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ABSTRACT

This research aims at introducing a new idea in the design of frames to eliminate or suppress the transmission of waves through
the structure in a certain designated range of frequencies that is called hereinafter as frequency band gap. To achieve this goal,
we apply a concept from the mechanics of metamaterials to the investigated structural system by proposing a new beam-column
connection in a multistory 2D frame. Modal and harmonic analysis are carried out for both the new proposed frame and the
ordinary one in order to investigate the response of both systems. A thorough time history analysis is applied, also we
demonstrate the response of the new proposed model under the loading of 9 different earthquake loads and a comparison
between the resulted displacement and base shear is performed. Furthermore, a realization of the new connection is
demonstrated. Results, comparison, and discussion are presented. The results show that the new proposed frame exhibits the
calculated frequency band gap and the effect of seismic waves with frequencies within the bandgap frequency range was
significantly mitigated. The novelty of this research is the ability of the new proposed idea to generate and tailor a frequency
band gap in order to prevent the transmission of waves in this range of frequencies through the structural system itself.
Consequently, the bandgap range of frequencies for each structure can be tuned depending on the seismic risk of its region on
the global scale. This new feature could have a great impact and significant application to mitigate the effects of seismic waves
on a structure.

Keywords: Frequency band gap, Metamaterials, Vibration, Waves, Modal analysis, Harmonic analysis, Frames, Beam-column
connection, Time-history analysis.

1. Introduction

Metamaterials can be considered as engineered materials; they are made of a group of any kind of elements that are
organized in repeating patterns. The geometry of the metamaterial structure [1][2] can make it cloak elastic waves for a specific
range of frequencies. Thus, metamaterials [3][4][5]can protect structures from vibration[6][7][8]. That specific range of
frequencies is called bandgap [9][10][11] and it is related to a unique elastic coefficient called cosserat couple modulus as
proved by Madeo et al. [12].

In 2018, El-Sherbiny et al. [13] have analyzed the response of three different 1D continuum models under the effect of
harmonic load excitation. The models exhibited a highly attenuated response in a range of frequencies that is called the band
gap frequency. Also, they presented the analytical expressions of the upper and lower limits of such a band gap. Moreover,
they numerically analyzed a 2D geometry with uniformly distributed oscillators to investigate its response under longitudinal
or transverse excitation. Under harmonic load excitation and using FE program simulations, the model was analyzed, and the
resulted band gap was calculated.

Furthermore, in [14] a 3D printed microstructure is experimentally tested. It contains a density of resonators using a
shaking table device and a frequency bandgap was obtained as expected.

Also, dell’Isola F et al. [15] performed numerical simulations on a pantographic 2D lattice in order to find suitable
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inclusions that can damp selected frequencies.

This paper demonstrates and discusses the harmonic analysis of a 2D reinforced concrete frame. Since the study of
waves is indirectly the study of a simple harmonic motion, we can discuss the work of many researchers who presented time-
history analysis for seismic metamaterial structures and the effect of the metamaterial concept on the propagation of waves.

Firstly, Briilé et al. [16] demonstrated an experiment about a seismic metamaterial consisting of a mesh of vertical empty
inclusions bored in the initial soil. The metamaterial structure was exposed to seismic waves generated by a monochromatic
vibro-compaction probe. The energy in the field was measured before and after installing the boreholes and a strong reflection
of surface waves by the seismic metamaterial has been confirmed.

In 2016, Colombi et al. [17] studied a meta-surface made of spatially graded subwavelength resonators on an elastic
substrate. They concluded that this seismic metamaterial structure can convert the destructive seismic waves into harmless bulk
shear waves when the waves have been approaching the short side of the wedge. Moreover, when approaching the long side of
the wedge, the waves have been diverted into the bulk.

Moreover, an elastic metamaterial with periodically square concrete filled steel piles embedded in soil was analyzed by
Du at al. [18] . They achieved a seismic shield for guided Lamb waves and surface waves. Complete band gap with specific
frequencies were developed. They found that the periodic composite consisting of periodic square shaped piles produces a
wider band gap than that of rectangular or cylindrical shaped piles. Band gap highly depends on the shape, dimensions, and
material properties of the structure.

A new design paradigm of composite foundations was proposed by Casablanca et al.[19]. It retains the resistance of a
standard foundation to a vertical load (i.e., a building on top), while offering the advantage of filtering the energy of S-waves
propagating through it with frequencies within its band gap.

It was concluded that S-waves with frequencies greater than 4.5 Hz (the starting frequency of the theoretical band gap) are
attenuated and that the device studied can filter more than 50% of the wave energy within that band gap.

In 2021, Palermo et al. [20] investigated the propagation of waves in a non-linear metasurface consisting of an array of
non-linear oscillators attached to the free surface of a homogenous substrate. Then, they studied the influence of non-linearity
on the spectral gap width and frequencies. Moreover, they investigated the combined effects of non-linearity and energy loss
on the dispersive properties of the metasurface.

In addition, Dian-Kai Guo et al. [21] explored the coupled interference of the seismic resonators with the anisotropy of the
surrounded soil material so that the seismic waves, within a certain frequency range, can be cancelled for earthquake protection.

Furthermore, Xiao Wang et al. [22] proposed 1D and 2D seismic metamaterials composed of common building materials to
avoid expensive materials. The seismic metamaterial consisting of periodic infilled pipes filtered the Rayleigh waves and the
band gap width depended on the distance between two adjacent infilled pipes and the properties of the soft filling material.

Xinyue Wu et al. [23] succeeded to broaden the band gap in a low frequency range by proposing a seismic metamaterial
structure consisting of pillars above the ground and core-shell inclusions embedded in the soil. This metamaterial structure is
aimed for protecting large infrastructures or civil engineering architectures.

A novel type of 2D seismic metamaterial was demonstrated by Ting Ting Huang et al. [24]. The metamaterial structure
consisting of auxetic foam-coated hollow steel columns was analyzed and a parametric study was performed. The width of the
band gap depended on the shape and height of the unit cell in addition to the properties of the auxetic foam.

The geometry and material of the seismic metamaterial structure play a major role in cloaking seismic waves and controlling
the width of the band gap as presented by T. Venkatesh Varma [25]. They studied several seismic metamaterials with different
geometries and materials and consequently they found that the steel columns are more effective but expensive. Non-reinforced
concrete could be a more effective alternative when casted as columns coated with soft soil. Also, Xingbo Pu et al. [26]
controlled the surface waves artificially using periodic wave barriers.

Lei Xiao et al. [27] explored that the soil-structure interaction can improve the seismic mitigation performance of a periodic
foundation. Likewise, Xinnan Liu et al. [28] introduced a combined layered periodic foundations with different unit cells in
tandem as seismic metamaterial structure. They also studied varying configurations of the metamaterial and showed its low
starting frequency attenuation zones.

The application of metamaterials is also introduced in railways by Ting Li et al. [29] to shield the ground vibrations resulted
from the high-speed rail system. They developed a 3D coupled train-track-soil interaction model and investigated the variation
of the number of inclusions, the distances, and the train speeds on the mitigation effects for the induced ground vibrations.

Xingbo Pu et al. [30] proved the importance of fluid-solid interaction in the dynamics of the seismic metasurfaces. They
analytically studied the seismic metasurfaces while propagating Rayleigh waves through a porous layer of soil equipped with



local resonators and showed that the band gap is influenced by the variation of the water table level. Also, Wenlong Liu et al.
[31] proposed an ultra-wide band gap metasurface and applied it in bridge engineering.

Colombi A et al. [32] discussed in detail the role of the metabarrier and the metafoundation in the mitigation of seismic waves
impact on buildings. The metabarrier surrounds the structure and cloaks the seismic waves and the metafoundation supports
the structure and reduces the effect of waves. They performed a full 3D numerical simulation considering various parameters
such as soil type, size, number of resonators and source directivity.

Jean-Jacques Marigo et al. [33] simulated an array of plates over a semi-infinite elastic ground and analyzed its effect on the
propagation of the seismic waves. Also, periodically arranged built up steel section in a soil medium showed a 50% reduction
in surface wave amplitude as presented by Muhammad et al. [34].

Meng Wang et al. [35] introduced a negative stiffness amplifying damper [36]that provides approximately 20% increase in the
energy dissipation for long period structures.

So, metamaterials can be useful in vibration isolation and acoustics for their ability in filtering elastic waves. Band gap
width and frequency depend on the geometry and material properties of the system. The metamaterial system can be installed
in the soil surrounding the host structure or in the foundations of the structure or in the structural system itself as we introduce
in our research. The inclusion of metamaterial concept in the structure will be introduced and discussed in section 2, then the
development of the proposed model will be presented in section 3 and at last the results of the harmonic analysis and time-
history analysis applied on both ordinary and new model will be presented in section 4.

2. The innovative idea

All previous researches discussed in sec.1 demonstrated the application of the concept of metamaterials either by using
metamaterial structures installed in the soil surrounding the host structure or in the foundations of the structure or by installing
external devices in the structure such as tuned-mass dampers.

The novelty of this research is to build a structure that acts like a metamaterial itself and to apply the concept of metamaterials
in the structural building system. For a simple 2D frame, this idea can be achieved by converting the perfect rigid beam-column
connection to an elastic one as shown in Fig.1. In other words, we introduce a connection in which the girder is connected to
the column vertically through a roller support rested on a bracket connected to the column and horizontally by a spring, see
Fig.1(c). This new form of connection in all beam-column joints of the frame and the repeating pattern of the spring mass
system at each storey along the whole structure give the frame new features. When the structure is exposed to incoming waves,
the springs will oscillate and cancel the effect of incoming waves at a certain tuned range of frequencies that is called herein a
bandgap [37]and it is the most important feature in this research. This feature ensures that no waves in the range of frequency
band gap can be transmitted through the structure. The band gap limits are w1 and ® or the range of frequencies of the band
gap can be determined by the equations (1) and (2) presented by El-Sherbiny et al.[13].
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Fig. 1 The difference between the ordinary rigid connection and the proposed connection. a) Typical 2D frame, b) Typical beam-column
joint, ¢) The new proposed connection.
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Where o1 is the first band gap limit, and w; is the second band gap limit, k is the stiffness of springs per unit length, m is the
resonators mass per unit length and p is the host mass per unit length. These parameters will be discussed in detail in the next
section.

In order to visualize this connection in real life, it can be a laminated rubber bearing with tailored stiffness depending on the
tuned bandgap. Zhang et al. [38] studied the hysteretic behavior of a laminated rubber bearing under displacement loading, see
Fig.2, and deduced its stiffness that can be tailored upon the specimen’s geometry characteristics. For the proposed connection
in this research, we can tailor a laminated rubber bearing with the needed stiffness value in order to obtain the required range
of frequency bandgap.

Fig. 2 Laminated rubber bearing specimen under displacement loading.

3. Proposed Model and Analytical Technique

In order to investigate the idea explicated in section 2, we illustrate it with an example. Thus, we propose a 2D reinforced
concrete frame consisting of 10 stories as shown in Fig. 3. The simulation is realized through ANSYS where all beam-column
constraints have the new proposed connection illustrated in Fig.1c. The typical girder with a mass my has a periodic arrangement
and it is modelled as a concentrated mass connected laterally to columns having a typical height H by a double spring one on
the left and the other is on the right-hand side of the girder. The girder is simulated as a structural mass element on one node
in the middle of the storey, the connection between the structural mass element and the column is modelled as a spring-damper
combination element. The reinforced concrete columns are clamped at the base and the physical properties of the model are
given in table 1.

b C
fes ANSYS
2020 R2
Structural mass
myp A// Element
H 1 - Beam Element
H |—:| Detail (a) \
Mp Spring-damper
/ combination Element
A
I
- — final frame LX
(a) (b)

Fig. 3 a) The proposed frame, detail (a) is the proposed connection from Fig.1, b) The frame model on ANSYS 2020 with detailed
elements.



The proposed model is shown in Fig. 3, where a girder having a mass my is connected laterally to a column having a
constant cross section area through a spring of stiffness ks. The band gap limits of this model are determined using Eq. 1,2 and
the parameters of these equations corresponding to the physical properties introduced in table 1 are presented in Eq. 3, 4 and
5.

sz 3)
m ="t @)
p=2Axy (5)

Where ks is the stiffness of the spring, H is the typical story height, ms is the mass of the girder, A is the cross-section area of
the column and y is the density of the concrete that was modelled as a linear isotropic material with a 2E+10 kg/m? young’s
modulus and a 0.3 Poisson’s ratio.

Table 1. The properties of the frame analyzed by the FE program.

Parameter Value Parameter Value
k, (N/m) 4935000 K (N/m?) 3.29 x 106
m, (Kg)(in X-direction) 10000 m (kg/m) 3.33
H (m) 3 p (kg/m) 800
A (m?) 0.4x0.4 w (rad/s) 31.4
v (kg/m3) 2500 w, (rad/s) 71.4

and the band gap limits values are;

fi=22=5Hz, f, =22 =11.36 Hz ©

Thus, as a matter of facts, for the proposed model and the given physical properties, the band gap limits are obtained (Eq.6)
and the frequencies in the range between f; =5 Hz and f, = 11.36 Hz will be eliminated under harmonic loading.

A comparison will be performed in the next section between the proposed frame consisting of typical double spring system and
an ordinary concrete frame through modal, harmonic analysis, and time-history analysis.

4. Results and discussion
4.1 Modal Analysis Results and Discussion

A modal analysis was conducted for two models using the FE program ANSYS. The first model is an ordinary frame with
a column-frame connection of the type of Fig. 1b and the second one is a frame with the same physical properties but with a
frame-column connection of the type of Fig. 1c. The modal analysis results of the ordinary frame compared to the proposed
frame are presented in Table 2.
Table 2. Comparison of frequencies (Hz) modal analysis results between the ordinary frame and the proposed frame.

Mo-

de Ordinary Frame Proposed Frame

no.
0.608 0.203
1.89 1.27
3.4 3.55
5.096 6.96
7.04 10.21
[ 6 | 9.217 10.525
11.532 11.4892
[ 8 | 13.813 11.528
[ 9 | 15.8017 13.4719
17.1753 16.4964



The difference between the mode shapes of the two models is shown in Table 3.

Table 3. Comparison of mode shapes for the ordinary frame and the proposed frame.
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The above results show:
e The fundamental frequency of the proposed frame is lower than that of the ordinary one, and this can be explained
with a reduction of the stiffness in the joint and therefore in the whole system.
e In Table 3, the fifth and sixth mode fall in the frequency band gap. Thus, the corresponding mode shapes of first
and second columns are considerably different.
e The mode shapes of the proposed frame varied more noticeably than that of the ordinary frame, also the top
relative displacement diminished remarkably in the 5" and 6" modes as shown in rows 5 and 6 in table 3.

4.2 Harmonic Analysis Results and Discussion

Both models have been analyzed under horizontal harmonic excitation (Eq. 7) at the base of the frame. The excitation
frequency ranges from 0 to 15 Hz. Damping is not introduced in the analysis.

Ys(t) =y, sinwt )

Where yi(t) is the imposed support displacement at the basis, y, is the excitation amplitude of the imposed displacement set to
1 mm, o is the excitation angular frequency and t is the time.

The response of both frames are reported in Fig.4, in terms of the dynamic magnification factor D(= y+/yo) as a function of the
excitation frequency f = w/2m, where y: is the amplitude of the displacement response related to a general point, yuw is the
amplitude of the displacement at the top of the frame in the middle of the beam in the steady-state response (see point b in
fig.3) and yi. is the amplitude of the displacement at the top of the frame in the column in the steady-state response (see point
cin fig.3).

The magnification factors that are visualized in Fig.4 are defined as follows,

Dy = Y /Yo (8)

De = Yie/Yo 9)
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Fig. 4 Harmonic analysis results (a) the response of the ordinary frame, (b) the response of the proposed frame (figures show the bandgap
region zoomed in).

The following remarks can be observed from the above harmonic analysis results of the ordinary frame and the proposed frame:

e Inthe ordinary frame, the dynamic magnification factor does not show any attenuation band, and the values are high
in the shown frequency range.

e Inthe ordinary frame, the dynamic magnification factor, D, at the beam Dy, and at the column D, are almost identical,
and this refers to the rigid connection between the beam and the column.

e In the proposed frame, the dynamic magnification factor shows a clear attenuation frequency band in the range from
5 Hz to 11.36 Hz, which exactly matches the designed frequency band gap calculated in section 3 with the method
reported in [13] .

¢ Inthe proposed frame, the dynamic magnification factor at the beam and the column are not identical. This is because
of the existence of the proposed connection between the beam and the column, that is not rigid because of the existence
of the spring (fig.1c). However, as shown in Fig.4, in the band gap frequency range, they both are closed to zero.

In the proposed frame, the dynamic magnification factor is nearly zero in the frequency band gap, which proves the success
and validity of this research idea to introduce a frequency band gap.

4.3 Time-History Analysis Results and Discussion

A time history analysis was performed for both the proposed frame and the normal one. The response of the proposed frame
under the loading of 9 different earthquakes is presented and compared with the response of a normal frame with the same
dimensions and material properties. The frequency of the earthquakes ranging between 0.1 and 60 Hz was obtained using
MATLAB software and both models were analysed under the loading of each earthquake (EQ.) using ANSY'S software. The
resulted top displacement and base shear of both models are presented below.

1- Chi-Chi (Taiwan) earthquake results: (Frequency range: 0.02-50.0 Hz)
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Fig. 5 llustration of the frequency, time history and the magnitude scalogram for the Chi-Chi earthquake and the comparison between the
resulted top displacement and the base shear for the normal frame and the new proposed frame.

As shown in the frequency chart of the earthquake Fig.5, the frequencies of the waves with the highest values of acceleration
for this earthquake were outside the range of frequency bandgap calculated for the proposed frame. Through time-history
analysis, the resulted maximum top displacement in the proposed frame was higher than that of the normal frame by a ratio of

511%. In contrast, the resulted maximum base shear in the proposed frame was less than that of the normal one by a ratio of
33.15%.

2- Friuli (Italy) earthquake results: (Frequency range: 0.1-30.0 Hz)
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Fig. 6 Illustration of the frequency, time history and the magnitude scalogram for the Friuli earthquake and the comparison between the
resulted top displacement and the base shear for the normal frame and the new proposed frame.

The value of the resulted maximum top displacement in the proposed frame was attenuated by a ratio of 49.7% of the value of

the resulted top displacement in the normal one (see Fig.6). Also, the resulted maximum value of the base shear in the proposed
frame was 41.39% of the resulted value of the base shear in the normal one.



3- Hollister (USA) earthquake results: (Frequency range: 0.11-11.0 Hz)
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Fig. 7 llustration of the frequency, time history and the magnitude scalogram for the Hollister earthquake and the comparison between the
resulted top displacement and the base shear for the normal frame and the new proposed frame.

Through time-history analysis, under the loading of Hollister earthquake the values of the top displacement of both normal and
proposed frame were close till the time was 40 sec. then the maximum top displacement in the proposed frame reached its
maximum value which was 283.3% of that of the normal frame. In contrast, the resulted maximum base shear in the proposed
frame was less than that of the normal one by a ratio of 48.37%. Most of the high acceleration values were outside the range of

frequency bandgap that was calculated from 5 Hz to 11.36 Hz. As shown in Fig. 7 the highest values of accelerations are located
from 0 to 5 Hz and from 10 Hz to 15 Hz.

4- The Imperial Valley (USA) earthquake results: (Frequency range: 0.1-40.0 Hz)
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Fig. 8 lllustration of the frequency, time history and the magnitude scalogram for The Imperial Valley earthquake and the comparison
between the resulted top displacement and the base shear for the normal frame and the new proposed frame.

Fig.8 shows the resulted maximum top displacement in the proposed frame was higher than that of the normal frame by a ratio

of 200%. In contrast, the resulted maximum base shear in the proposed frame was less than that of the normal one by a ratio of
36%.

5- The Kocaeli (Turkey) earthquake results: (Frequency range: 0.07-50.0 Hz)

Magnitude Scalogram

0.6 &
E
10 4 05 %
2
N
T 04
Ay °
e £ 20 30 0 a0
g > Frequency (Hz)
g i
1
02 _
b
£
01 £
é.
0.1
0 5 10 15 20 25 30 .
Time (secs) Time {5)

300000
200000

100000

000 $p.00

Base shear (N)
o

100000

Top displacement (m}

200000
300000

-400000

e NOTMIA frame e Proposed frame
Normal frame  —— Proposed frame Normal fram Proposed fra

Fig. 9 lllustration of the frequency, time history and the magnitude scalogram for the Kocaeli earthquake and the comparison between the
resulted top displacement and the base shear for the normal frame and the new proposed frame.

The majority of high intensity waves had frequencies ranging from 0 to 5 Hz as shown in the frequency chart Fig.9, and this
resulted in a significantly high displacement in the proposed frame that reached 323.6% of the maximum displacement of the

normal frame as presented in Fig.8. In contrast, the resulted maximum base shear in the proposed frame was less than that of
the normal one by a ratio of 37.14%.



6- Landers (USA) earthquake results: (Frequency range: 0.08-60.0 Hz)
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Fig. 10 Illustration of the frequency, time history and the magnitude scalogram for the Landers earthquake and the comparison between the
resulted top displacement and the base shear for the normal frame and the new proposed frame.

The resulted maximum top displacement in the proposed frame was higher than that of the normal frame by a ratio of 217%.
In contrast, the resulted maximum base shear in the proposed frame was less than that of the normal one by a ratio of 40.9%.

Although the Kocaeli earthquake is at the same frequency range as the Landers earthquake, the resulted displacement of the
proposed frame under the influence of Kocaeli EQ. reached higher values than that of Landers EQ., because, in the Kocaeli
frequency chart shown in Fig.9, most of the waves with high intensity had frequency values that are far from the frequency
range of the attenuated region caused by the bandgap. However, in the Landers frequency chart shown in Fig.10, the high

intensity waves were distributed inside and outside the range of frequency of the bandgap, which resulted in a significant
reduction in the top displacement values.

7- The Loma Prieta (Turkey) earthquake results: (Frequency range: 0.1-40.0 Hz)
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Fig. 11 lllustration of the frequency, time history and the magnitude scalogram for the Loma Prieta earthquake and the comparison between
the resulted top displacement and the base shear for the normal frame and the new proposed frame.

Under the loading of the Loma Prieta EQ. shown in Fig.11, The value of the resulted maximum top displacement in the proposed
frame was 98.6% of the value of the resulted top displacement in the normal one. A part of the high intensity waves was
cancelled because the high intensity waves had frequencies close to the frequencies of the bandgap. Also, the resulted maximum
value of the base shear in the proposed frame was 26.85% of the resulted value of the base shear in the normal one.

8- The Northridge (USA) earthquake results: (Frequency range: 0.12-23.0 Hz)
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Fig. 12 Illustration of the frequency, time history and the magnitude scalogram for the Northridge earthquake and the comparison between
the resulted top displacement and the base shear for the normal frame and the new proposed frame.

For the Northridge EQ. shown in Fig.12, the frequency range was lower than that of the Northridge EQ., Thus the value of the
resulted maximum top displacement in the proposed frame was 86.15% of the value of the resulted top displacement in the

normal one. Also, the resulted maximum value of the base shear in the proposed frame was 55.87% of the resulted value of the
base shear in the normal one.



9- The Trinidad (USA) earthquake results: (Frequency range: 0.15-30.0 Hz)
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Fig. 13 Illustration of the frequency, time history and the magnitude scalogram for the Trinidad earthquake and the comparison between the
resulted top displacement and the base shear for the normal frame and the new proposed frame.

The resulted maximum top displacement in the proposed frame and the normal one was almost the same under the loading of
the Trinidad EQ. (shown in Fig.13) until it reached a peak value that was higher than that of the normal frame by a ratio of
150%. In contrast, the resulted maximum base shear in the proposed frame was less than that of the normal one by a ratio of
65.3%. The comparison between the maximum acceleration of the presented EQs, the resulted maximum top displacement and
base shear for both proposed frame and normal frame as well as their ratios are shown in Table 4.

Table 4. the parameters measured and valued from the time-history analysis results.

Maximum Maximum top Maximum Base shear
Parameters acceleration displacement (Amax) (Fo max) (KN)
(ag max) (m) Amax 2 Fb max 2
EQ. (m/s?) Normal Proposed Amax 1 Normal Proposed Fb max 1
frame frame frame frame
(Amax 1) (Amax 2) (Fb max 1) (Fb max 2)
Chi-Chi (Taiwan) 3.53 0.208 1.06 511% 170 56.64 33.15%
Friuli (Italy) 3.44 0.187 0.093 49.7% 182.3 75.46 41.39%
Hollister (USA) 256 0.11 0.311 283.3% | 123.38 59.68 48.37%
\T/2|e|ey (U'gnpf’)e”a' 3.08 0.33 0.66 200% 300.58 108.38 36%
(TT'Ekey) Kocaeli 3.42 0.58 1.87 323.6% 342.3 127.15 37.14%
Landers (USA) 7.64 0.209 0.454 217% 232.68 95.32 40.9%
(Tﬁjrk';;;”a Prieta 3.47 0.618 0.61 98.6% 420.7 112.99 26.85%
(TSg A Northridge 5.56 0.65 0.56 86.15% 4205 234.96 55.87%
. . . 0 . . . 0
(TSg A Trinidad 1.89 0.02 0.03 150% 52.83 34.52 65.3%




In conclusion, only under the loading of the Friuli, Loma Prieta and Northridge earthquakes as shown in Fig.6, 11 and 12, the
resulted maximum displacement of the proposed frame was less than the maximum displacement of the normal frame by an
amount ranging from 1.4% to 50.3%. In contrast, the resulted maximum displacement of the proposed frame was higher than
the maximum displacement of the normal frame by an amount ranging from 150% to 323.6% under the loading of the other
earthquakes. For the earthquakes with the highest range of frequencies like Chichi and Kocaeli EQs, the resulted maximum top
displacements were the highest as shown in Table 4, because the high intensity waves had frequencies far outside the range of
the bandgap range, unlike Landers EQ. that had the waves with the highest intensity distributed close to the bandgap.
Furthermore, the resulted base shear in the proposed frame was less than the resulted base shear in the normal frame under the
loading of all 9 earthquakes by an amount ranging from 34.7% to 73.15%.

5. Expected dimensions of the new connection

In order to consider the dimensions of the new device and realising the new connection proposed, we studied the resulted
difference in displacements of two points in several floors in the proposed frame. The first point is the one at the edge of the
floor and the second is the one in the middle of the floor, see Fig.14. The difference between the 2 points was studied at the top
of the frame, the sixth floor and the third floor.

1 2
3 4
5 6
L 4

Fig. 14 The proposed frame: 1, 3 & 5 The points at the column of the frame in the steady-state response, 2, 4 & 6 The points at the middle
of the beam in the steady-state response.

We studied the response of the frame under the loading of the Hollister earthquake for example. The differences between the
resulted displacements at points 1 and 2 at the top floor, the sixth floor and the third floor are calculated and presented below
in Fig.15.

Top floor 6th floor 3rd floor

04 02 015
03 01
02 005

0.1 A 0

01 / 01 01
02 0.15 0.15

—uxa Ux_2 — Ux3 Ux_4 — UXS UX_6

Fig. 15 the resulted displacements at the top floor, 6™ floor, and 3™ floor.

The maximum difference between the resulted displacements at points 1 and 2 at the top floor was equal to 5.4 mm, while the
maximum difference between the resulted displacements at points 3 and 4 at the sixth floor was equal to 4.5 mm and the
maximum difference between the resulted displacements at points 5 and 6 was equal to 5.3 mm. Consequently, we can deduce
the dimensions of the device that will represent the new connection in the proposed frame. In order to obtain the necessary



stiffness for the proposed connection, we can use the laminated rubber bearing discussed before in section 2. It can be
considered as an economic and efficient seismic isolation technique.

6. Conclusion

The last decades, the concept of metamaterials has been investigated and its contribution in seismic protection of buildings
has been proved either by installing metamaterial structures in the surrounding soil or above its surface or in the foundations
of the building.

In this research, a new technique has been introduced where the metamaterial concept is applied in the building itself by
converting the regular beam-column connection to a new proposed one. A new idea is introduced by implementing the
metamaterial concept in the frame itself in order to create a frequency band gap when the frame is subjected to harmonic
loadings. This idea can be achieved by converting the regular beam-column connection to a new proposed one, and this new
connection has a spring connecting the beams with the frame column in each story, the stiffness of the spring can be adjusted
and tailored with respect to the mass of the beams and columns in order to obtain a designated and desired frequency band gap,
where no elastic waves can be transmitted or propagated through the structure. The proposed idea has been verified by
performing modal analysis and harmonic analysis for the new proposed frame and the ordinary one. Moreover, the model was
analysed under time history loading and its performance under 9 different earthquake loading was illustrated. Under the loading
of 3 of the earthquake loadings, the resulted maximum displacement of the proposed frame was less than the maximum
displacement of the normal frame by an amount ranging from 1.4% to 50.3% because the frequencies of the highest intensity
waves were approaching or inside the frequency range of the calculated bandgap. Furthermore, we witnessed a reduction in the
resulted base shear of the proposed frame under the loading of all 9 earthquakes by an amount ranging from 34.7% to 73.15%.
That base shear reduction shows the enhancement of the lateral load handling capacity of the new system without any
compromission in the structure weight.

A realisation of the new connection has been studied through calculating the difference in displacements between 2 points
at different floors, one point at the edge of the floor and the other is at middle of the floor. The resulted difference in
displacements ranged from 4.5 to 5.4 mm which offers us a great variety in choosing the device that can represents the new
proposed connection. A real-life example for the proposed connection is presented but additional testing should be carried out
to obtain a bearing that has the exact needed stiffness for the connection.

The results show the success and validity of the proposed idea where a frequency band gap has been created in the
designated and calculated range.

This idea can be useful in many civil engineering applications in order to prevent harmful or undesirable elastic waves of
vibrations. It can be used to design structural systems with tailored and tuned frequency band gap in the required range of
frequencies to avoid or attenuate the harmful effects of undesirable elastic waves of seismic, wind or machine vibrations.

Shortcomings and future work
The following are proposed for farther studies;

e For more realization of the current model, an experimental work can be investigated.

e A 3-D model simulation can be proposed to investigate the combined effect of metamaterials on the mitigation
of vibrations in the structural system.

e The new proposed idea can be further applied and studied in the foundations of the structure or in the surrounding
soil.
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