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Abstract

Pounding between adjacent structures occurs when the separating distance within the two buildings is inadequate to contain
the movement between them during an earthquake event. Seismic pounding can lead to significant harm or even the
destruction of neighbouring structures. In creating a model for structural response, impact stiffness is considered as a
critical factor in calculating the impact force throughout the collision within adjacent structures. It is important to derive
realistic stiffness values when performing a numerical simulation of pounding forces within abutting structures to attain
valid results. The objective of this study is to ascertain the impact stiffness within the linear viscoelastic contact model,
using data obtained from shaking table experiments of pounding between neighboring five-storey and 15-storey single-
bay model of steel-frame. The steel models were subjected to scaled ground acceleration records, two far-field and two
near-field. The study’s findings indicate that there is a significant discrepancy between the theoretical impact parameters
and the measured experimental value because the assumptions made to derive the theoretical formulas do not align with
the actual impact conditions. The accuracy and precision of the experimental formula adopted in this study have been
validated in comparison with the numerical results.

Keywords: Seismic Pounding; Steel Structure; Impact Stiffness Parameter; Shake Table Test; Linear Viscoelastic Model; Impact Force;
Seismic Response; Seismic Performance.

1. Introduction

One of the significant risks for adjacent structures during earthquakes is the pounding that can occur between them.
This phenomenon is attributed to the fact that adjacent buildings or bridge elements with varying dynamic properties
tremble out of phase as a result of restricted or deficient separation distance to support the relative displacement.
Adjoining structures with insufficient spacing are conceived as loose structures without taking into account the pounding
effect during earthquake loading. Neglect can lead to the failure of structures. Seismic pounding causes soaring
magnitudes and brief interval acceleration pulses that could induce slight non-structural damage or serious structural
damage such as the partial or total collapse of buildings and bridges [1-3]. Hence, a determination of the seismic
pounding hazard is imperative in order to come up with future calibrations of the seismic designs of adjacent structures.

Several earthquakes have induced well-documented incidents of structural pounding resulting from seismic activity.
According to several researchers [4-7], one of the most destructive examples of damage caused by seismic pounding
occurred throughout the earthquake that hit Mexico City in 1985. Approximately 15% of the buildings that were affected
by this earthquake were damaged or collapsed due to the pounding, and in 20-30% of cases, the impact between adjacent
buildings was identified as a significant contributing factor to the damage or collapse of the structures. Investigations of
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pounding damage between adjacent structures were conducted based on past and present earthquakes. Pounding damage
was acknowledged in numerous extreme earthquakes, such as the 1999 Taiwan Chi-Chi earthquake [8], and the 2008
Wenchuan earthquake [9]. After the 2011 Christchurch earthquake, pounding incidents between neighbouring buildings
as well as bridge structures were observed and reported [10, 11]. In the 2015 Gorkha earthquake in Nepal, the pounding
events noticed in valley settlements were limited to multistorey reinforced concrete structures, while those observed at
hilly urban settlements were focused on masonry structures [12].

Numerous studies have been implemented to explore the effects of seismic pounding between reinforced concrete
buildings situated in close proximity [13-15], the pounding of adjoining steel-frame structures [16-18], the pounding
of adjacent structures taking into account soil-structure interaction [19-21], and the pounding of a bridge deck excited
under earthquake acceleration [22, 23]. There are two common types of typically classified pounding scenarios: floor-
to-floor (slab-to-slab) impact and floor-to-column (slab-to-column) impact [24]. The scenario where the crashing
structures have the same floor heights is known as slab-to-slab collision, whereas slab-to-column collision is obvious
when the floor heights of the colliding edifices are unequal. Because of the substantial shear forces applied to the middle
section of struck columns, it is evident that slab-to-column pounding is more serious than slab-to-slab pounding [5].

Structural seismic pounding is an extreme, nonlinear occurrence. It encompasses plastic bending, crushing, local
cracking, and rupturing, along with friction destruction at the contact area. Taking into consideration the complexity of
this phenomenon, performing precise mathematical analysis can be challenging for this type of concern. Therefore,
using assumptions as a basis for analysis, various contact models were created to investigate and analyse structural
pounding during a seismic activity like an earthquake. The models include the linear spring model [16, 25], the linear
viscoelastic model [26—29], the nonlinear elastic model [17, 30, 31], the Hertz-damp model [32, 33], and the nonlinear
viscoelastic model [3, 31, 34]. The limitation of the linear spring model along with the Hertz model is that they assume
full elasticity and do not consider the dissipated energy due to damping. This can result in inaccurate predictions of
impact forces and structural response during pounding. The other impact models, namely, the linear viscoelastic, Hertz-
damp, in addition to nonlinear viscoelastic models, were discovered to provide relatively accurate outcomes for overall
structural reaction as long as the factors in these three impact models are well chosen [32].

The linear viscoelastic model is commonly adopted in the simulation of structural induced pounding for the reason
that of its simplicity, which can easily be applied in most commercial computer codes or software programs, as revealed
by most researchers [4, 31, 35-37]. The model has a significant limitation related to the negative impact force detected
just prior to the separation of two colliding structures. This phenomenon is not physically described, and it is attributed
to the fact that the linear damping term of the model is active during the entire contact period, assuming uniform energy
dissipation [38]. In order to correct the weakness of the linear viscoelastic model, Komodromos et al. [39] recommended
a variation. The proposed variation also has a significant constraint: the correct value of the impact stiffness k to be
applied in the simulation could not be determined beforehand. Licari et al. [40] recommended a special "viscoelastic
multi-link" finite element contact model for seismic driving between multistorey reinforced concrete frame edifices. The
proposed model was designed to replicate the nonlinear, time-dependent damping coefficients. Guo et al. [41] conducted
shaking table tests on a highway bridge model made from steel to evaluate the impact stiffness of four classes of contact-
element models. The study’s findings suggest that the theoretical impact variables considerably surpass the values
determined through experimentation since the assumptions made to develop the models do not align with the actual
impact conditions. An impact spring with under-stiffness can result in the overlaying of adjacent structures.
Alternatively, using a spring with an extremely high stiffness value can result in unrealistic, excessively large lateral
impact forces, which can introduce numerical instabilities and convergence issues.

Several studies have shown that impact stiffness k has a great bearing on the pounding response, particularly on the
inertia force response and the structural acceleration response, though the researchers have proposed various methods
and equations to compute the stiffness of the impact element model [26, 42—46]. The decision to employ impact stiffness
when examining structural pounding is difficult as it necessitates taking into account the uncertainties in the shapes of
the impact surfaces, the material properties when subjected to impact loads, the fluctuating impact velocities, and
additional factors. There is scant research on choosing impact stiffness. Usually, in the linear viscoelastic model, the
axial stiffness of the colliding elements is used as a basis to assume proportionality with the impact stiffness. This
method is usually adopted in evaluating structural seismic pounding [32].

The axial stiffness of a girder is used as the impact stiffness employed in analysing bridge pounding [27]. In building
pounding analysis, the impact stiffness used is assumed to be equivalent to the axial stiffness of the building’s slab. [25].
Cole et al. [47] derived a novel equation to determine an impact stiffness value by considering both the characteristics
of the colliding elements and the time duration of the impact. Xu et al. [48] created a different equation for the impact
stiffness of a linear model and contrasted it with the axial stiffness method and the Cole formula. The findings indicated
that the new equation yielded more precise outcomes than the two studied formulas.

1290



Civil Engineering Journal Vol. 9, No. 06, June, 2023

The structural response assigned to the pounding did not account for a high value for an impact stiffness coefficient.
Thus, Ghandil & Aldaikh [49] initiate that the pounding reaction is indifferent to the coefficient of impact stiffness when
its value exceeds 1010 N/m. On the other hand, Naserkhaki et al. [50] proposed that the coefficient of impact stiffness
supposed to be 50 to 100 times higher than the building’s lateral stiffness. Defining the appropriate k value is vital to
making certain that the results are valid. An unsuitable value of k may have direct effects on the peak force and number
of impacts between the adjacent buildings. At present, there is no relationship developed to bridge the gap in terms of
impact modelling.

The purpose of the present article is to develop a formula for the impact stiffness k for the linear viscoelastic model
on the basis of the experimental data. This study involved conducting shaking table experiments to simulate floor-to-
floor pounding between multistorey buildings at different elevations, and the outcomes are presented. The accuracy and
effectiveness of the derived experimental value are evaluated and verified by comparing it with the results of theoretical
analysis. Figure 1 shows a flowchart for the methodology implemented in this research. The flowchart explains the steps
involved in calculating the impact stiffness k, coefficient of restitution e, and impact damping & derived from four
different earthquake models and using various gaps between adjacent structures.
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Figure 1. Flowchart for the implemented methodology

2. Linear Viscoelastic Impact Model

The linear viscoelastic model, which is also known as the Kelvin—Voigt model, is a widely used method to simulate
seismic pounding. This model incorporates a linear spring that models the impact in conjunction with a damper that
estimates the amount of energy dissipated during the collision, as shown in Figure 2.
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Figure 2. Linear viscoelastic model and contact force-deformation relation

This model has been utilised by several researchers [28, 29, 51, 52]. The impact force, F,, in accordance with the
model is defined in equations 1 to 4.
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where (u; — ;) and (%; — ;) are the relative displacements and velocities among the colliding elements at time t,
respectively. d is the separating gap between the colliding elements. The damping coefficient is C and & known as the
damping ratio. These can be linked to the coefficient of restitution by associating the energy losses throughout the
impact. In addition, m; and m; are the masses of the colliding elements while v, ,v,; and v; , v; are the velocities of
the crashing masses before impact and after impact, respectively. One drawback of the linear viscoelastic model is that
it generates negative pounding forces caused by damping before the colliding structures separate. This results in
comparable dissipation throughout both the approach along with restitution stages, which is not in line with actual
behaviour [22, 34]. Despite this limitation, much commercial software frequently uses the linear viscoelastic model for
simulating structural pounding.

3. Related Work in Impact Stiffness

Various methods are employed to determine the impact stiffness. The spring component k is employed to evaluate
the stiffness of the buildings by the contact point, which corresponds to the axial stiffness of the stronger structure [53].

1. Maison & Kasai [43] suggested a straightforward and fundamental formula for the impact stiffness coefficient k,
illustrated in Equation 5.

k=2 )

L
where E is the elasticity modulus and A and L are the area and the length of the crashing structural elements of
the building, respectively.

2. Naserkhaki et al. [50] proposed a succeeding equation proceeds on the assumption that the building’s lateral
stiffness should be multiplied by a coefficient of 50 to 100 to obtain the appropriate impact stiffness.

k = Building stif fness x (50 — 100) (6)

3. Based on the experiment performed by Jankowski [44], the impact stiffness parameter value for steel-to-steel
impact was k = 482 kN /mm under the linear viscoelastic model.

4. Xu et al. [48] developed the following formula for an impact stiffness (Equation 7) of the linear viscoelastic
model:

k= mj k e(Zlne/n) (arcsin(n/\/n’2+(lne)2))

mi+m]-

where k,is calculated based on Equation 5.

U]
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4. Testing Program
4.1. Experimental Method

An experimental study has been designed on the basis of the shaking table concept. The aim of the experiment is to
exhibit the impact stiffness k of the linear viscoelastic model for seismic pounding. The experiment should consider the
different heights of adjacent buildings. The two model buildings were placed on the shaking table with a view to
simulating earthquakes with a certain gap between the buildings. The gap was carefully chosen to allow pounding
between the adjacent buildings in order to study seismic response, including acceleration, displacement, and impact
force. The experimental data were taken from three different sensors placed on the adjacent buildings. The sensors
collected three variables, namely, acceleration, displacement, and impact force time histories. The three variables were
analysed using MatLab to obtain the velocity from the acceleration data. The stiffness concerning the contact element k
was established by plotting the experimental impact force-displacement correlation.

4.2. Earthquake Simulator

The experimental work was carried out on the multi-axial simulation table type MTS 354.20 at the structural testing
facility in the state-of-the-art Tech Lab at the University of Technology, Sydney. The shaking table has plane dimensions
of 2.2 m x 2.2 m with six degrees of freedom. The shaking table used in the study has a capacity of testing samples up
to 2 tonnes and can provide acceleration up to 5 g, velocity up to 1000 mm/s, and stroke up to +/—200 mm. The system
can be used as an earthquake simulator and is powered by six hydraulic actuators in a hexapod arrangement with a
highly sophisticated control system to ensure the waveform is accurately reproduced.

4.3. Tested Frames

The experimental program examined steel-frame models of 15-storey and five-storey buildings in 1/30 scale.
According to AS/NZS 3678-2011, the two frame constructions were each individually developed at their smaller scale
(in structural steel). The tested frames were created using a methodology used by Tabatabaiefar et al. [54]. All versions
have a floor plan that measures 0.4 m by 0.4 m overall. The 15-storey frame is 1.5 m tall, while the five-storey frame is
only 0.5 m tall. Columns along with floors in the models were constructed from sections of flat steel with a rectangular
shape measuring 40 mm by 2 mm and 400 mm by 5 mm, respectively.

4.4, System ldentification of the Steel-Frame Models

Through the execution of many initial tests, including free vibration, frame stiffness and a sine sweep test, the
dynamic properties of individually steel frame were established. The experiment’s goal in the free vibration testing was
to determine the structures’ fundamental period and damping. There are numerous ways to calculate damping. One
technique is to use the structure’s frequency response function’s width of peak value [55, 56]. The stiffness test was
created to gauge the frame structure’s stiffness parameter. The sine sweep test was conducted to determine the natural
frequency and vibration modes, specifically modes one, two and three. The dynamic properties of the experimental
along with the numerical findings for the 15-storey and five-storey steel models are shown in Table 1.

Table 1. Structural model’s dynamic characteristics assessed through experiments and numerical analysis

Experiment Numerical
Free Vibration Sine Sweep Test Skt'i\lf/f;]ensqs Modal Load Analysis Slf'ilf;;er;s
Natural Damping Mode Mode 2 Mode 3 Mode 1 Mode 2 Mode 3
Frequency Hz % 1Hz Hz Hz Hz Hz Hz
5-storey 6.53 0.467 6.43 19.99 35.91 0.0275 6.42 19.275 31.544 0.0278
15-storey 2.27 0.503 2.113 6.695 11.57 0.0083 2.0976 6.285 10.455 0.0087

4.5. Selected Seismic Acceleration Records

The four scaled earthquake ground motions utilised in the shaking table experiments are EI Centro 1940 (Figure 3-
b), Hachinohe 1968 (Figure 4-b), Northridge 1994 (Figure 5-b) and Kobe 1995 (Figure 6-b) [57]. The first two quakes
were characterised as distant ground motions (far-field), whereas the last two were considered nearby earthquakes (near-
field). Near-field earthquakes have a distinct impact on structures compared to far-field earthquakes. When developing
buildings, the discrepancy between the two circumstances must be taken into consideration [58]. The properties of near-
field ground motion have received significant attention from researchers in determining elastic along with inelastic
behavioural dynamic of a structure [59, 60]. The International Association for Structural Control and Monitoring
selected these four earthquakes as a standard for seismic investigations [61]. The recordings contain multiple excitation
frequency mixtures, varied acceleration amplitudes and different time scales. These seismic records also differ in terms
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of distance to the epicentre. Regarding the peak ground acceleration (PGA), the Northridge earthquake had the greatest
value out of the four seismic events considered. The earthquake’s PGA is 0.843 g, and its epicentre is lower than 9.2 km
away. The Kobe earthquake occurred at a distance of 7.4 km and had a peak ground acceleration of 0.833 g. The El
Centro earthquake had a PGA of 0.349 g (calculated at a distance of 15.7 km). Finally, the Hachinohe earthquake’s PGA
was 0.229 g, and its epicentre was less than 14.1 km away.
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Figure 3. El Centro earthquake 1940, with (a) representing the primary record and (b) representing the resized record
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Figure 4. Hachinohe earthquake 1968, with (a) representing the primary record and (b) representing the resized record
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Figure 6. Kobe earthquake 1995, with (a) representing the primary record and (b) representing the resized record

4.6. Test Set-Up

The frame models used in the experiment were positioned and fixed onto the shaking table to represent a 15-storey
structure adjacent to a five-storey structure. As shown in Figure 7-a, once the experimental models were secured to the
shaking table, the accelerometer sensors and laser sensors for displacement (LD) were mounted. A force sensor was also
placed at the point of impact. The sensors were utilised to measure the pounding force, acceleration along with
displacement response of the impact. Shaking table tests were conducted using scaled earthquake acceleration recordings
(Figures 3 to 6). The reference frames are located outside of the shaking table. Therefore, the displacements that have
been recorded are the absolute displacement time history.
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Using scaled El Centro earthquakes, the coupled steel frames were evaluated with separation gaps of 10.5 mm, 9.7
mm, 9.5 mm, 9.3 mm and 8.5 mm. Under the scaled Hachinohe earthquake, the separating gaps were 12.5 mm, 12 mm,
11.5 mm, 11 mm and 10 mm. The neighbouring steel frames were evaluated with separating gaps of 21.8 mm, 21.4 mm,
21 mm, 19.5 mm and 18 mm under the scaled Northridge earthquake, and the separation gaps under the scaled Kobe
earthquake were16.8 mm, 16.4 mm, 15.6 mm, 15 mm and 14 mm. Separating distances were established based on a
previous experiment we carried out to ascertain the lowest safe space to avoid pounding. The spacing between the
components was meticulously designed to ensure the elasticity of the system remains intact and to detect pounding
without compromising the stability of the structure. It is important to mention that none of the conducted tests showed
any appreciable torsional motion [62].

The sensors were arranged as follows: accelerometers of type PCB 352C34 (+50 g) were mounted on the fifth and
15th floors of the 15-storey frame and the fifth floor of the five-storey frame, respectively. Two LD300 laser sensors for
displacement (with a range of £150 mm) were mounted on the reference frames, one opposite the fifth floor of each
frame, and one LD400 sensor (with a range of 200 mm) was mounted opposite the 15th floor of the 15-storey frame.
A force-measuring device was secured to the fifth floor of the pliable left frame, positioned directly across from the steel
plate of the inflexible right frame that would bear the impact force. A more extensive perspective of the intersection
point between the two frames is presented in Figure 7-b. The force generated by the impact due to pounding was
measured using a force sensor of type PCB 208C05 (with a range of measurement of 22.24 kN).

5. Experimental Results

More than 50 pounding experiments between the nearby structural steel models were conducted and subjected to
numerous input ground motions and separating distances. To accurately capture the impact force, displacement along
with acceleration, the data was sampled by the researchers at 10,000 samples per second. Using four ground motion
records that were adjusted in size, and as a result, scaled down, the experiments were conducted and impact force time
histories were recorded and analysed (as shown in Figures 13 to 16).

5.1. Experimental Impact Parameters

To ascertain the parameters concerning the impact model, for example in case of an impact stiffness k and impact
damping C, the following steps were implemented:

1. Figures 8-11 illustrate the graphical representation of the experimental correspondence between impact force and
displacement. The area beneath each loop in these diagrams stands for the energy used in a collision. The stiffness
concerning the contact element is represented by the slope of the figure in any of the loops. According to the
experimental findings, the average of stiffness in contact element has been taken as k-experiment = 20,660 N/mm.
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Figure 8. Impact force-displacement relationship for pounding between the coupled 15-storey and five-storey buildings (fifth
floor) subjected to scaled El Centro earthquake with gap equal to a) 8.5 mm; b) 9.3 mm; c) 9.5 mm; d) 9.7 mm; ) 10.5 mm

1297




Civil Engineering Journal

Vol. 9, No. 06, June, 2023

Gap =10 mm
1100 -

k=10500 N/mm
900 -

700 -

300 1 !

L

6 7 8 9 10 11 12

ImapctForce (N)

009 1 2 3 45

)

ImpactForce (N

Gap = 12mm
1700 1

1500 k=10333 N/mm

[y

#¥)

[==]

=
1

1100
900 -
700
500
300 -
100 -

1009 1 23456 78910111213

Ui - Uj (mm Ui - Uj (mm
(2) j (mm) () j (mm)
Gap = 11lmm Gap = 12.5mm
1500
1500 1 1300 k= 9666 N/mm
1300 - k= 13000 N/mm =
Z.1100 - ¢ 100
et ¢ 900
< 900 - S
= 700 k700
- =)
g 500 1 g S00
g 300 = 300
]
100'......‘ 100
1009 1 2 3 4 5 6 7 8 9 1011 12 100 0 1 2 3 456 7 8 910111213
(b) Ui - Uj (mm) (e) Ui - Uj (mm)
Gap=11.5mm
1500 -
1300 - k=9666 N/mm
2 1100 -
E 900 -
S 700 -
A
& 500 -
=
E 300 -
100 -

1009 1 2 3 4 56 7 8 9101112
Ui - Uj (mm)

(©)
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Figure 11. Impact force-displacement relationship for pounding between the coupled 15-storey and five-storey buildings (fifth
floor) subjected to scaled Kobe earthquake with gap equal to a) 14 mm; b) 15 mm; c¢) 15.6 mm; d) 16.4 mm; e) 16.8 mm

2.To derive the velocity time history, the acceleration data recorded at the fifth levels of both the 15-storey and five-
storey frames, where the pounding occurred, were subjected to numerical integration using the trapezoidal method.
After integration, Pitilakis et al. [63] used a technique that involves applying the high-pass Butterworth filter
numerous times to remove drift error and phase distortion. It was decided to implement the aforementioned
integration using a MATLAB code.
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3. By identifying the velocity at the moment of impact, we were able to compute the numerical values of the velocities
pre and post the impact; namely, the velocities of the crashing masses before and after impact v; , vo; and v; , v,
respectively.

4. The coefficient of restitution e been calculated using Equation (4) based on the velocities pre and post each
collision event.

5. Equation 3 was taken into account for calculating the impact damping ratio ¢ at each value of e. For the full time
history record, the average value concerning the coefficient was calculated. Figure 12 illustrates the impact force
and the velocity within a short period.
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Figure 12. (a) Experimental normal contact impact force within a short time; (b) velocity of 15-storey and five-storey frames
at the fifth floor for the same time interval

6. Equation 2 was employed to calculate the dashpot coefficient C in the contact element.

7. Lastly, the experimental parameters intended for the linear viscoelastic model are k-experiment = 20,660.0 N/mm,
C experiment = 1255.0 kg/s, ¢ = 0.078 and e = 0.8.

Observations have been made that the range of the restitution coefficient e utilised to model actual collisions between
structures is 0.5 to 0.75 [28]. For typical buildings, Maison and Kasai [43] suggested an interval for e of 0.53 to 0.85.
Guo et al. [41] discovered that the coefficient of restitution for steel bridge structures ranges between 0.86 and 0.96
based on experimental findings. As a result, the computed e value is considered a suitable value for hammering steel on
steel.
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5.2. Theoretical Formulas for Impact Stiffness

As mentioned earlier, several researchers have carried out studies suggesting numerous assumptions in order to
assign a stiffness value k to the spring element. These values were calculated based on the current experiment as follows:

1. In the experiment, the pounding occurred between the floor slab and the impact cap of the force sensor (called the
contact surface). The thickness of the slab steel plate is 5 mm. The impact surface area and length of steel plate
are A = 63.5 mm? and L = 400 mm, respectively. The elasticity modulus is E = 2 x 10° MPa [64]. Equation 5
can be utilised to calculate the impact stiffness parameter as:

(k-Masion & Kasai (1992) [43]) = 222202222 — 31,750 N /mum (8)
2.Based on Equation (6) by Naserkhaki et al. [65]
(k-Naserkhaki et al. (2013)[65]) = 0.0275 x 100 = 2750 N/mm 9)

3. A 1/30 scale was used in this study. Therefore, according to Jankowski [44], (k-Jankowski (2008) [44]) = 482 X

L ~ 16,000 N/mm

30
4. Developed by Xu et al. [48], according to Equation 7, (k-Xu et al. (2016) [48]) = 12,858 N/mm

Using the aforementioned impact stiffness k, the researchers calculated the dashpot coefficient C in the contact
element with the help of Equation 2.

Having determined the linear viscoelastic impact model’s parameters — namely, the impact stiffness k along with
damping coefficient C (shown in Table 2) — the impact force time history has been calculated employing Equation 1.

Table 2. Impact parameters to linear viscoelastic model

Method Impact Stiffness k N/'mm  Impact Damping Coefficient C kg/s
Experiment 20,660 1255
Maison & Kasai (1992) [43] 31,750 1556
Naserkhaki et al. (2013) [65] 2750 458
Jankowski (2008) [44] 16,000 1104
Xu et al. (2016) [48] 12,848 990

6. Discussion
6.1. General Comparison

The impact stiffness value (k-experiment) derived from the experimental measurement was compared to that
determined by the other four methods in order to validate the correctness of the derived value. In addition, the accuracy
of the current experimental value is validated using theoretical simulations of the pounding response. A comparative
study was made based on five methods of determining impact stiffness, to wit: the experimental value (k-experiment),
Maison and Kasai formula (Equation 5), Naserkhaki et al. formula [65] (Equation 6), Jankowski’s value and the Xu et
al. formula (Equation 7).

To contrast the experimental impact force with the linear viscoelastic model impact force with regard to the impact
stiffness obtained from the five methods, Equation 1 was used to calculate the impact force time history. The results are
depicted in Figures 13 to 16. The computation was performed using an Excel spreadsheet, and a time step of 0.0001
second was utilised for the analysis. It is evident from the figures that the impact stiffness derived experimentally is
evidently different from that determined by other methods. The reason for this discrepancy can be traced back to the
sensitivity of the theoretical results and the accuracy with which the dynamic properties of the structures is identified.
Correspondingly, impact problems are highly sensitive, and even small changes in the parameters can lead to significant
differences in the response.
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6.2. Theoretical VValidation

To confirm the accuracy concerning the experimentally determined impact stiffness value, a validation of the peak
impact forces obtained from the pounding simulations was performed utilizing the linear viscoelastic model. The impact
stiffness obtained using the five methods and similar model factors were utilised in running the theoretical analysis. The
difference between the results of the experimental measurement obtained by the force sensor and those of the theoretical
analysis was determined through calculating the percent error [66]. The relative error of the peak impact force using the
theoretical simulation was obtained using the succeeding formula:

E = [femar—Femarl o 1009y, (10)
Fe,max
where E is the percent error, F, .4, is the peak impact force on the basis of the experimental measurements and F, ;.
is the peak impact force from the theoretical simulation.

Figure 17 displays the discrepancies between the peak impact forces obtained from theoretical simulations utilising
the linear viscoelastic model and the impact stiffness calculated from the five different methods, expressed as relative
errors. It is apparent from Figure 17 that the experimental value of impact stiffness derived from the linear viscoelastic
model had the least relative errors when compared with that of the axial stiffness formula (Equation 5), Naserkhaki et
al. formula (Equation 6), Jankowski’s value and the Xu et al. formula (Equation 7). Thus it can be stated that the impact
stiffness obtained from the adopted experimental formula of the linear viscoelastic model can produce a more accurate
simulation of the structural throbbing than those of other formulas.
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Figure 17. The percent error of the theoretical peak impact forces, based on five types of methods to compute impact stiffness

It should be noted that the outcomes of the current study are valid for elastic response structure only [67]. In this
study, it is assumed that the soil beneath the foundations is infinitely inflexible and, consequently, the effects of soil-
structure interaction are neglected. The comparison with the theoretical results has confirmed that the adapted formula
is sufficiently accurate for practical engineering purposes

The results of this investigation led to the development of the subsequent equation for determining the optimal
rescaled impact stiffness k value:

k =20.66 x 1 x 30 (17)
which can be written as
k=620x2 (12)
where A denotes the scale factor used by the researchers and k value was measured by kN/mm.

The value of k-experiment was based on a 1/30 scale factor for single-bay moment resisting steel-framed models. If
any other scale factors are employed, then Equation 12 will be used to calculate the new k value. For instance, if a scale
of 1/8 were selected for this model, then the equation result would be:

k =620 x g = 77.50 kN /mm (13)

1306



Civil Engineering Journal Vol. 9, No. 06, June, 2023

6.3. Effect of the Mass Ratio and the Coefficient of Restitution

The impact force was examined based on various impact stiffness values, considering different values of parameters,
such as the restitution coefficient and the mass ratio of the two crashing bodies. The mass ratio of the two crashing slabs
m; and m; is taken as ¢ = m;/m;. The mass ratio ¢ been defined from 0.5 to 5, while the restitution coefficient e was
varied between 0.2 and 1, in increments of 0.2. However, only the impact results due to pounding within the 15-storey
building adjoining the five-storey building excited under the scaled El Centro earthquake (far-field) and scaled Kobe
earthquake (near-field) were selected for description. It is noticeable in Figures 18 and 19 that the restitution coefficient
has a significant influence while mass ratio has no effect on impact force. It was also found that the low value of the
restitution coefficient directly affecting the impact force; the negative force is clearly shown in Figure 19. The negative
impact force due to pounding simulated by the linear viscoelastic model generated just before separation reported by
Jankowski [34, 44] does not have a physical clarification. Nevertheless, choosing the linear viscoelastic model
parameters accurately is vital to eliminate the negative impact force, both the impact stiffness k and the restitution
coefficient e must be set correctly.
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Figure 18. Impact force results obtained from five different methods for varying mass ratios subjected to scaled (a) El
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7. Conclusion

Experimental tests using an earthquake simulator were conducted on pounding between adjacent steel-frame
structures of unequal heights. Two 1/30 scale 15-storey and five-storey steel-frame buildings were considered. The
impact forces, acceleration responses and displacement responses due to floor-to-floor pounding were investigated as
subjected to various earthquake acceleration records. Based on experimental data from this study, novel equation for
calculating the impact stiffness k of the linear viscoelastic impact model used for simulating pounding was thus
developed. The k values in the experimental data were measured using accelerometers, laser displacement and load cell
sensors. The results show the value of the impact stiffness using the linear viscoelastic model compared with the
theoretical values advanced by other researchers. Based on the results of our experiments, we conclude that the proposed
value of k = 620 kN/mm can be scaled up based on k = 620 x A, where A presents the scale factor. This formula was
generated by comparing the theoretical and experimental findings. This theoretical study presented numerical analysis
that utilised various earthquakes with different k values. It was found that the k value of the experimental study was the
most relevant value given the standard deviation and error rate of the numerical analysis.

The simulation of impact force is significantly affected by the impact stiffness along with the coefficient of
restitution, whereas the effect of mass ratio of the colliding floors is insignificant.

To validate the accuracy of the suggested k value, pounding simulation results using the four different formulas were
compared. The outcomes of the analysis show that the impact stiffness, derived using the adopted formula of the linear
viscoelastic model, is smaller than the axial stiffness concerning the colliding body. The accuracy of the proposed
formula was substantiated by comparing the numerical simulation results with the experimental results.

Hence, the present formula concerning impact stiffness considering the linear viscoelastic model is recommended
for purposes of obtaining more reliable results when conducting experimental and numerical simulations of earthquake-
induced structural pounding.

One suggestion for future research would be to investigate the impact model parameters for various building
configurations to gain a better understanding of their impact on simulation accuracy. Moreover, this study focuses on
floor-to-floor pounding; further studies are required to conduct column-to-floor pounding as this can increase the
likelihood of structural failure compared with impacts at equal floor heights. Lastly, we note that several parameters
were neglected in this study; for example, P-delta effect, soil-structure interaction, direction of incidence of earthquake
and structural system. We recommend that additional studies are conducted to take these parameters into account.
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