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1. Introduction

In recent years, the frequency and severity of injuries
caused by urban traffic crashes have been increasing as one
of the biggest causes of unnatural deaths in developing
countries. Among the most important methods of
identifying the influence of independent variables on
dependent variables in terms of classification and size of
data are GLM and Tobit methods, which have been used
in past studies for identifying influential variables of the
occurrence of macro crashes. This study aims to
investigate the dimensions of EIFs of urban crashes using
the spatial Bayes method based on Euclidean distance and
contiguity. No study has investigated the impact of group
EIFs on estimating the frequency of urban crashes, as well
as comparing spatial statistics models based on a
geographically weighted matrix and neighborhood
distance with a Bayesian approach, so it is necessary to
investigate urban crashes further. Spatial statistics can be
used to control the effect of spatial correlation between
environmental factors and the frequency of crashes. This
study aims to use this framework to model urban
macroscopic crashes to find a suitable modeling technique
that can produce more reliable and accurate results.

2. Method

This study used two basic approaches of spatial statistics
to analyze the data for estimating the urban frequency
crashes. It used four spatial statistics models based on the
geographic distance matrix with variable coefficients
including GWPR and GWNBR for each TAZ, as well as
SAP and SANB models with the spatial Bayes model
approach and the INLA method of urban crash estimation.

The input data of the model are divided into two
categories. The first category includes observed data such
as number of bus stops, intersections, etc. The second
category is accidental EIFs, such as the diversity index of
land use type (it is a function of 14 land use categories),
access to jobs index (it is a function of the distance
between areas and the density of commercial and
administrative use) and the access index to a transportation
system (it is a function of the number of bus stops and the
distance between areas).

3. Results

To show the dispersion of the data, the interquartile range
statistic was used, which shows that the frequency of
crashes parameter has a high dispersion in the studied area.
Moreover, the number of bus stops and the average width
of the thoroughfare has more dispersion than other model
variables. The first category includes variables that
directly affect the estimation of the frequency of crashes
within the city on the TAZ scale and the second category
includes indicators that indirectly affect the occurrence of
crashes. The parameters of both models (GWPR and
GWNBR) are allowed to change in space and have
different values for each TAZ, so the values are shown in
a range of changes in the whole city of Shiraz. The results
showed that the parameters in both GWNBR and GWPR
models passed the significance level of 10%, but in the
GWNBR model, the model's parameters with a
significance level of 5% more than the GWPR model were
observed. Through the non-stationarity test, all parameters
have significant spatial variations, and past studies have
confirmed this spatial property of crash data. It is
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commonly known as the Bayesian confidence interval (CI)
that Bayesian inference uses the posterior density interval
of the parameters. A 95% confidence interval is commonly
used to determine the validity of a variable and includes
values between the 2.5th percentile and 97.5% of the
posterior probability distribution. A parameter is valid if it
is 95% CI does not contain zero. At a 95% confidence
level, if the two limits of a valid parameter are greater than
zero, then the parameter has a positive (i.e., incremental)
impact on crash frequency. Similarly, a valid parameter
has a negative impact (i.e., reduction) on crash frequency
if two bounds of the parameter are less than zero at the
95% confidence interval. The values of R? in all models
are within an acceptable range. Lower values of DIC and
WAIC show that SAP model has a better fit to the data and
is more suitable for estimating the frequency of crashes in
the city. The threshold of the difference between the DIC
value in the comparison between the models is considered
to be 10, and in this study, the DIC value in SAP differs
much more than the easy limit with other models. In
addition to the statistical criteria for comparing and
evaluating the models, the predicted values of the crash
frequency by the SA-based models are closer to the
observed values than the SW models.

4. Conclusion

This study was conducted to examine the spatial impacts
of EIFs on urban crashes using spatial statistical methods
based on the Euclidean distance of the geographic weight
matrix (SW) and methods based on distance and adjacency
(SA). All available variables were collected in the first
step. Data compression was done to reduce the effect of
collinearity and autocorrelation between the independent
variables. In PCA method, indicators of user diversity,
access to the public transportation system, and access to
jobs were indirect environmental factors. In all models, the
values of the number of bus stops, average speed, average
green light time, and the diversity index of the type of land
use were identified as the most important crash EIFs. By
controlling the factors according to their value in each
TAZ, the spatial impact of crash EIFs can be reduced in
that TAZ. Four spatial statistics models, GWPR, GWNBR
based on Euclidean distance and SAP and SANB models
based on neighborhood distance with INLA approach,
were used to estimate the frequency of crashes in the city
by considering the spatial effects of crash EIFs. The spatial
estimation of EIFs of urban crashes in the neighborhood
approach (SA) using INLA method provided better results;
in other words, the neighborhood method provided better
results for estimating the coefficients of EIFs than the
geographically weighted matrix (SW) method for
estimating the coefficients of EIFs. Previous studies have
not compared SA and SW, spatial statistics models.

This study showed that in the urban areas at the TAZ
level, due to the contiguity and common border in all
TAZs, SA method estimates better the coefficients of EIFs.
It was shown that neighborhood could have a negative
impact on the estimation of EIFs coefficients; in other
words, the spatial effect may reduce the severity of crashes
in the spatial model compared to the classical statistical
model.

In both SA and SW methods, the reduction of spatial
effects in the estimation of EIFs coefficients in SANB
models was quite noticeable, which shows that considering
the effect of over-dispersion in the estimation of SANB
models has reduced the range of spatial effects.

The identification of crash EIFs by the multi-stage
investigation at district level can be useful for making
policies in support of urban crash reduction measures.
Among the measures that can reduce the probability of
crashes in urban areas are modifying the characteristics of
bus stops in inappropriate places that increase conflict
between vehicles, rescheduling traffic lights, and proper
control over land use changes in the city.
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Evaluating the Spatial Effects of Environmental Factors on Urban Crashes by Spatial Bayes Method

Mohammad Sedigh Bavar Ali Naderan Mahmoud Saffarzadeh

Abstract Built environmental factors are one of the most important causes of urban crashes. Studies have shown that
in addition to crash data, which have spatial heterogeneity, factors influencing crashes also have a spatial correlation.
The main goal of this study is to evaluate the spatial effects of environmental factors on the frequency of crashes in
Shiraz, Iran, at the TAZ level. In the first step of the study, using component analysis models, important environmental
factors affecting the crash were identified, and composite indicators were produced as independent variables. In the
second step, to control the effect of correlation and heterogeneity of model variables, spatial statistical models based on
Euclidean distance such as geographically weighted Poisson regression (GWPR), geographically weighted negative
binomial distribution (GWNBR), as well as Poisson and distribution models Negative binomial based on neighbor
distance is used in spatial Bayes method with INLA approach. The study's results showed that models based on distance
and contiguity to evaluate the spatial effects of crash data and the factors affecting it at the TAZ level have higher
accuracy than geographically weighted regression models, as well as indicators of land use diversity and access to the
system. The public transport produced in the first step effectively increases the frequency of crashes, and in TAZs
where this index is high, there is a higher probability of a crash. The results of this study can be important for city
managers and planners to improve inner city safety measures, development planning, and future city measures.

Keywords Environmental factors, urban Crashes, spatial effect based on neighborhood, spatial effect based on distance
matrix, spatial Bayes
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Model Type MAD | RMSE

GLM Using All Variables 4564 | 77.41
GLM Using PCA Variables 25.21 | 61.16
Tobit Using All Variables 45.62 | 42.96
Tobit Using PCA Variables 17.91 | 25.49

le‘u.ﬂ:éuﬁiw&ﬁw Y Jga

Variables | Correlation | gs | Ay | As | ALE | AL | AW | Ls | AG | IN |LuI Jl PTI
Pearson 1
BS
Sig. (2-tailed)
Pearson 28" 1
AH
Sig. (2-tailed) | .000
Pearson .100 | .530™ 1
AS
Sig. (2-tailed) | .072 | .000
Pearson .039 | .306™ | .055 1
ALE
Sig. (2-tailed) | .486 | .000 | .321
Pearson 137 | 1737 | 1757 | .097 1
AL
Sig. (2-tailed) | .012 | .002 | .002 | .080
Pearson 222" | -056 | .100 | -.060 | .47 1
AW
Sig. (2-tailed) | .000 | .316 | .071 | .278 | .000
Pearson 247 | -142" | -.078 | -528™ | .071 | .277" 1
LS
Sig. (2-tailed) | .000 | .010 | .159 | .000 | .204 | .000
Pearson 055 | -.131" | .047 | -.289" | .010 | .448™ | 183" | 1
AG
Sig. (2-tailed) | .325 | .018 .394 .000 .851 .000 .001
Pearson .26™ | -.008 .088 | -.182™ 137 | .156™ | .201™ | .097 1
IN
Sig. (2-tailed) | .000 | .885 112 .001 .015 .005 .000 | .079
Pearson .005" | -.131" | .041 .189™ 011 | .1477 | .103™ | .110 | .421™ 1
LUI
Sig. (2-tailed) | .004 | .003 .044 .000 .051 .000 .001 | .071 .000 .000
3 Pearson .021 | .478™ | .133™ | .189™ 210 | .038™ | .123™ | .011 | .218™ 128" 1
Sig. (2-tailed) | .151 | .000 .001 .000 151 .001 .001 | .351 .001 .001
PTI Pearson .210 | .403™ | 1117 | -2117 | .013 | .118™ | .113™ | .019 | .028™ 4217 448" 1
Sig. (2-tailed) | .151 | .001 .001 .001 351 .000 .001 | .851 .000 .000 .000
**_Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
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GWPR Model Result
Variables | Mean. Est. | Min. Est. Max. Est. Rang Lwr. Est. Upr. Est. Delta Non-Stationary Test
Intercept 4.4183* 3.9377 5.0136 1.0759 4.2651 4.5442 0.279 Yes
Bus 0.1485* -0.294 0.6556 0.9496 0.0209 0.2541 0.233 Yes
AH -0.0973** | -0.6145 0.2568 0.8713 -0.210 0.0588 0.269 Yes
AS 0.1945** -0.4019 0.6679 1.0698 0.1200 0.2779 0.157 Yes
AL 0.1298* -0.9172 1.2072 2.1244 -0.056 0.3369 0.393 Yes
ALE 0.1218* -0.1864 0.3933 0.5797 0.0319 0.2207 0.188 Yes
LP 0.0392* -0.2827 0.4057 0.6884 -0.071 0.1501 0.221 Yes
AG 0.2370* -0.2524 1.3992 1.6516 -0.027 0.4477 0.475 Yes
IN -0.1146** | -0.3242 0.1669 0.4911 | .0.188 -0.056 0.131 Yes
PTI 0.1638** -0.0204 0.4349 0.4553 | 0.0729 0.2401 0.167 Yes
LUI 0.2798* -0.4451 0.1799 0.625 | -1.0026 1.7095 2.712 Yes
Jl 0.0135** -0.2939 0.3549 0.6488 -0.032 0.0607 0.093 Yes
Summary Statistics
DIC 3378.42
WAIC 3241.35
Pseudo R2 0.758
RMSE 55.32
GWNBR Model Result
Variables | Mean. Est. | Min. Est. Max. Est. Rang? Lwr. Est. Upr. Est. | Delta® | Non-Stationary Test
Intercept -4.327** -15.922 2.391 18.31 -7.321 0.189 -1.60 Yes
Bus 0.019** -0.041 0.042 0.083 | -0.0008 0.003 0.015 Yes
AH 0.042* 0.011 0.062 0.051 0.023 0.047 -0.41 Yes
AS -0.032* -0.049 0.004 0.053 -0.073 0.002 0.64 Yes
AL 0.018** 0.009 0.036 0.027 0.016 0.015 0.641 Yes
ALE 0.191* 0.095 0.186 0.091 0.109 0.136 -0.41 Yes
LP 0.626* 0.193 0.635 0.442 0.284 0.318 0.39 Yes
AG 0.517** 0.365 0.894 0.529 0.424 0.641 0.745 Yes
IN 0.041** -0.036 0.394 0.43 0.031 0.189 0.128 Yes
PTI 0.624* -0.264 0.0371 0.301 -0.047 0.012 0.011 Yes
LUI 0.164** 0.036 0.631 0.595 0.083 0.284 -0.84 Yes
JI 0.495** 0.171 0.531 0.36 0.285 0.297 0.157 Yes
Summary Statistics
DIC 3189.43
WAIC 294531
Pseudo R2 0.728
RMSE 85.31

**significant at the 5% level
* significant at the 10% level
?Rang= Max. Est.- Min. Est.

°Delta =UpperEst .— LowerEst.; YES= Delta > 1.96 Std. Err. indicating the non-stationarity test was passed.
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Variables PO NB
Statistic Mean SD 95% ClI Mean SD 95% ClI
Spatial 5.3561 0.6882 4.0433 6.7305 5.3561 | 0.6882 | 4.0433 | 6.7305
Precision
Beta0 2.9922 | 0.22033 | 2.561102 | 3.426433 | 2.9922 | 0.2203 | 2.5611 | 3.4264
BS 0.0442 | 0.00941 | 0.025885 | 0.062827 | 0.0442 | 0.009 | 0.0258 | 0.0628
AH -0.010 | 0.00701 | -0.02379 | 0.003742 -0.010 | 0.0070 | -0.023 | 0.0037
AS 0.1412 | 0.03376 | 0.074868 | 0.207458 | 0.1412 | 0.0337 | 0.0748 | 0.2074
AL 0.22486 | 0.05816 | 0.110609 | 0.339025 | 0.22486 | 0.0581 | 0.1100 | 0.33902
ALE 0.00892 | 0.00650 | -0.00388 | 0.021682 | 0.00892 | 0.0065 | -0.003 | 0.02168
AG 0.0906 | 0.03535 | 0.05978 0.12097 0.0901 | 0.0354 | 0.019 | 0.1202
IN 0.07958 | 0.01436 | 0.051427 | 0.107853 | 0.07958 | 0.0143 | 0.0514 | 0.10785
PTI -0.0499 | 0.12275 -0.2829 | -0.009356 | -0.0499 | 0.1227 | 0.082 | 0.1993
INT 0.0814 | 0.03099 | 0.02249 0.149252 | 0.0614 | 0.0309 | 0.012 | 0.1492
JI 0.10890 | 0.11606 | -0.12603 | 0.330095 | 0.10890 | 0.116 | -0.126 | 0.33009
LP 0.05835 | 0.04601 | -0.03188 | 0.148882 | 0.05835 | 0.0460 | -0.031 | 0.14888
Summary Statistics
DIC 2679.51 2978.48
WAIC 2607.25 2841.32
Pseudo R2 0.891 0.818
RMSE 5.380 15.32
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1. Introduction

Progressive collapse like a chain reaction with the spread
of an initial local damage inside the structure causes partial
or total damage of the structure. The high heat caused by
the fire in steel structures increases the load capacity of the
members to a large extent, the result of which is
progressive destruction and collapse of the structure.
Engineers and researches have paid attention to this issue
since part of the Ronan Point building in London was
damaged in 1968. After the destruction of the World
Towers in 2001 on September 11, several research
institutes convened to correct this situation and achieve
design methods against progressive collapse. Direct and
indirect design methods can be used for designing the
structure against progressive collapse. So far, many studies
have been conducted on steel structures under fire load, but
most of the studies on bracing structures with knee braces
have been under earthquake load. Roudrigues et al. (2000)
published the result of a series of 168 fire resistance tests
on compression steel members with limited thermal
tension. Crosti (2009) investigated the steel structure of a
one-story steel-framed parking under fire load. Piers et al.
(2010) at the University of Coimbra presented a
comparison of fire behavior in H and CHS steel columns
with limited thermal expansion. Parvini et al. (2016)
investigated the behavior of the moment-resisting frame
system with knee braces under the risk of progressive
collapse because of gravity and seismic loads. Cao et al.
(2023) investigated the progressive failure of steel
structure under the influence of fire load and studied the
impacts of load ratio and resistance of structural members
on the behavior of the structure.

2. Method

The nonlinear analysis of 3, 6, and 9-story steel frame
structures with knee braces under fire load was done using
Abaqus software. The purpose of the analysis in Abaqus
software is to determine the elements and a range of frames
that have the most critical condition under fire loading. By
identifying these elements, based on their prioritization,
and using SAP2000 software, the critical load-bearing
elements that are usually columns and braces in the braced
frame system were removed to evaluate the behavior of the
sample frames under the effect of progressive collapse
caused by fire and to determine the critical condition for
the frames with coaxial and off-axial knee braces. Column
sections were of IPB or box type, beam sections were of
single or double IPE type or plate grader, and brace
sections were of double channel section type. Knee
element would be also better to be chosen from thin
sections with low number and hardness and high ductility.
The steel material for the structures was ST37 type. The
soil studied for the structures was type Il1, and the structure
importance factor was also checked for buildings with
medium importance of I=1.

3. Results and discussion
At first, the 3-story frame with coaxial knee brace was
modeled in Abaqus software and analyzed under fire load.
As Figure 1 shows, the middle column and two columns
on both sides of the first floor have more thermal stresses.
In the SAP software, the focus was on the mentioned
columns and they were removed one by one and the
behavior of the frame was evaluated. Figure 2 shows the
energy-time curve of the frame during the fire time.
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Figure 1. Thermal stress distribution in a 3-story frame with
coaxial knee brace under fire load

envrgy
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Figure 2. Energy-time curve of 3-story frame with coaxial
knee brace under fire load

The results showed that for the frame with off-axial
knee brace, only the middle column had critical conditions.
It can be said that the steel frame with off-axial brace has
high ductility. This problem, in combination with the knee
element, leads to a significant increase in the plasticity of
the frame. The thermal analysis for the 6-story frame with
coaxial knee brace showed that the middle column and the
columns on both sides in the first floor and the middle
column in the second floor are in critical condition.
According to the results obtained from the analysis of the
6-story frame with off-axial knee brace, the stresses
generated in the middle column on the first floor and its
right column and then the middle column on the second
floor caused them to become more critical. Figure 3 shows
the comparison of the energy of the 6-story frame with
coaxial and off-axial knee bracing for different scenarios
without and with column removal.

200000
180000
160000
140000
120000

5 100000

¥ 80000

60000
40000 | 530D
20000

o

95000

45000

15200 25000 D
w0

[ 7 8 9

Figure 3. The comparison of the energy of the 6-story frame
with coaxial and off-axial knee bracing for different
scenarios

The analysis performed on the 9-story frame with
coaxial and off-axial knee bracing showed that the off-
axial bracing had a very significant impact on reducing the
energy of the frame compared to the coaxial bracing
system. The amount of energy in off-axis brace is reduced
by 65%, which is very favorable. However, the 9-story
frame itself has high ductility, which in combination with

the off-axis brace and knee element, results in a structural
system with ductility and the ability to absorb and dissipate
energy very well.
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Figure 4. Energy-time curve of 9-story frame with coaxial
and off-axial knee brace under fire load

The results of the 9-story frame with coaxial and off-axial
knee braces showed that the middle column in the first and
second floors has the most critical conditions.

4. Conclusion

1. The results obtained from the 3-story frame for the
frame with off-axial knee brace showed that the
amount of energy for the case where the middle column
is removed has increased by about 10%. The energy of
the frame with off-axial knee braces is more than the
energy of the frame with coaxial knee braces, but the
removal of the column in the frame with off-axial knee
braces has only increased the energy by 10%. This is
despite the fact that removing the column in the frame
with the coaxial knee brace has increased the energy
2.3 times, and for this reason, the frame with the off-
axial knee brace is much more desirable.

2. The results of the analysis of 6-story coaxial and off-
axial knee brace frames showed that the energy in the
frame with the off-axial knee brace was about 50% less
than the frame with the coaxial knee brace during the
fire and in the entire time period.

3. The results of the 9-story frame showed that in total, in
the case of using the off-axial knee brace, energy for
without removing the element, removing the middle
column in the first floor, and removing the middle
column in the first and second floors in comparison by
using the coaxial knee brace, decreased 77%, 70%, and
79%, respectively, which is very significant.
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Investigation of Progressive Collapse of Knee Braced Frame in Steel Structures under Fire Loading
Marzieh Akbari Ali Mohammad Rousta Ali Alipour Mansourkhani Hamed Enayati

Abstract In this research, the progressive collapse of braced frames with knee braces in steel structures under fire
load was investigated based on the software modeling method. In order to carry out the research 3, 6 and 9-story steel
frames with coaxial and off-axis knee bracing systems were considered in the shape of inverted-V and were analyzed
and analyzed using the software method and ABAQUS and SAP software. In this regard, at first, the frames were
analyzed and designed by modeling the frames in SAP software, and the sections of the frames were determined. In the
following, the frame was analyzed in ABAQUS software under the fire load. the frame without and with the removal of
the critical elements was analyzed successively under the fire load in the SAP software to check and compare the energy
of the frame samples in each case based on the results obtained from the analysis. Based on the study conducted on the
frame with off-axis and coaxial knee bracing, it was determined that the bracing type of off-axis had a significant effect
on reducing the energy of the frame compared to the coaxial bracing system. The 3, 6 and 9-storyframes with off-axis
knee bracing had 35%, 50% and 65% less energy than the frames with coaxial knee braces during the fire and in the
entire time period.

Key Words Progressive Collapse, Steel Structure, Knee Brace, Fire Load, Energy Dissipation
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1. Introduction

Structures are vulnerable to significant damages during
seismic events, necessitating the implementation of
effective measures to mitigate their response to ground
motions. Isolated structures equipped with dampers have
proven to be successful in reducing structural vibrations
and improving seismic performance. Tuned Mass
Dampers (TMDs) are widely used devices that effectively
absorb and dissipate the energy induced by seismic forces.
This study aims to assess the effectiveness of TMDs in
enhancing the seismic performance of isolated steel
structures by evaluating their impacts on displacement,
drift ratio, and story shear forces.

2. Method

This study considered a 9-story steel building with a
special steel bending frame system and 4 openings of 6
meters in the X direction. The structure was designed
according to the Regulations of Building Design Against
Earthquake” (Standard 2800, 4th Edition) and Design
Code of Steel Buildings (AISC). The analysis was
conducted using Endurance Time Analysis (ETA) method
in SAP2000 software, considering both fixed and isolated
base conditions to simulate the presence of tuned mass
dampers. Various mass ratios of the tuned mass damper
were considered to investigate their influence on the
structural response regarding displacement, drift ratio, and
story shear forces (

Figure 1).

(a) (b) (©)

Figure 1. 9-Story structure: (a) without Base Isolation
System, (b) equipped with LRB Base Isolation System, and
(c) equipped with LRB Base Isolation System and TMD

3. Results

The results demonstrated the significant impact of the
tuned mass damper on the seismic response of the isolated
steel structure. The presence of the tuned mass damper
leads to a substantial reduction in displacement, drift ratio,
and story shear forces, indicating improved seismic
performance. The effectiveness of the tuned mass damper
increases with higher mass ratios, resulting in more
significant reductions in displacement, drift ratio, and
story shear forces. The performance of the isolator system
in terms of hysteresis behavior was also evaluated. Key
parameters such as the area under the hysteresis loop,
maximum displacement, and maximum force on the
surface of the isolator were considered. Increasing the
mass ratio of the adjustable mass damper system by up to
7% resulted in favorable hysteresis behavior, with a 16%
increase in wasted energy, a 31% decrease in maximum
displacement, and a 25% decrease in maximum force in
the isolator (Figure 2. The c).

50000 T
g’ 40000 — — - LRB+TMD2%
< — - - — LRB+TMD3%
3 ggggg LRB+TMD4% r ﬂ
© 20000 | ceeeereeeenes LRB+TMD5% 1T/
2 LRB+TMD7% ___~ ﬂ/{j
~ 10000 - in/
= 0 T }7‘ ,’i/ B
=) o
210000 | 77
£ .20000 | i
-30000

-0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40
Disp.(m)
Figure 2. The comparison of hysteresis loops of base isolator
with different mass ratios of tuned mass damper

Additionally, the response of the structure’s stories was
examined in terms of acceleration, displacement, relative
displacement ratio, and story shear forces. The use of the
adjustable mass damper system, along with the isolator
system, improved the acceleration response of the
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controlled structure. However, it was observed that the
effectiveness of the control system in improving the
acceleration response decreases as the mass ratio of the
damper increases. The displacement response of the stories
and the relative displacement ratio of the isolated structure
decreased significantly with the use of the adjustable mass
damper, with higher damper mass ratios yielding more
noticeable improvements. Similarly, the story shear forces
experienced by the stories were reduced by approximately
10%, 20%, and 30% for mass ratios of 5%, 7%, and 10%,
respectively, compared to the structure without any
damper system. These results highlight the effectiveness
of the adjustable mass damper system in reducing not only
the displacement and drift ratios but also the story shear
forces, contributing to the overall enhanced seismic
performance of the isolated steel structure.

9
—O0— Fix
8 —+—LRB
7 —X— LRB+TMD 2%
—x— |RB+TMD 3%
6 —&— LRB+TMD 4%
— —&— L RB+TMD 5%
% 5 —&— LRB+TMD 7%
> 4
o
» 3
2
1
0 %
0 50 100 150 200 250 300 350
Story shear (Tonf)
9
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7
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3
2 5
e
Z 4
3
2
1
-0.02 0.03 0.08
Interstory Drift Ratio
(b)
9
8
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$ 5
-
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g 4 —A— LRB
@ 3 —&— LRB+TMD 2%
2 —<O>— LRB+TMD 3%
—X— LRB+TMD 4%
1 —&A— LRB+TMD 5%
0 —O— LRB+TMD 7%

0 01 02 03 04 05 06
Story displacement relative to base Level (m)
(c)
Figure 3. Seismic response of the structure's stories: (a)

story shear, (b) inter-story drift ratio, (c) story displacement
relative to base level, and (d) Absolute acceleration

4. Conclusion

The results highlight that tuned mass dampers (TMDs)
have a positive impact on the seismic performance of
isolated steel structures. Integrating TMDs with seismic
isolation systems improves various structural aspects,
including reducing displacement, drift ratio, story shear
forces, base shear ratio, and foundation cutting. The
effectiveness of TMDs increases with higher mass ratios,
enhancing seismic performance. TMDs also reduce
plasticity in pavement and isolation systems, leading to
cost-effective designs. However, limitations exist in
reducing absolute acceleration response. Increasing the
TMD mass ratio doesn’t effectively improve absolute
acceleration compared to isolated states. These results
offer valuable insights for engineers and designers aiming
to enhance the seismic performance of isolated steel
structures by using tuned mass dampers.
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Assessment of the effect of the tuned mass damper on the seismic performance of isolated steel
structures by using endurance time analysis

Milad Zarbilinezhad Amin Gholizad

Abstract Isolators and dampers are devices that dissipate energy and reduce the seismic response of structures during
strong earthquakes. Lead Rubber Bearings (LRBs) and Tuned Mass Dampers (TMDs) are two common types of these
devices. Studying non-linear behavior and seismic properties of structural systems equipped with this type of isolators
and dampers can significantly enhance understanding of their behavior against lateral forces caused by strong
earthquakes. In this study, a 9-story steel structure was analyzed using the Endurance Time Analysis (ETA) method in
SAP2000 software with fixed and isolated bases, along with a tuned mass damper with different mass ratios and without
a tuned mass damper. The analysis results indicate that the tuned mass damper is highly effective in reducing the
displacement of the isolator level, drift ratio, and story shear forces. This effect is more significant with higher mass
ratios of the TMD. This effect is more pronounced with higher mass ratios of the TMD. However, reducing the absolute
acceleration response of the structure has not been effective, and increasing the mass ratio of the TMD only reduces the
performance of the control system in improving the absolute acceleration response compared to the isolated state.
Keywords Lead Rubber Bearing, Tuned Mass Damper, Endurance Time Analysis, Steel structure.
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1. Introduction

This study discusses the identification and prevention of
factors that contribute to accidents. Analyzing these
factors is crucial for reducing and managing accidents,
particularly in the case of multifactorial causes like traffic
accidents. The priority should be identifying the main
causes of accidents. The Covid-19 pandemic in Iran led to
the implementation of new driving laws and regulations,
potentially impacting traffic behaviors. While some areas
experienced a decrease in driving activities due to
restrictions, others saw an increase in accidents due to
drivers’ additional concerns and stress. Inattentiveness to
the front was analyzed as a collision approach during the
pandemic, along with other common accident causes. In
2020, 15,396 deaths were because of traffic accidents and
some provinces had higher fatality rates. In 2021, 16,778
deaths and 317,120 injuries were reported. This study
focused Rasht city. The study on traffic accidents in Rasht
city revealed an increase in accidents during the Covid-19
traffic restrictions compared to the previous periods.
Inattentiveness to the front was identified as a common
cause. The study aimed to assess the impact of traffic
restrictions, psychological burdens, and user behaviors on
this factor. Other contributing factors to urban accidents
were also examined.

2. Literature review

Several studies have investigated the impact of Covid-19
on road accidents. In a study focusing on New York City
in 2022 showed that while the overall number of road
accidents decreased during the stay-at-home policy, the
severity of accidents and the number of casualties among
cyclists increased significantly. Another study examined
the effects of quarantine measures in Tarragona, Spain,
and found a substantial reduction in accidents during the
quarantine period, indicating the positive impact of
reduced traffic on road safety. A paper in 2022 reviewed
the influence of Covid-19 on road traffic safety and travel
behavior, revealing that the pandemic led to fewer
accidents but more severe ones. Other studies in 2003 and

2005 focused on modeling road accidents in urban areas
and identified various factors related to traffic flow, road
conditions, driver characteristics, and vehicle types that
influence accident occurrence. Another study in 2022
found a significant decrease in fatalities and severe injuries
during the Covid-19 pandemic in Bangladesh, suggesting
the effectiveness of quarantine measures in reducing road
accidents.

3. Method

For conducting this research, accident data recorded by the
Traffic Police was utilized. The data encompassed the
period from the beginning of Covid-19 related traffic
restrictions in both urban and suburban areas, starting from
March 2020, until the end of the restrictions in October
2021. The collected accident data included dada on the
accident location, street name, and timestamp (year,
month, day, and hour). It also consisted of the elements
involved in the accidents, such as humans, vehicles,
animals, roadside objects, and so on. Environmental
conditions, including weather, lighting, and road surface
conditions, were documented as well. The causes of
accidents were analyzed, covering factors such as the
user's route, the type of accident, and the specific errors
involved. In this study, a logistic regression model was
used to model urban accidents in Rasht using SPSS
software. The dependent variable was the severity of
accidents, categorized into damage, injury, and fatality.
Fatal accidents were combined with injury accidents. The
independent variables included various parameters that
affect accidents. To use logistic regression, the data were
transformed into binary variables, with 1 indicating
involvement in the accident and O indicating non-
involvement. The majority of accidents (84%) were in the
damage category, while 16% resulted in injury or fatality.
The modeling aimed to analyze the relationship between
the independent variables and the likelihood of different
accident severities.
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4. Modeling and analysis of results

Logistic regression modeling techniques, specifically
backward, forward, and stepwise methods, were used to
model accidents caused by inattention to the front. These
techniques automate the selection of predictor variables
for logistic regression models. The backward method starts
with all predictor variables and eliminates the least
important ones, while the forward method starts with one
predictor variable and adds variables one by one. The
stepwise method combines both approaches. After
analyzing the results, it was found that the backward
method yielded the highest predictive results and accuracy.
After 18 steps of variable elimination, the final model was
obtained. Variables with a significance level below 0.05
were considered highly reliable in predicting the output
variables of the 18th step and the final model. Figure 1
shows the accident frequency and Table 1 shows the
coefficients of the forward method model.

51

Figure 1. Accident frequency

Table 1. Coefficients of the forward method model

Sig. df P-Value Final Step
0.158 1 -2.353 Step Ste
0.000 70 21.742 Block 18'0
0.000 70 21.742 Model

Table 2 shows the variables included in the model, the
results of the Wald test and the final logistic model. Certain
variables, including day of the week (Thursday), age and
gender of the driver (males over 60), time of day (9 pm to
6 am), collision type (front-to-front), and involvement of a
Pride car, increase the likelihood of fatal or injury
accidents. Conversely, variables such as time period
between 6 am and 9 pm, dry road conditions, and daylight
decrease the likelihood of fatal or injury accidents
compared to property damage accidents. These findings
offer insights for targeted interventions and prevention
strategies. Wednesdays were identified as a significant
factor contributing to the increased accidents in Rasht city
during the Covid-19 period. The city's geographical
features and its proximity to villages and other cities result
in high traffic flow on Wednesdays, unaffected by the
restrictions of the Covid-19. Accident rates decrease
between 6 am and 9 pm but increase between 9 pm and 6
am due to nighttime travel restrictions. Factors such as
inattentiveness, excessive speed, and the negative impact

of the Pride car model contribute to accidents during the
Covid-19 pandemic. Pedestrians, especially the elderly,
remain vulnerable, and the pandemic has not reduced their
risk. Male drivers above 60 years old, driving Iranian-
made vehicles, and engaging in front-to-front collisions
have a significant impact on accident severity.
Environmental factors like dry road surfaces and daylight
visibility also play a role in reducing accidents.

Table 2. The variables of the logistic model of accident
severity in Rasht city during the Covid-19 period

. independent
Exp(p) Si9) | (waig) | P variable
0217 0.109 2570 | 1529 | Wednesday
61021
0.035 0.012 6.364 | -3.345 ook
21t06
0.087 0.002 9205 | 2.446 Selock
Drivers
15.66 0.017 5656 | 2751 | Above 60
yrs.
Road
3.061 0.082 3020 | 1119 | o
0.127 0.008 6.946 | 2.063 Guilty
Drivers
Front-to-
9.057 0.004 8.176 | 2.204 front
collision
0.013 0.002 9.323 | -4.343 | Daylight
3.532 0.029 4743 | 1.162 | Pride Car
840.32 0.021 5338 | 6734 | 'mmobile
thing
5. Conclusion

The study examined accident severity in Rasht city and
found that factors like lack of attention, especially due to
online communication while driving, contribute to
accidents. Wednesday was identified as a day with
increased accident frequency. Older male drivers and
front-to-front collisions involving Pride vehicles were
associated with a higher likelihood of fatal or injury
accidents. On the other hand, daytime hours, dry road
conditions, and good visibility were linked to a decreased
probability of fatal or injury accidents.

6. Suggestions
The key measures to reduce accidents include:
e Compliance with traffic laws and regulations;
e Increasing public awareness of driving safety;
e Modifying driver behavior to prioritize safe
driving practices;
e Improving driving infrastructure and road
conditions;
e Utilizing advanced technology for enhanced
safety measures;
e Enforcing traffic restrictions.
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Modeling and Analyzing the Accidents Severity due to the Lack of Attention to the Front
in COVID-19 Restrictions using Logistic Regression
Maziar Abolfazlzadeh Seyed Ebrahim Abdolmanafi Hassan Khaksar

Abstract Traffic accidents are considered as one of the main causes of the worldwide death. Statistics indicate that
the failure in keeping an eye on the road is the most common cause of accidents. Since the outbreak of COVID-19,
policies executed extensively regarding travel restriction around the world have played a significant role in changing
urban travel patterns. Relatedly, the global COVID-19 pandemic can be counted as one of the most influential factors
in traffic behavior during recent years. As a result, since new driving regulations were established for urban and
suburban traffic, therefore, traffic behaviors were affected by the aforesaid laws. In this regard, it is worth adding that
travel prohibitions have led users to rely excessively on social applications to establish the missing communication. In
this respect, alongside other influential factors in the severity of accidents, analyzing the failure in keeping an eye on
the road through using accident severity models based on the effective parameter is possible. In this article, urban
accidents that are related to the failure in keeping an eye on the road during the COVID-19 pandemic are analyzed by
using logistic regression. Respectively, the data of this article covers the number of accidents from 2018 to 2022 in
three intervals: 20 months before the spread of COVID-19, 20 months during the COVID-19 pandemic, and after
eradication of urban traffic restrictions in Rasht city. The final model shows that the independent variables of
Wednesday, male drivers over 60, bumper-to-bumper collision, and a specific car named Pride increase the probability
of accident with fatal or light injuries compared to a property damage accident. Variables with negative coefficients
(hours from 6 to 21, dry road surface conditions, clear weather, and daylight conditions) reduce the probability of
accidents with fatal or light injuries compared to a property damage accident.

Keywords Accidents Severity, Covid-19, Logistic Regression, Failure in Keeping an Eye on the Road.
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1. Introduction

Traditional active, semi-active, and hybrid structural
control systems often use cables to communicate between
sensors, controllers, and actuators. In such systems,
installing wired sensors is usually very time-consuming
and expensive. Moreover, it is difficult to establish such
extensive cabling in large-scale civil structures. In order to
reduce the financial and time costs of wire-based systems,
new wireless communication technologies have been used
in structures in academic and industrial research for
wireless measurement and monitoring. Recently, wireless
structural control has been introduced as an alternative
method to wired control systems. Lower installation time
and maintenance cost along with lower energy
consumption make wireless control more attractive
compared to classical control system.

In previous researches, the wireless control system has
been studied on various structures. This study examined
using a wireless sensor network and its implementation on
a three-story benchmark structure, and designing
controller. Moreover, fuzzy control trained by genetic
algorithm was used to control the system considering time
delay.

2. Statement of the problem

Figure 1 shows the general strategy of wireless control. In
this model, together with base excitation, the sensors
transmit their measured data to the controller through the
network. The measured data of dampers in previous step is
also sent to the controller by another wireless network.
After determining the required voltage of the damper, the
controller sends the data through another network to the
sensors in the floors. All wireless networks transmit data
with the collected noises to the source sensor.

3. Numerical modeling

For numerical study a three story benchmark building was
selected. This structure is 36.58 m by 54.87 m in plan, and
11.89 m in elevation. The bays are 9.15 m on center, in
both directions, with four bays in the north-south (N-S)
direction and six bays in the east-west (E-W) direction.

The building’s lateral load-resisting system is comprised
of steel perimeter moment-resisting frames (MRFs) with
simple framing between the two furthest south E-W
frames. The interior bays of the structure contain simple
framing with composite floors.

AD

Sensor Measurement

x i -
StrucI‘-—“ W—W

Earthquake Recn/rd

I_> Wireless Sensor
Network

|“M

Delayed Sensor

Wireless Traces Measurement

voltage
n Wireless Sensor
MR Damper Network =~ Controller [*—
Wireless Sensor
Force Network

Figure 1. An overview of wireless benchmark model

The control strategy implemented is semi-active. Semi-
active control has the advantages of both active and
passive systems at the same time. Some prominent features
such as good control, low cost, and low energy
consumption make this system a high efficient one. In the
control process, the control device can adjust its
parameters using external energy. On the other hand, no
additional energy is applied to the floors. As a result, the
system is always stable.

In this structure, due to the limitation in MR damper
capacity, three actuators in the first floor and two actuators
in the second and third floors are installed. A
phenomenological model of an MR damper, based on a
Bouc-Wen element, is employed in the analysis. In order
to evaluate proposed control strategies, four historical
records are selected: i) El Centro; ii) Hachinohe; iii)
Northridge; and iv) Kobe.

Six evaluation criteria related to the building responses
were used. The first three criteria are based on peak inter-
story drift ratio (J,), level acceleration (J,), and base shear
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(J3). The next three criteria are based on normed building
responses. The inter-story drift (J,), level acceleration (Js),
and base shear (Ji) are defined in their normed based
forms.

The wireless network model is implemented in
TOSSIM. To realistically simulate the wireless network,
experimentally collected noise traces and received signal
strength indication (RSSI) traces are utilized as inputs to
TOSSIM. The network employs a TDMA protocol that
divides time into time slots synchronized among all
sensors, and each time slot can accommodate the
transmission of a data package. WSN standards based on
IEEE 802.15.4 radios commonly employ 10-ms time slot.
The amount of time delay in the whole system is 30-ms.

3. Controller

The proposed controller of Fazaeli and Karamodin, which
includes a linear LQG controller and an optimized fuzzy
controller, was used. In the proposed system, the
acceleration of the floors is selected as the input of the
LQG linear controller, and then the output of the controller
is the required force of the damper. The force of the LQG
linear controller and the force generated by the MR damper
in the previous step are the inputs of the Takagi-Sugeno
fuzzy controller. The output parameters of the fuzzy model
are calculated by the genetic algorithm in such a way that
the desired objective function is minimized. The
optimization criteria is to minimize peak inter-story drift
ratio of controlled to uncontrolled structure. First, the
controller is trained by genetic algorithm for 1.5 scale of
El Centro earthquake by MATLAB software, and then the
performance of the wireless controller is evaluated in other
earthquakes with different intensities.

4. Conclusion

This study focused on developing a control system for the

nonlinear 3-story benchmark building with wireless sensor

network. The MR damper was controlled using a Fuzzy-

Genetic algorithm that supplies continuously varying

command voltages. In general, the use of wireless control

caused a slight increase in the responses of the structure
compared to the wireless mode due to longer time delay.

Based on the numerical simulations, the following

conclusions are drawn:

1. The results show that both wired and wireless controls
have a suitable performance in reducing structural
responses such as displacement and acceleration and
have close performance to each other;

2. Both types of wired and wireless control in El Centro
and Hachinohe reduced the amount of relative
displacement and acceleration of floors compared to
the uncontrolled state;

3. The acceleration values are close to the uncontrolled
state in El Centro earthquake. However, wired control
has a better performance at the first and second floors;

4. The maximum relative displacement of the floors in the
structure with wireless sensor decreased compared to
the uncontrolled structure in Kobe earthquake;

5. The performance of the wireless system was suitable in
reducing the maximum acceleration of the floors in the
Kobe earthquake and it was able to reduce the

acceleration of the second and third floors compared to
the wired control;

. Wireless control caused a 17% increase in first

evaluation criteria (J1) compared to the wired mode;
In the second evaluation criterion (J2), which shows

the maximum acceleration of the floors of the

controlled structure to the uncontrolled structure, the
wireless control shows a 13% increase compared to the
wired mode;

. The average maximum base shear of the controlled to

uncontrolled structure (J3) in the wireless structure
increased by 15% compared to the wired system.
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Semi-active control of three-story benchmark structure using a wireless sensor network
Hossein Fazaeli Abbas Karamodin

Abstract Control of structures in order to prevent serious damage to structures has become a prominent issue in
earthquake engineering. In traditional structural control systems, wires were used to communicate between sensors,
actuators, controllers and integrate the entire system as a single network. Using of wireless sensors for measurement,
communication and control in structures has increased with the advancement of technology. The use of this technology
has attracted the attention of engineers due to the reduction of installation costs and flexible system. In this article, the
benchmark nonlinear three-story structure with magnetorheological damper (MR) equipped by wireless sensor network
is investigated. The seismically excited building is combined with a wireless sensor network simulated by TOSSIM in
the MATLAB 2018 simulator environment. For real network simulation, noise and wireless signals collected from a
real structure have been used. In this network, a time division multiple access protocol (TDMA) is used. This protocol
assigns a specific time to each sensor to send information. The benchmark structure is trained by a fuzzy-genetic
controller. Then, the structure equipped with wire and wireless sensors was evaluated under the various earthquakes.
Examining the evaluation criteria and time history charts shows the proper performance of the wireless system in
reducing structural responses. At the same time, the wireless system has caused a slight increase in the average
displacement and acceleration of floors compared to the wired mode.

Keywords Benchmark structure, Wireless sensor, nonlinear building, magnetorheological damper, Semi active

control.
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Earthquake Record
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Structure
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Controller

Wireless Sensor
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Building Plan

Nt NOTES

I I Beams (248 MPa):

I beam sizes as indicated in figure.

I Columns (345 MPa):

Sk I column sizes same throughout elevation
I Restraints:
1—4 columns fixed at base;
At _ta Connections:

- indicates a moment resisting connection:
- - indicates a simple (hinged) connection

Elevation Dimensions:
all measurements are center line;
floor-to-floor heights 3.96m (13-0");
bay widths (all) 9.15m (30-07).
Seismic Mass:
e [weas [Bwors JOiweas fO = including steel framing, for both N-S MRFs.
H 1st-2nd levels 9.57x10%kg:
- 3rd level 1.04x108 kg;
Ground 3, \\ entire structure 2.95x108 kg
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Interstory drift ratio Level acceleration Base shear
d.(t
max, I Ih( )| 5 max,; | %, (t) | max,; | > m&,(t)|
‘]l = MaXgicentro Ti 2 = MaX Elafgl?itr:ghe K, J3 = MaX gicentro imax
Hachinohe ) Northridge al Hachinohe Fb
Northridge Kobe Northridge
Kobe Kobe
Normed interstory drift Normed Level acceleration Normed base shear
d.(t
max.; ” I( )” max ” Xai (t) ” max l meai @l
= hi ‘]5 = max Elcentro o _ i
‘]4 - maXEIcen_tro T emax Hachinohe ” XM ” JG - maXEIcen_tro T
Hachinohe | 6™ | Northridge a Hachinohe "™ |l
Northridge Kobe Northridge
Kobe Kobe
S5 oS J 28 S ol gla el ¥ d s
Pi q; L Pi q; n
mfl -0.282 0.421 0.414 mfl4 -0.029 3.788 1.397
mf2 3.234 2959 1.656 mf15 -3.405 1.404 0.227
mf3 0.388 2.880 -1.378 mf16 -2.951 2.777 0.459
mf4 -0.051 0.790 -1.182 mf17 3.972 -1.894 0.735
mf5 2.077 3.627 -0.758 mf18 -0.525 -0.544 1.410
mf6 3.437 3.875 -1.294 mf19 2.013 -0.561 -0.029
mf7 -0.035 2.480 0.302 mf20 -2.977 0.257 -1.297
mf8 -1.003 2.211 0.381 mf21 1.488 -1.111 -1.660
mf9 1.022 -2.272 -0.981 mf22 0.265 -1.867 -1.220
mf10 3.375 3.673 -0.592 mf23 3.070 2.124 -1.152
mfll 2.598 1.887 0.606 mf24 3.390 0.222 1.980
mfl12 -1.092 3.578 -1.575 mf25 -3.219 2.393 0.508
mf13 -1.974 1.171 1.406
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AVG
Controller | 0.5 1 1.5 0.5 1 1.5 0.5 1 0.5 1
Wired | 0.313 | 0.454 | 0.641 | 0.211 | 0.319 | 0.406 | 0.435 | 0.793 | 0.799 | 0.864 | 0.524
" Wireless | 0.343 | 0.697 | 0.660 | 0.187 | 0.364 | 0.515 | 0.578 | 0.779 | 1.149 | 0.898 | 0.617
Wired | 0.595 | 0.752 | 1.010 | 0.568 | 0.496 | 0.735 | 0.855 | 1.045 | 1.080 | 0.795 | 0.793
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" Wireless | 2.114 | 2.492 | 2.377 | 1256 | 1.236 | 1.407 | 219 | 2266 | 2.693 | 3.131 | 2.116
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1. Introduction

Functionally Graded Materials (FGMs) are well-known
for their high thermal resistance and low thermal stresses.
These materials are commonly used in structures that are
subjected to impact and thermal shocks. FGMs consist of
a pure ceramic layer on one side, which is weak in
comparison to other materials, especially metals, due to
their low ductility; the feature makes them very susceptible
to cracking. Therefore, there is a strong need to increase
the ductility of ceramics. Incorporating a resistant coating
can lead to better performance. Moreover, the other side of
FGMs is made of pure metal, which can be improved by a
resistant coating to increase its thermal capacity, corrosion
resistance, and surface wear resistance. These resistant
coatings are multi-layered composite materials that are
placed next to each other but are not soluble in each other.
These materials are made up of a polymeric resin (plastic
reinforced with coarse molecules) as a base with strings
and fibers as the reinforcing agent. Therefore, in this study,
multi-layered composite materials were placed on both
sides of the FGM core. One of the innovations of this study
is the comparative performance analysis of the impact of
parameters on the dynamic response of cylindrical shells
with MLC-FGM-MLC structure under impact loading.
This includes the investigation of the influential impacts of
FGM core volumetric power index, types of CFRP
(Carbon Fiber Reinforced Plastic) and GFRP (Glass Fiber
Reinforced Plastic) layers, angles of layer orientation, and
the number of layers of composite materials on the shell’s
response. For this purpose, the shell is modeled as a set of
smaller shell elements using the finite element method in
Abaqus software, and its nonlinear geometric dynamic
behavior is examined by applying the equations governing
the deformed elements in each time step.

2. Fundamentals and concepts

In this study, the target shell’s core is made of ceramic and
metal phases and has a gradual and continuous change of
material properties along its thickness. Using the mixing
law, material properties such as elasticity modulus,
density, and Poisson's ratio vary throughout the variable

thickness. This change in material properties is defined by
Equation 1.

p(z)=pV.(@)+pV,(2) 1)

where p. and p, represent the material properties of
ceramic and metal phases in FGM, respectively, and V.(z)
and Vi (z) are the volume fractions of ceramic and metal,
respectively, which is expressed as follows:

V(2)+V,(2)=1 )

VC:(ZZ +hjn @3)

2h

In these equations, 7 is the volume power index of
volume and # is the thickness of the desired shell.

(B) (A)
Figure 1. A) geometry and coordinates of the hollow

cylindrical shell; B) schematic placement of MLC and
FGM layers along the thickness of the shell

The shell has dimensions a=b=1 (Figure 1) and simple
boundary conditions at the four edges of the shell (Figure
1). A Frender impact is applied to the outer surface of the
cylindrical shell according to Equation 4. The studied
cylindrical shell is composed of composite and
functionally graded materials, and the materials used in the
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shell’s skin and core are represented as inner
skin/core/outer skin. Therefore, for examining the
influential parameters, four different cases of CFC, CFG,
GFC, and CFG are considered, where CFC stands for
CFRP/FGM/CFRP, CFG stands for CFRP/FGM/GFRP,
GFC stands for GFRP/FGM/CFRP, and GFG stands for
GFRP/FGM/GFRP.

P(x,y,t)=PR )R (xy)
P, =100kPa
P.(x,y)=10
o (4)
1-—)e ™ t<t
tD

0 t>t,

p

R=

Here Py is the maximum pressure during loading time, Py(?)
is the pressure distribution over time range, and P; is the
pressure distribution on the shell surface, a is the wave
shape parameter,  is the elapsed time, and ¢, is the loading
time considered for ,=20ms, 0=2 in this study.

The type of material mixture for FGM is selected as metal-
ceramic (aluminum-silicon carbide). Table 1 presents the
mechanical properties of these materials such as Young’s
modulus, density, and Poisson’s ratio. The upper and
lower MLC surfaces of the shells are made of composite
materials GFRP and CFRP. Table 2 shows their
mechanical specifications.

Table 1. Mechanical properties of FGM materials

Mechanical | Young's | Density | Poisson's
properties | modulus | (kg/m®) ratio
(GPa)
Aluminum 67 2702 0.33
Silicon 302 3100 0.17
Carbide

Table 2. Mechanical properties of composite materials

Mechanical properties CFRP GFRP
Density (kg/m?) 1572 2301
Ex(GPa) 121 463
Ey (GPa) 14 11.6
E. (GPa) 14 11.6
Vxy 0.17 0.25
Vyz 0.40 0.39
Vxz 0.020 0.062

3. Examined parameters

First, the impact of the volume power index of the FGM
material in the core of the shell was examined. For this
purpose, seven volume power indices
(n=0.0,0.2,0.5,1.0,2.0,5.0,0) with a curvature of
0.25 (4-meter radius) were modeled under impact loading.
The multilayer composite surfaces on both sides of the
FGM core were arranged in four layers and with angles of
45°/90°/45°/0°. Next, the placement of monolayers in the

multilayer composite surfaces was examined and five
angles (¢ =15",30°,45°,60°,75°) were analyzed. Shells

with a curvature of 0.25, 12 mm thickness, and FGM core
with volume power index n=1 were modeled under impact
loading. Finally, the impact of the number of layers in the
composite surfaces of the shell was examined, and models
with 4, 8, 12, 16, and 32 layers were modeled under impact
loading. In this study, a curvature of 0.25 and layering of -
45°/90°/45°/0° for every 4 layers in the composite surfaces
of the shell and volume power index n=1 for the FGM core
were considered.

4. Conclusion

The effective factors of composite cylindrical shells with
FGM core, including the volumetric power index, different
angles of fiber placement in the composite materials, and
the number of composite layers, were investigated. The
results of comparing and evaluating the dynamic behavior
of the shells are summarized as follows.

e Nonlinear geometric displacement is more significant
than linear displacement at the center of the shell, and
with the increase of the volumetric power index, the
amount of displacement at the center of the shell has
increased. The maximum displacement occurred in the
all-metallic  shell (n=0), and the minimum
displacement occurred in the all-ceramic shell (n=0),
and the response of other shells was between the two
states. Moreover, in the CFC and GFG states, the shell
has the least and most displacements, respectively;

e By examining the arrangement of monolayers, it was
observed that selecting @ =15" will cause the minimum
displacement in the shell, and selectingd=60" will
cause the maximum displacement in the shell;

Examining the impact of the number of multilayer
composite layers on the upper and lower surfaces of the
shell showed that when the number of layers increases the
maximum displacement at the center of the shell decreases.
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Geometric Nonlinear Dynamic Analysis of MLC Cylindrical Shells with FGM Core under Impact
Load using by Finite Element Method

Mojtaba Shahraki Farzad Shahabian Moghadam

Abstract In recent decades, shells made of composite materials have been used in modern structures under impact
load. Multi-Layer Composites (MLC) and Functionally Graded Materials (FGMSs) are the upgrades of composites that
have been considered due to their suitable mechanical properties such as high resistance to weight ratio, flexibility and
impact resistance. In this research, geometric nonlinear dynamic behavior on multilayer composite cylindrical shells
with FGM core under impact load has been analyzed; because it is necessary to know how structures made of these
materials behave under such loads. For this purpose, the effect of FGM core volume fraction index and the effective
parameters of multi-layer composites such as the angles of the layers and the number of layers have been investigated.
The results of this study show that by increasing the volume fraction index, the maximum displacement of the shell
decreases. The maximum displacement occurs in the CFC (CFRP/FGM/CFRP) shell with pure metal FGM and the
minimum displacement occurs in the GFG shell with pure ceramic FGM. Evaluation of the different positions of the
layers shows that selecting a 15-degree positioning angle causes less displacement and also decreases the displacement
as the number of layers increases.

Keywords Multi-Layer Composites (MLC), Functionally Graded Material (FGM), Cylindrical Shell, Geometric
nonlinear dynamic analysis, Impact Load.
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