elastic buckling behavior
of trapezoidal-corrugated SPSW with vertical
stiffener. Xu [14] and Tong [15] proposed stiffness
formulas for vertical channel stiffened plate under
shear or compression loading.

In a study, Nie [16] tested SPSWs with a vertical
channel stiffener having openings. The results show

that the opening can reduce the stiffness and bearing
capacity of the structure, and by placing the stiffener
at the edge of the opening, the stability of the
structure increases. Hosseinzadeh [17] conducted a
nonlinear numerical analysis of a SPSW with large
rectangular openings and stiffeners. In various
stiffened perforated structures, the stiffened open
edge can increase both ultimate strength and stiffness
while slightly reducing the ductility ratio. Sabouri
Ghomi [18] evaluated the impact of two openings on
the structural behavior of SPSWs. Opening distance
had little effect on lateral bearing capacity, stiffness
and energy absorption. However, the opening caused
the depression of these numbers. Shekastehband [19]
studied the seismic behavior of a SPSW with fully
connected John plates and only beams. The ductility
ratio of the structure can be improved only when
connected to beams, but the energy dissipation
capacity and shear strength of the structure are clearly
lower than those of fully connected John plates. To
study the effect of different opening shapes and
hardening shapes on the hysteresis behavior of
SPSWs, two samples with a scale of 1 to 3 were
designed. A sample was reinforced SPSW with a
diagonal channel and two rectangular openings. The
other was a stiffened SPSW inclined channel with a
rectangular opening.

Since steel panels can have considerable strength and
stiffness, they may sometimes impose a greater share
of floor shears on boundary columns, which may lead
to their premature failure. Attempts to reduce the
columns demand in SPSWs have recently been made
using cold-rolled steel panels, [20] the use of LYP
steel plates, [21-22] the use of perforated John plates
with regular circular holes [23] and the use of semi-
supported steel shear walls (SSSWs) [24-25] have
been proposed. Shekastehband et al. [26] studied the
effects of hole diameter as well as slenderness ratios
of John plates on the seismic behavior of SSSWs.
Based on the test results, the strength, stiffness,
ductility = coefficient and energy absorption
characteristics of the samples were significantly
reduced in the samples with openings. Wei et al. [27]
investigated a series of new semi-connected SPSWs.
The results of the proposed test showed that the
proposed SPSW  demonstrates good  structural
performance in terms of initial stiffness, shear
strength, ductility, and energy absorption capability.
In this article, 48 samples of steel frames with
circular openings and pre-cracks have been simulated
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using the finite element method and quasi-static
analysis. Bearing capacity, pushover behavior,
ductility, damage of the samples are presented.

2. Finite Element Method

Laboratory studies are the most effective method for
research in the field of structural behavior which
becomes important due to the expensive and time-
consuming nature of numerical studies. Many studies
have been conducted in the field of steel shear wall.
The results of using the numerical method for these
studies show that the ABAQUS [28] software has a
good performance in the responses of non-linear
behavior of materials and hysteresis diagrams. In
order to study more on the behavior of unstiffened
thin steel shear wall structures, an efficient and
accurate finite element method should be proposed.
The steel sheet shear wall structure consists of beams,
columns, steel filler panel and connection plates. Past
studies proved that residual stress has little effect on
the shear wall behavior of steel sheet, which can be
neglected in the modeling process. Beam, column
and steel panel are created in ABAQUS with shell
elements (S4R). Initial out-of-plane defects should be
considered. In the modeling process, the buckling
modes are calculated to extract the lowest buckling
mode. Then, the "defect” command is used to modify
the coordinates of the panel nodes based on buckling
and the maximum out-of-plane deformation value is
multiplied by it.

Boundary conditions and out-of-plane supports and
constraints are considered similar to laboratory works
[29]. The loading pattern consists of two stages:
vertical loads and incremental lateral displacements.
Cyclic structural model (composite hardening) is
adopted to accurately simulate the behavior of steel,
using ABAQUS material library of nonlinear
kinematic hardening software. This model is
parameterized in  ABAQUS (Hardening =
COMBINED model). Since the analysis of the thin
steel plate shear wall under lateral loadings has
severe nonlinear behaviors, including panel buckling,
local column buckling, large out-of-plane
deformation, and bidirectional tensile bands, the
analyzes were performed with the nonlinear static
module.

3. Research method
Steel shear wall with opening and pre-crack is
evaluated in the present article in two parts. Since the

finite element analysis of shear wall with opening and
three-story frame is complicated and there is high
probability of cracking, a numerical model is
proposed to estimate the force-displacement response
of SPSW. Using the presented idea, in the first step,
cracks with a width of 10 mm and different lengths
were created in the steel shear wall, and then in the
second step, the push-over curve was obtained using
the finite element method. There are various positions
and combinations for cracking, which are shown
below. As shown in Figure 4, this type of crack
includes horizontal and vertical cracks in different
positions of the steel frame filler plate. Critical cracks
may occur in any position on the wall despite the
openings, for this purpose, the composite of the
position of more cracks in the tensile and compress
field is considered.

Crack position: 4 vertical cracks in the middle of the
shear wall, crack width 10 mm. (Group A)

Crack with the length of 30 mm Crack with the
length of 120 mm Crack with the length of 240
mm

Crack position: 4 horizontal cracks in the middle of the shear wall,
crack width 10 mm. (Group H)

Crack with the length of 30 mm Crack with the length of 120 mm
Crack with the length of 240 mm

Crack position: 4 horizontal-vertical cracks in the middle of the
shear wall, crack width 10 mm. (Group R)

Crack with the length of 30 mm Crack with the length of 120 mm
Crack with the length of 240 mm
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Crack position: 4 vertical cracks in the corner of the shear wall,
crack width 10 mm. (Group C)

Crack with the length of 30 mm Crack with the length of 120 mm
Crack with the length of 240 mm

Crack position: 4 horizontal cracks in the corner of the shear wall,
crack width 10 mm. (Group D)

Crack with the length of 30 mm Crack with the length of 120 mm
Crack with the length of 240 mm

4. Validation

In order to control and validate the behavior of the
constructed finite element model, it is necessary to
make a comparison between the results of the
analytical and the laboratory model. The present
study was conducted by numerical simulation using
ABAQUS finite element simulator software. This
comparison was made between the responses
obtained from ABAQUS finite element modeling and
Zhang et al.'s laboratory research [29].

In this article, a TM1 model, a three-story frame and
a one-span steel shear wall presented by Zhang et al.
is simulated with a center-to-center height of 2.05 ms
and a thickness of 6 mm steel filler plate and different
cross-sections of column beams as shown in Figure 2.

The boundary members are made of ASTM-A572
steel, which is considered as a Tie constraint in
welding modeling, and the filler sheet is made of
steel with a yield point of 235 MPa. The schematic of
the frame is shown in Figure 2. The type of element
for steel shear wall modeling in ABAQUS finite
element software is shell element. The element used
in boundary members (beam, column and support)
and stiffeners and filler sheet, which is collectively
called shear wall, is of S4R type. In order to achieve
the appropriate mesh size, different dimensions have
been selected for the elements, and by comparing and
calibrating the numerical and laboratory results, the
mesh size of 25 mm has been selected for the
numerical samples, which has brought acceptable
results.

The laboratory model of the shear wall investigated
by Zhang et al. is shown in Figure 2 and the
compared force-displacement diagram obtained from
the laboratory results and modeling in ABAQUS
software is shown in Figure 3. Figure 3 shows the
force-displacement diagram obtained from the
laboratory and the simulation results obtained from
the finite element software, which has a slight
difference with the laboratory results and is in good
agreement with the laboratory results of Zhang et al.
This comparison demonstrates the accuracy of the
answers obtained from ABAQUS in the research and
the accuracy of this software in modeling.
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Figure 3 - Comparing the results of the force-displacement
diagram in Zhang et al.'s research and Abaqus

5. Parametric Study

In this study, steel shear walls with opening and pre-
crack have been analyzed for axial and lateral
compressive load. This study aims at investigating
the lateral behavior of the shear wall of thin steel

plate with pre-crack under lateral horizontal forces
and at calculating the stiffness index, ultimate
strength and ductility. The objective of the study is
the shear panel with opening and pre-crack, on which
the tensile fields of the adjacent panels above and
below are applied. According to the applied
engineering experience and published research, the
selected size range of the thin steel sheet shear wall is
as follows: the ratio of opening to height is about L/h
= 1.5-2.0 and the ratio of height to thickness is about
A = 200-400. Based on these principles, 5 groups of
pre-cracks were made in the three-story non-stiffened
steel sheet shear wall sample. The steel sheet shear
wall structure is generally composed of edge beams,
edge columns, filler panels, beam-to-column
connections, and opening plates. Welded steel frame
is used as boundary members.

The width of the plates connecting the shear sheet to
the boundary members is 60 mm and its thickness is
8 mm. The capacity of the panels is calculated and
designed by CAN/CSA-S16-01 and ANSI/AISC 341-
05 standards. Formula 1 is used to calculate the
capacity, where ti is the thickness of the wall, fpy is
the yield stress of the steel panel, and o is the angle of
the tensile bar and the column. Also, hs is the central
distance between the edge beams, Ic the bending
stiffness of the edge column, Ls the central distance
between the edge columns, Ac the area of the
column, Ab the area of the beam and h the height of
the panel.

Lt; _ b 2cin2 -
]+E My = (fpyl’;hs sin Cf)/'lz
hst; hsdfi ‘

A T 360LE

tanta =

Vu= U.25fwrih5 sin?2a.

In the field of stiffness index, an approximate
estimate has been reported in previous research,
which used the initial slope of the force-displacement
diagram and was used to calculate the ultimate
strength and ductility indices from the maximum
force and the ratio of the ultimate displacement to the
yield displacement. In what follows, a detailed
parametric study has been conducted to evaluate the
pushover behavior of steel shear wall with pre-crack,
for the parameters of pre-crack position, pre-crack
length and the type of steel panel material. For the
crack position parameter in group A, 4 vertical cracks
in the middle of the shear wall, in group H 4
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horizontal cracks in the middle of the shear wall, in
group R 4 horizontal-vertical cracks in the middle of
the shear wall, in group C 4 vertical cracks in the
corner of the shear wall and in group D, 4 horizontal
cracks in the corner of the shear wall are considered
and the crack width is 10 mm in all models. For the
crack length parameter, 30, 120 and 240 mm and for
the material parameter of the steel panel LYP100,
St37 and St52 are considered. The details of the
numerical samples for the 48 studied frames are
presented in Table 1.

Table 1.

Damage on the Steel Plate Shear Walls
*(SPSW)=DSW

N Name of sheer Track Track Type of Name of sheer Track Track Type of
0. i, No. .
wall position lemght steel wall position lemght steel
1 DSW-N-0-LYP - N LYP 25 DSW-R-120-ST37 R 120 ST37
2 DSW-A-30-LYP A 30 LYP 26 DSW-R-240-ST37 R 240 ST37
3 DSW-A-120-LYP A 120 LYP 27 DSW-C-30-ST37 C 30 ST37
4 DSW-A-240-LYP A 240 LYP 28 DSW-C-120-ST37 C 120 ST37
5 DSW-H-30-LYP H 30 LYP 29 DSW-C-240-ST37 C 240 ST37
6 DSW-H-120-LYP H 120 LYP 30 DSW-D-30-ST37 D 30 ST37
7 DSW-H-240-LYP H 240 LYP 31 DSW-D-120-ST37 D 120 ST37
8 DSW-R-30-LYP R 30 LYP 32 DSW-D-240-ST37 D 240 ST37
9 DSW-R-120-LYP R 120 LYP 33 DSW-N-0-ST52 - 0 STS2
10 DSW-R-240-LYP R 240 LYP 34 DSW-A-30-ST52 A 30 ST52
11 DSW-C-30-LYP C 30 LYP 35 DSW-A-120-ST52 A 120 ST52
12 DSW-C-120-LYP C 120 LYP 36 DSW-A-240-ST52 A 240 ST52
13 DSW-C-240-LYP C 240 LYP 37 DSW-H-30-ST52 H 30 ST52
14 DSW-D-30-LYP D 30 LYP 38 DSW-H-120-ST52 H 120 STS2
15 DSW-D-120-LYP D 120 LYP 39 DSW-H-240-ST52 H 240 STS2
16 DSW-D-240-LYP D 240 LYP 40 DSW-R-30-ST52 R 30 STS2
17 DSW-N-0-ST37 - . ST37 41 DSW-R-120-ST52 R 120 ST52
18 DSW-A-30-ST37 A 30 ST37 42 DSW-R-240-ST52 R 240 ST52
19 DSW-A-120-ST37 A 120 ST37 43 DSW-C-30-ST52 C 30 ST52
20 DSW-A-240-ST37 A 240 ST37 44 DSW-C-120-ST52 C 120 STS2
21 DSW-H-30-ST37 H 30 ST37 45 DSW-C-240-ST52 C 240 STS2
22 DSW-H-120-ST37 H 120 ST37 46 DSW-D-30-ST52 D 30 STS2
23 DSW-H-240-ST37 H 240 ST37 47 DSW-D-120-ST52 D 120 ST52
24 DSW-R-30-ST37 R 30 ST37 48 DSW-D-240-ST52 D 240 ST52
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6. Force-displacement Curves

In this part, the push-over behavior of pre-cracked
steel shear wall with circular openings is compared.
All the features of the steel frame and plate are
similar for all samples. All samples were subjected to
3% circulation. The behavior of steel shear wall with
circular openings in two rows of shear wall was
considered. All models are divided into 3 groups, the
first group is related to the position of the pre-crack,
the second group to the length of the pre-crack, and
the third group to the steel material of the filler sheet
of the steel frame. The force-displacement diagrams
for different modes of the parametric study are shown
in Figures 4 to 6.

First, vertical loads were applied to the numerical
specimens until the loads reached 500 kN. Using
buckling analysis and the shape data of the first mode
of the wall, small deformations outside the wall with
a value of L/1500 were applied. No out-of-plane
deformation was revealed in the specimens under
examination until the time before yielding. With the
increase in the lateral load, when the first elements
reached the yield stress, out-of-plane deformation and
buckling were observed around the cracks, and stress
concentration was seen in the tensile bands and
around the cracks. As the loading displacement
increased, out-of-plane deformations and cross tensile
bands were more and more evident. The filler panel
entered the plastic stage earlier than the boundary
members, which has fulfilled the principle of "strong
frame and weak panel". During the period of below
1%, there is no buckling phenomenon. When the
shear wall frame load reached 3Ay, instability and
overall buckling occurred. This phenomenon was
caused by the presence of pre-cracks and openings in
the steel plate filling the frame. In the following, the
effect of the parametric study on the lateral behavior
and indices of the shear steel frame has been
investigated.

6-1. The Impact of the Pre-break Position
Parameter

In this part, the impact of the crack position on the
lateral behavior of the shear wall has been
investigated. In the figure, 9 curves are drawn, in
each curve 5 graphs are drawn for 5 different modes
of the pre-crack position. Numerical models,
stiffness, ultimate strength and ductility indices have
been compared. For modes of steel shear wall that
has a 30 mm crack and different steel materials, the

crack position parameter has no impact on the
stiffness, ultimate strength, and ductility indices in
each group, and the values of the indices and their
percentage changes are given in Table 2. By
changing the position of the crack in modes of steel
shear wall that has a crack of 120 and 240 mm, the
change in the position of the crack is more tangible.
The reduction of stiffness indices for the shear wall
with different cracks and with LYP material has been
achieved in the range of 14 to 22%, the ultimate
strength index with the decreasing range of 8 to 15%,
and the ductility with a decreasing trend of 12 to
16%. This decrease in values also occurred due to the
interruption of the tensile field of stress transfer in the
shear wall. The decrease in strength can be clearly
seen due to the breaking of the tensile bands around
the cracks and the buckling phenomenon with the
increase in displacement amplitude. Also, the
increasing behavior of lateral load after yielding in
the drawn diagrams is caused by the strain hardening
behavior of steel materials. Table 1 shows the indices
of yield strength, final consistency, stiffness and
ductility of the samples. Ductility is one of the
important indicators to evaluate the lateral
performance of the structure. Displacement ductility
factor can be calculated as the ratio of failure
displacement to yield displacement. The results show
that all samples have good ductility in the mode of
cracks under 120 mm.
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M= 20 w0 0 o 0o Table 2 - Values of indices of steel shear wall with pre-crack
Displacment {mm) Shear wall name Yield f&r}fg (i;f;f‘r:lftslj (Slg\?)ngth Ductility
DSW-N-0-LYP 347.04 3137 1058.99 9.04
DSW-A-30-LYP 427.98 25.49 1057.97 6.55
Shear wall name Yield force Stiffness Strength Ductilit DSW-A-120-LYP 437.77 23.03 1035.52 5.79
(KN) (kN/mm) (KN) Y DSW-A-240-LYP 351.83 21.88 975.89 5.47
DSW-N-0-St52 499.81 81.31 1523.85 7.81 DSW-H-30-LYP 463.97 23.48 1059.94 5.57
DSW-A-30-St52 617.06 73.50 1521.64 5.72 DSW-H-120-LYP 451.61 21.55 1011.37 5.25
DSW-A-120-St52__ | 697.72 73.40 1487.82 5.05 DSW-H-240-LYP 321.58 19.36 964.49 4.97
DSW-A-240-St52 | 539.98 67.16 1320.94 4.18 DSW-R-30-LYP 463.14 23.28 1058.66 5.53
DSW-H-30-St52 732.68 74.15 152336 4.86 DSW-R-120-LYP 43535 20.63 1001.62 521
DSW-H-120-St52 | 742.55 70.85 1467.45 4.58 DSW-R-240-LYP 267.19 17.95 954.49 5.02
DSW-H-240-St52__ | 563.67 64.47 1314.94 3.99 DSW-C-30-LYP 456.07 23.74 1058.74 573
DSW-R-30-St52 742.03 74.60 1523.96 483 DSW-C-120-LYP 439.52 18.67 985.21 4.67
DSW-R-120-St52 721.95 68.43 1424.32 455 DSW-C-240-LYP 285.68 15.66 926.20 4.40
DSW-R-240-St52 | 496.24 63.34 1298.75 439 DSW-D-30-LYP 470.27 2171 1057.70 5.08
DSW-C-30-St52 718.64 74.81 152339 5.00 DSW-D-120-LYP 42426 18.82 950.46 4.88
DSW-C-120-5t52 748.56 63.59 1378.65 4.08 DSW-D-240-LYP 331.42 16.89 894.75 4.48
DSW-C-240-St52 573.72 55.99 1232.80 3.47
DSW-D-30-St52 780.84 72.10 1522.99 4.43
DSW-D-120-St52 719.42 63.84 1339.87 4.26 Yield force Stiffness Strength i
DSW-D240-5t52__| 61338 53.13 115981 | 3.3 Shear wall name (kN) (KN/mm) (kN) Ductility
DSW-N-0-St37 488.20 79.42 1286.39 3.30
DSW-A-30-St37 600.82 71.56 1284.85 6.14
DSW-A-120-St37 | 635.65 66.87 1256.46 547
DSW-A-240-St37 | 492.84 61.30 1119.58 4.48
DSW-H-30-St37 664.08 67.21 1285.81 5.32
DSW-H-120-St37 | 653.54 62.36 1226.57 4.96
DSW-H-240-St37 523.99 63.08 1101.32 4.28
DSW-R-30-S37 666.43 67.01 1286.31 5.18
DSW-R-120-St37 638.17 60.49 1190.75 4.93
DSW-R-240-St37 | 459.78 61.77 1074.33 471
DSW-C-30-St37 649.16 67.58 1286.13 5.47
DSW-C-120-St37 | 649.87 55.21 1132.30 433
DSW-C-240-St37 517.99 56.80 1066.23 3.73
DSW-D-30-St37 699.82 64.61 1285.77 4.80
DSW-D-120-St37 | 626.90 55.63 1123.66 4.57
DSW-D-240-St37 | 532.65 54.28 98033 3.43

6-2. Effect of Crack Length in Shear Wall
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In this part, the impact of the crack length in the shear
wall on the lateral behavior of the shear wall has been
investigated. In Figure 5, 15 curves are drawn, in
each curve 4 graphs are drawn for 3 different modes
of pre-crack length. In each group of steel shear
walls, the position of the crack, the type of the fixed
steel panel, and the length of the crack have been
investigated in modes without cracks and with cracks
of 30, 120, and 240 mm in length. Crack lengths of
120 and 240 mm have a significant effect on the
distribution and transfer of stress in the tensile field,
and the values of stiffness, ultimate strength and
ductility indices and their percentage changes are
given in Table 3. By changing the length of the crack
in the modes of the steel shear wall that has the
position of the crack C and D, there is a significant
reduction in the structural indices of the wall. The
reduction of stiffness indices for the shear wall with
different crack positions and with LYP material has
been achieved in the range of 20-50%, the ultimate
strength index has decreased in the range of 4-16%
and the ductility has been achieved with a decreasing
trend of 28-51%. This decrease in values also
occurred due to the interruption of the tensile field of
stress transfer in the shear wall. The reduction of
stiffness indices for the shear wall with different
crack positions and with St37 material is in the range
of 10 to 32%, the ultimate strength index is reduced
in the range of 5 to 24%, and the ductility is also
achieved with a decreasing trend of 28 to 60%. The
reduction of stiffness indices for the shear wall with
different crack positions and with St52 material has
been achieved in the range of 8 to 35%, the ultimate
strength index has decreased in the range of 2 to
24%, and the ductility has been achieved with a
decreasing trend of 26 to 58%. The stiffness of the
edge column has a great impact on the lateral bearing
capacity of the shear wall structures, which are
designed with high stiffness. Since the aim of steel
panel research is pre-crack investigation, the results
showed that the tensile fields are transferred to the
edge beam and the effect of the tensile fields on the
edge beam is compensated by the upper and lower
adjacent panels. If the pre-cracks have a length of 240
mm, buckling failure occurs due to the interruption of
the tensile field, the load-carrying capacity is greatly
reduced and the energy dissipation capacity is lost,
and this capacity intensification is more evident in the
cracks in position C and D.
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Figure 5 — Comparison of force-displacement curves for pre-crack

length

Table 3- The ratio of changes in steel shear wall indices with the
change of pre-crack length

Shear wall name Stiffness ratio Strength ratio Ductility ratio
DSW-N-0-LYP 1.00 1.00 1.00
DSW-A-30-LYP 0.81 1.00 0.72

DSW-A-120-LYP 0.73 0.98 0.64
DSW-A-240-LYP 0.70 0.92 0.61
DSW-H-30-LYP 0.75 1.00 0.62
DSW-H-120-LYP 0.69 0.96 0.58
DSW-H-240-LYP 0.62 0.91 0.55
DSW-R-30-LYP 0.74 1.00 0.61
DSW-R-120-LYP 0.66 0.95 0.58
DSW-R-240-LYP 0.57 0.90 0.56
DSW-C-30-LYP 0.76 1.00 0.63
DSW-C-120-LYP 0.60 0.93 0.52
DSW-C-240-LYP 0.50 0.87 0.49
DSW-D-30-LYP 0.69 1.00 0.56
DSW-D-120-LYP 0.60 0.90 0.54
DSW-D-240-LYP 0.54 0.84 0.50
DSW-N-0-St37 1.00 1.00 1.00
DSW-A-30-St37 0.90 1.00 0.74
DSW-A-120-St37 0.84 0.98 0.66
DSW-A-240-St37 0.77 0.87 0.54
DSW-H-30-St37 0.85 1.00 0.64
DSW-H-120-St37 0.79 0.95 0.60
DSW-H-240-St37 0.79 0.86 0.52
DSW-R-30-St37 0.84 1.00 0.62
DSW-R-120-St37 0.76 0.93 0.59
DSW-R-240-St37 0.78 0.84 0.57
DSW-C-30-St37 0.85 1.00 0.66
DSW-C-120-St37 0.70 0.88 0.52
DSW-C-240-St37 0.72 0.83 0.45
DSW-D-30-St37 0.81 1.00 0.58
DSW-D-120-St37 0.70 0.87 0.55
DSW-D-240-St37 0.68 0.76 0.41
DSW-N-0-St52 1.00 1.00 1.00
DSW-A-30-St52 0.90 1.00 0.73
DSW-A-120-St52 0.90 0.98 0.65
DSW-A-240-St52 0.83 0.87 0.54
DSW-H-30-St52 0.91 1.00 0.62
DSW-H-120-St52 0.87 0.96 0.59
DSW-H-240-St52 0.79 0.86 0.51
DSW-R-30-St52 0.92 1.00 0.62
DSW-R-120-St52 0.84 0.93 0.58
DSW-R-240-St52 0.78 0.85 0.56
DSW-C-30-St52 0.92 1.00 0.64
DSW-C-120-St52 0.78 0.90 0.52
DSW-C-240-St52 0.69 0.81 0.44
DSW-D-30-St52 0.89 1.00 0.57
DSW-D-120-St52 0.79 0.88 0.55
DSW-D-240-St52 0.65 0.76 0.40

6-3. Impact of Shear Wall Steel Material

In this part, the impact of the steel material in the
shear wall on the lateral behavior of the shear wall
has been investigated. In Figure 6, 15 curves are
drawn, in each curve 4 graphs are drawn for 3
different types of shear wall steel. In each group of
steel shear walls, the crack position and fixed crack
length and the steel material of the shear wall in LYP,
St37 and St52 modes have been studied. The yield
stress and final stress of different steels had a
significant impact on the stress distribution in the
tensile field and the values of the stiffness, ultimate
strength and ductility indices and their percentage
changes, which are given in Table 4. The increase in
stiffness indices for the shear wall with St37 and St52
steel in the range of 2.53 to 3.63 times the stiffness of
the LYP shear wall, the increased final strength index
is equivalent to 1.1 to 1.45 times the strength of the
LYP shear wall and the ductility has also been
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achieved with a decreasing trend of 8-30% compared
to the shear wall with LYP material. This decrease in
ductility values is achieved due to the high stiffness
and strength of St37 and St52 steel materials

compared to LYP steel.
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Figure 6 — Comparison of force-displacement curves for shear wall

steel material

Table 4- The ratio of changes in the indices of steel shear wall with

the change of steel type of steel sheet

Shear wall name Stiffness ratio Sl:::}ith Ductility ratio
DSW-N-0-LYP 1.00 1.00 1.00
DSW-N-0-St37 2.53 1.21 0.92
DSW-N-0-St52 2.59 1.44 0.86
DSW-A-30-LYP 1.00 1.00 1.00
DSW-A-30-St37 2.81 1.21 0.94
DSW-A-30-St52 2.88 1.44 0.87
DSW-A-120-LYP 1.00 1.00 1.00
DSW-A-120-St37 2.90 1.21 0.95
DSW-A-120-St52 3.19 1.44 0.87
DSW-A-240-LYP 1.00 1.00 1.00
DSW-A-240-St37 2.80 1.15 0.82
DSW-A-240-St52 3.07 1.35 0.76
DSW-H-30-LYP 1.00 1.00 1.00
DSW-H-30-St37 2.86 1.21 0.96
DSW-H-30-St52 3.16 1.44 0.87
DSW-H-120-LYP 1.00 1.00 1.00
DSW-H-120-St37 2.89 1.21 0.95
DSW-H-120-St52 3.29 1.45 0.87
DSW-H-240-LYP 1.00 1.00 1.00
DSW-H-240-St37 3.26 1.14 0.86
DSW-H-240-St52 3.33 1.36 0.80
DSW-R-30-LYP 1.00 1.00 1.00
DSW-R-30-St37 2.88 1.22 0.94
DSW-R-30-St52 3.20 1.44 0.87
DSW-R-120-LYP 1.00 1.00 1.00
DSW-R-120-St37 2.93 1.19 0.95
DSW-R-120-St52 3.32 1.42 0.87
DSW-R-240-LYP 1.00 1.00 1.00
DSW-R-240-St37 3.44 1.13 0.94
DSW-R-240-St52 3.53 1.36 0.87
DSW-C-30-LYP 1.00 1.00 1.00
DSW-C-30-St37 2.85 1.21 0.96
DSW-C-30-St52 3.15 1.44 0.87
DSW-C-120-LYP 1.00 1.00 1.00
DSW-C-120-St37 2.96 1.15 0.93
DSW-C-120-St52 3.41 1.40 0.87
DSW-C-240-LYP 1.00 1.00 1.00
DSW-C-240-St37 3.63 1.15 0.85
DSW-C-240-St52 3.57 1.33 0.79
DSW-D-30-LYP 1.00 1.00 1.00
DSW-D-30-St37 2.98 1.22 0.95
DSW-D-30-St52 3.32 1.44 0.87
DSW-D-120-LYP 1.00 1.00 1.00
DSW-D-120-St37 2.96 1.18 0.94
DSW-D-120-St52 3.39 1.41 0.87
DSW-D-240-LYP 1.00 1.00 1.00
DSW-D-240-St37 3.21 1.10 0.76
DSW-D-240-St52 3.15 1.30 0.70

6-4. Study on the Damage modes of Shear Wall
with Pre-crack and Opening

In this part, the damage modes of the shear wall with
pre-crack and opening for two types of cracks have
been studied. Cumulative plastic strain (PEEQ) has
been used to examine damage modes. This output
shows the locations prone to crack growth and
damage in the shear wall as shown in Figures 7 and
8. The concentration distribution of plastic strain
damage in the pre-cracks of the upright mode in the
middle of the shear wall at the relative displacement
angle of the filler sheet 0.5% has reached the plastic
value and at the relative displacement angle of the
boundary members the yield stress (von Mises) at
0.9%. First, the circulation occurred locally in the
horizontal corrugated filler sheet with a circular
opening and a pre-crack in the middle of the steel
sheet and the corner of the pre-crack, and with the
increase of the period of stress concentration and
plastic strain in the upper and lower corners of these
openings, and led to the growth of the circulation in
the area around the opening and pre-cracks and local
buckling have been created and yield stresses have
developed in the beam and column members. And the
progress of this circulation, has increased and turned
into general buckling on the surface of the filler
sheet, especially around the pre-cracks. An example
of cumulative plastic strain and damage mode of the
steel frame at 3% circulation is shown in Figures 7
and 8. The results of this study showed that the
geometric stiffness and high resistance to general
buckling and the concentration of buckling around
the openings and pre-cracks depend on the position of
the pre-crack and the tensile field of the wall. In
general, cracks D and C with sizes of 120 and 240
mm have shown the most critical condition and the
highest strain with values above 0.15, which means
that the elements in this area are prone to the
initiation of sheet tearing and crack growth.







