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Abstract

Pounding of adjacent structures under lateral loads (e.g., earthquake and wind) due to proximity
has been a major cause of building damage in the past. The effects of pounding can be mitigated
by providing a suitable gap distance between structures, adequate shock absorbers or by designing
for the additional pounding loads. However, if not properly considered, these abnormal
supplementary loads can damage the structures, notably when the attentive structure experiences
a dynamic vibration in an out-of-phase order. Multiple pounding incidents have been reported to
occur under lateral loads, which resulted in local and global damages. With the new generation of
tall buildings, which are becoming taller and more flexible, these structures are becoming more
susceptible to wind-induced pounding due to the large sway developed during high wind
problematic affairs. The study first investigates wind-induced pounding forces of two equal height
structures with similar dynamic properties. This will first rely on using Large Eddy Simulation
(LES) modelling for the wind load evaluations. Then, the wind loads will be extracted from the
LES models and applied to a Finite Element Method (FEM) analysis software to determine the
examined structures’ deflections, minimum separation gap distance, and pounding forces. To
correlate a reasonable mathematical formula, training data values must be prepared. This will
include varying values of the structure’s heights, applied wind velocities, flexure of the structure,
and the separation distance between the examined buildings. Lastly, a Genetic Algorithm (GA) is
then utilized with varying parameters of the tall structures to correlate the minimum separation
gap distance and maximum pounding force that can be performed. To achieve a more accurate

mapping for the trained database, the more complex the mathematical formula will be developed.
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1 Chapter 1 — Introduction
1.1 Background

Pounding of structures occurs when two or more structures are within proximity subjected to
extensive lateral loading leading to a collision of structures. These lateral loads can occur from
ground vibration produced during earthquakes or from airflow generated during extreme wind
events. Tall structures in proximity are more susceptible to pounding phenomena, where many
pounding incidents have been reported over the past three decades. Building damage can transpire
when structures experience pounding phenomena depending on how severe the structural collision
event occurs. The structural damages from pounding can cause local or global failures and possibly
lead to a total collapse. Pounding can be mitigated by providing a suitable gap distance between
structures or by designing for the additional pounding loads between the colliding structures.
Providing an adequate gap distance between structures is ultimately the best solution to prevent a
pounding phenomenon; however, owners and architects often object to this solution due to
architectural and space-related considerations. This solution also is not applicable to structures that
are already pre-existing without sufficient lateral spacing. Therefore, mitigation measures towards
this issue have been developed as an alternative to an adequate separation distance. These non-
typical additional pounding loads, if not properly taken into account, can produce damages within

the structures, especially when the pounding structures are vibrating out-of-phase.
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1.2 Research Problem Gap

Buildings are constructed within dense metropolitan locations, ultimately in proximity to
surrounding structures due to limited available land space and the increase in population. With the
design of new, tall, and slender buildings, the term pounding has become an important objective
when a structure is built within proximity. Pounding can be considered as a major risk to tall
structures; for instance, (Rosenblueth and Meli, 1986) explored a historical earthquake event
resulting in many structural pounding occurrences. A pounding occurrence can also be produced
when the structures involved are subjected to extreme wind events (Brown and Elshaer, 2022;
Huang et al., 2012). In comparison to an earthquake, the same structure under wind loading can
develop a more considerable lateral deflection and inter-storey drift magnitudes within an exact
geological location (e.g., eight times larger in lateral deflection and 2.5 times more prominent in
inter-storey drifts) (Aly and Abburu, 2015). As many studies have conducted structural pounding
experimental and numerical analysis from earthquake-induced phenomena, wind-induced
structural pounding can transpire when one’s structure exceeds the separation distance between its
other adjacent structure due to lateral deflection produced by wind similarly to earthquake-induced
structural pounding. The study gap to this date is identifying possible mitigation measures towards
avoiding a wind-induced pounding of tall structures. One approach can be determining a required
minimum separation distance for possible structures located in proximity during hazardous wind
events. Alternatively, when a required separation distance cannot be achieved, it is challenging to
quantify the developed pounding forces produced when a wind-induced structural pounding event

arises.
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1.3 Research Objectives

The analytical research study detailed in this thesis has been produced to correlate mathematical
formulas from an optimization process through Genetic Algorithm (GA) for determining a
minimal required separation gap distance to mitigate pounding of structures from wind events. In
addition, a different mathematical formula will be produced for determining the maximum
pounding force of the examined two structures when a minimum separation gap distance cannot
be achieved. Accordingly, this study aims to examine two structures in proximity with varying
wind intensity, heights, flexibility of the structures and alteration of the separation gap distance
after estimating the required minimum Separation Gap Distance (dg,min) to mitigate the arising risk
of damages and failures due to wind-induced structural pounding. To achieve this, a summary of
the specific research objectives for this study are as follows:

1. Validate and conduct an initial set of Computational Fluid Dynamic (CFD) simulations
while altering the applied mean wind velocities to determine the wind forces acting on two
adjacent tall structures.

2. Validate a set of Finite Element Method (FEM) models to determine the developed
deflections for the two adjacent structures when subjected to the extracted time-history
wind forces.

3. Determine the dynamic responses of each structure throughout the applied wind forces to
establish the lateral deflection of each structure, which then can correlate an estimated dg,min
to mitigate wind-induced structural pounding.

4. Determine the maximum developed pounding forces for various structural configurations

when the gap distance between adjacent structures is less than dg,min.
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5. Formulate the most accurate mathematical formula for estimating the required dg,min based
on the structural natural frequency, building heights, and the applied wind using Genetic
Algorithm (GA).

6. Develop a mathematical formula that can correlate the maximum pounding forces to the
adjacent structures height, flexibility and the wind load encountered when a collision

occurs if the determined dg,min cannot be provided.

1.4 Thesis Outline

This thesis is outlined and organized into five chapters, which contain the following content:

- Chapter 1 (this chapter) provides a general introduction of pounding from wind-induced
events, in addition with the scope and objectives of this thesis

- Chapter 2 summarizes a literature review that outlines existing research from the most
recent state-of-the-art review towards pounding. This section reviews large city-scale
earthquake pounding occurrences, out-of-phase vibrations leading to pounding, and
pounding within the same structure through expansion joints, in addition to experimental
and numerical modelling towards pounding. It also discusses lateral deflections within tall
structures resulting from wind events and how this sway can trigger a structural pounding
phenomenon.

- Chapter 3 presents the numerical analysis in achieving a formulated mathematical equation
for determining the estimated minimum separation gap distance for mitigating wind-
induced pounding of two tall structures in proximity.

- Chapter 4 describes the potential pounding forces from wind-induced events for proximate
tall structures from numerical analysis, following a potential pounding force formulation

from optimization through GA.
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- Chapter 5 concludes this thesis by summarizing the key research findings, conclusions

drawn, and provided recommendations for future research needs.

25



2 Chapter 2 — Literature Review
2.1 Background

At dense metropolitan locations, buildings are placed in proximity due to the increase in
populations and to maximize the building use within the restricted availability of land space.
Traditionally, high-rise structures are used for commercial office occupancy, but residential usage
has recently gained popularity (Ali and Moon, 2006). The pounding of structures is becoming a
new important commodity with the design of new structures when built within proximity. The
term “pounding” is defined by past scholars (Anagnostopoulos and Spiliopoulos, 1992a;
Efraimiadou et al., 2013; Kasai and Maison, 1997; Maison and Kasai, 1990, 1992) when two
adjacent neighbouring structures are in close proximity causing a collision when subjected to
lateral loading. “Pounding of structures” has also been defined by past scholars labelled as
“interaction between adjacent structures” (Favvata et al., 2012; Favvata and Karayannis, 2013,
2009; Karayannis and Favvata, 2005a, 2005b; Karayannis and Naoum, 2018a, 2017a, 2017b). In
addition, (Jankowski, 2009) also mentions the pounding phenomenon occurs when different
dynamic characteristics of a structure (i.e., mass or stiffness) collide due to their out-of-phase
vibration from earthquake excitation. (Abdullah et al., 2001a) defined structural pounding as
similar to (Jankowski, 2009) but added that the out-of-phase vibrations can also occur during high
wind proceedings. The pounding phenomenon from past field evidence has ranged from light to
heavy structural damages to the extent of initiating global structural failures (Rosenblueth and
Meli, 1986). Although the majority of pounding cases have occurred during earthquakes causing
induced ground motion and transferring to the structures, it can also be generated when structures
are subjected to very strong lateral loads, such as extensive wind loads (Huang et al., 2012). Many

past scholars have extensively studied these pounding events, more particularly from past
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earthquake occurrences (Anagnostopoulos, 1995, 1988; Jankowski, 2012, 2009; Kasai and
Maison, 1997; Kaushik et al., 2006; Maison and Kasai, 1992; Rosenblueth and Meli, 1986).

Tall and slender structures are ultimately sensitive towards lateral loading (Huang et al., 2012;
Lam et al., 2009), where wind forces applied are towards the building's exposed surfaces.
Alternatively, seismic forces applied are inertial, resulting from inertial resistance of the structure
and distortion of the ground (Rahman et al., 2012). The lateral loads applied can develop a high
value of lateral forces, producing intensive sway movement or causing strong vibrations
throughout the structure (Stafford Smith and Coull, 1991). Meeting the lateral deflection
requirements or controlling the extensive vibrations can be, in some cases, more challenging than
meeting the strength and capacity requirements within the building (Elshaer and Bitsuamlak,
2018). Lateral deflection and structural sway in tall buildings can affect the non-structural elements
(i.e., cladding and partition); the main structural elements; and possible adjacent structures
(Chenna and Ramancharla, 2018; Rahman et al., 2012; Wolfgang, 1977). For the adequate designs
in new tall structures in proximity, extreme measures for large deflection and structural sway need
to be properly addressed in the design.

Tall buildings may experience large significant lateral deflections during wind and seismic events
(Chan et al., 2000; Coull and Wahab, 1993; Halis Gunel and Emre Ilgin, 2007; Huang et al., 2012)
without sustainable building measures such as shear walls (Beck, 1962; Coull and Choudhury,
1967; Rosmon, 1964), braced frames or rigid frames (Stafford Smith et al., 1984, 1982; Stafford
Smith and Crowe, 1986). Without proper measures can make the structure more susceptible to
pounding, despite having an insufficient separation gap between structures. Intensive studies have
been carried out to mitigate these safety precautions to avoid such pounding hazard phenomena.

An objective in the past was to develop procedures for evaluating adequate separation distances
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between structures in order to prevent contact during extensive lateral motion events (Jankowski,
2005; Jankowski and Mahmoud, 2015; Penzien, 1997). Modern codes (i.e., the International
Building Code (IBC) 2018, National Building Code of Canada (NBCC) 2015, National Earthquake
Hazards Reduction Program code (NEHRP) 2012, Codes for Seismic Design of Buildings
(GB50011-2010) 2010, American Society of Civil Engineers (ASCE7-05) 2006, Eurocode 8
(EC8) 1994, and the Uniform Building Code (UBC 97) 1997) have included required separation
distances between building for earthquakes occurrences as countless locations around the world
may have experienced such significant circumstances (Miari et al., 2019). However, these
requirements are not correlated to the dynamic properties of the adjacent buildings or the lateral
loads from such natural hazards (Chau and Wei, 2001). More accordingly, numerous buildings
and structures were designed and built before such requirements in their codes and provisions,
leading to pre-existing structural pounding failures (Rezavandi and Moghadam, 2007). Design
codes (e.g., NBCC 2015) do not fully address nor provide sufficient safety guidelines on the effects
of tall structures undergoing strong winds within flexible foundations. Namely, tall structures
should provide reliable analysis and a correct basis for selecting load factors in these building
provisions (Halabian et al., 2003). While most building codes identify these necessities towards
standards and hazards for deflection, limited cases for building codes are identified for the required
minimum separation distance for structures at proximity during wind evaluations. Mitigation can
be implemented for structural pounding if minimal or no required spacing between structures is
considered during wind evaluations for the design of these building codes. Despite past scholars
regarding earthquake-induced pounding, colliding of structures (such as buildings or bridges) can
be motivated by building deflections generated from their out-of-phase vibrations, depending on

their dynamic structural properties. Namely, out-of-phase vibrations arise from intensive lateral
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loading (e.g., wind events), making the occurrence of wind affairs problematic for these specific
pounding phenomena. This chapter presents the current state of the art for structural pounding at
proximity.

This chapter is divided into five sections, where the first section (this section) provides an overview
of the pounding phenomenon. Section 2.2 explains the effects and principles of certain pounding
phenomena (Causes of pounding). It defines key terms such as pounding, proximity, load cases of
pounding, in addition to the types of pounding failures. Afterward, the paper reviews the historical
incidents and past issues from previous studies that have reported the occurrence of structural
pounding (Section 2.3: Historical pounding incidents). The following two sections (Sections 2.4
and 2.5) investigate past research studies that used experimental and numerical modelling for
pounding structures (Experimental modelling towards pounding and Numerical modelling
towards pounding). The review paper summarizes the important vital evidence related to pounding

phenomena in conclusion.

2.2 Causes of Pounding

Structural pounding occurs when two or more structures at proximity are subjected to lateral
loading developing an out-of-phase vibration due to the difference in their dynamic properties,
causing a collision between the structures (Jankowski, 2009). These lateral loads can occur from
ground vibration produced during earthquakes or from airflow generated during extreme wind
events. Tall structures at proximity are more susceptible to pounding phenomena, and many
pounding incidents have been reported over the past three decades (Chenna and Ramancharla,
2018; Mariam Ehab et al., 2014; Papadrakakis and Mouzakism, 1995; Sottysik and Jankowski,
2016). The pounding risk is typically triggered by the lateral deflection of tall buildings subjected
to lateral loads, such as earthquakes, tsunamis, hurricanes, tornados, cyclones and extreme wind

gusts. While most scholars have intensively examined pounding from earthquake excitation due
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to its unpredicted occurrences, very few studies have investigated the other hazardous events
generating lateral motion leading to structural pounding.

Building damage can transpire when structures experience pounding phenomena depending on
how severe the structural collision event occurs. The structural damages from pounding can cause
local or global failures and possibly lead to a total collapse of structures (Jankowski, 2009;
Petronijevic et al., 2014; Wolfgang, 1977). Many cases of structural damage due to pounding were
reported from previous studies (Kasai et al., 1996; Penzien, 1997), which are further discussed in
the following section. Local failures from pounding can arise when the point of impact from the
two buildings have different heights, storey levels and phases, especially when the shorter structure
is less flexible than the taller structure (Anagnostopoulos and Karamaneas, 2008). In addition,
local pounding can be experienced through thermal expansion or construction joints (Petronijevi¢
et al., 2014). Local damages from pounding can occur when adjacent structures do not provide
sufficient separation distances (Kasai and Maison, 1997; Maison and Kasai, 1992) or from the
structures not having satisfactory lateral resistance (Chan, 2001; Stafford Smith et al., 1984).
Accordingly, pounding risk can be minimized when the adjacent buildings have similar dynamic
properties with equal heights (Chenna and Ramancharla, 2018). Failures from pounding may result
in irregular responses of structures due to the differences in building heights. Local damages may
arise to the columns as the roof of one building collides with the columns of the other. Global
damage may occur from the collapse of damaged floors, or global failures can occur due to the
entire structure's total collapse (Rosenblueth and Meli, 1986). Pounding mitigation should be
considered either by providing safe separation distances between structures (Jankowski, 2008a;
Lin, 1997) or by designing for the additional lateral loads resulting from pounding (Chan, 2001;

Godinez-Dominguez and Tena-Colunga, 2010; Pantelides and Ma, 1998), which can be tested

30



through the use of either experimental or numerical modelling, which is further explained in
Sections 2.4 and 2.5, respectively.

The main reason for structural interactions between the adjacent buildings under the effects of an
earthquake (or wind excitations) is due to the difference in their dynamic properties, as mentioned
in previous studies (Malhotra et al., 2020). Their structural properties will mostly always differ,
leading to out-of-phase vibrations causing structural pounding due to the high urbanization in
regions worldwide (Mahmoud et al., 2013). In order to eliminate or minimize the pounding forces
between the structural interactions, effective utilization of adequate gap distances between the two
adjacent structures must be present. Evidentially, coupling the adjacent structures with suitable
control mechanisms can be an effective solution to minimize the overall responses of the structural
systems under the effects of earthquake and wind excitations (Bhaskararao and Jangid, 2006; Patel
and Jangid, 2010; Wang et al., 2015). Alternatively, the possibility of using dissipative links and
semi-active devices to reduce the response of adjacent buildings under the wind excitation has also
been previously studied (Klein and Stukel, 1972). Under the wind excitation, the two adjacent
buildings were modelled by a couple of uniform shear beams coupled by a single flexible and
damped link and acquired the optimal stiffness and damping in the link in the case of primary
structures, which was presented in their study (Aldemir and Aydin, 2005; Gurley et al., 1994).
Moreover, dampers (e.g. friction dampers) can be adopted for braced frames, buildings with shear
walls and low-rise buildings to mitigate the large deformations caused by earthquake ground
motions and winds (Chung et al., 2009; Colajanni and Papia, 1995; Pall and Marsh, 1981). Passive
single and multiple mass dampers can also be installed in civil structures to mitigate wind or
earthquake-induced vibrations (Aldemir et al., 2001; Chen and Wu, 2001; Park and Reed, 2001).

Although the passive devices are simple and yet completely applicable in civil structures, they
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have limitations in achieving desired performance measures primarily due to the highly uncertain
nature of the wind and seismic disturbances (Aldemir and Giiney, 2005). As seen from the
presented literature, a mathematical correlation can be created between the dynamic structural
properties and the expected structural response (i.e., deflection and acceleration). This correlation
can be further related to the predicted pounding impact between structures, thus developing proper
guidelines between the structural properties of the adjacent building and (1) the required gap
distance, or (2) the required resiliency of the tall building to withstand the potential pounding
forces.

Providing an adequate gap distance between structures is ultimately the best solution to prevent a
pounding phenomenon; however, owners and architects often object to this solution due to
architectural and space-related considerations. This solution also is not applicable to structures that
are already pre-existing without sufficient lateral spacing. Therefore, mitigation measures towards
this issue have been developed as an alternative to an adequate separation distance. Firstly,
collision shear walls and bracing systems for pounding interactions have been previously presented
in many studies and were proven to be sufficient in minimizing the interaction of earthquake-
induced structural pounding (Jamal and Vidyadhara, 2013; NK and Nair, 2016). In this case, the
maximum out-of-phase displacement of the pounding structures, the top displacement, and the
number of impacts will be decreased (A. Hameed, M. Saleem, A.U. Qazi, 2012). Buildings with
shear walls can also absorb a higher energy impact than moment-resistant concrete frame
structures, decreasing the high impact load (Barros and Khatami, 2012). Secondly, the use of
impact-absorbing materials such as rubber shock absorbers (Lin and Weng, 2001; Polycarpou et
al., 2013; Takabatake et al., 2014), polystyrene (Rezavandi and Moghadam, 2007, 2004) or

polymers (Sottysik et al., 2020, 2017) on isolated buildings (Komodromos, 2008; Polycarpou and
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Komodromos, 2011) may be used on the response of the colliding structures, which have been
explored in past studies on fixed-based structures. Shock absorbers were concluded to reduce the
peak acceleration and impact forces of the pounding structures; however, this increased the number
of pounding phenomena because of the softness of its behaviour. Another common mitigation
measure is making the adjacent buildings vibrate in-phase by connecting the adjacent structures
with links. Numerous study results have proven that this mitigation measure significantly
decreases the displacement of the flexible adjacent structure and has insignificant effects on the
response of the stiff adjacent building (Jankowski and Mahmoud, 2016; A. Richardson et al., 2013;
Andy Richardson et al., 2013). The use of dampers is the following type of mitigation measure
that has been investigated. The influence of viscous dampers on the pounding mitigation and its
arrangement was examined by (Patel and Jangid, 2010) and (Tubaldi et al., 2012). It was
established that the use of the viscous dampers at the isolation level of the isolated buildings could
regulate the large structural displacement, which can mitigate the interaction between the adjacent
structures, leading to a significant reduction in the damaging forces. Other dampers can include
fluid viscous dampers (Kazemi et al., 2018; Pratesi et al., 2014, 2013; Sorace and Terenzi, 2013),
magnetorheological dampers (Abdeddaim et al., 2017; M Abdeddaim et al., 2016; M. Abdeddaim
et al., 2016), tuned mass dampers (Wang et al., 2017; Xue et al., 2016b, 2017; Zhang et al., 2015),
passive shared tuned mass dampers (Abdullah et al., 2001b), and semi-active shared tuned mass
dampers (Kim, 2016). The last mitigation measure includes the use of the roll-in-cage isolators
from (Ismail et al., 2014). This measure can control the significant response (displacement) from
installing the isolated system at the isolation level. This method was proven to be effective in

controlling both rotational and translational pounding through the use of passive and active
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controls by the performance of numerical analysis on these types of isolation systems (Ismail,

2015a, 2015b, 2015c; Ismail et al., 2015, 2014).

2.3 Historical Pounding Incidents

This section reviews the historical incidents that have reported the occurrences of structural
pounding and its damages. The interaction of structures has been countlessly reported in many
cases, such as large city-scale earthquake occurrences, out-of-phase vibrations leading to the
pounding of adjacent structures, even to the extent of internal pounding such as expansion joints.
With the past historical events that have occurred, if adjacent buildings at proximity encounter
such lateral loads in the future, extensive measures of those loads may experience specific
pounding effects, leading to the possibilities of structural damage (Anagnostopoulos, 1988;
Jankowski, 2012, 2009; Kaushik et al., 2006).

2.3.1 City-scale assessment of pounding-induced damages during earthquakes

The pounding of structures has occurred in many seismic scenarios and has been intensively
studied in the past decades. Within many events of large-scale earthquake phenomena, occurrences
of structural pounding within a big city-scale have led to several cases of structural damage or
failures (Abdel Raheem, 2013; Anagnostopoulos, 1995; Chouw and Hao, 2012; Cole et al., 2012;
Mariam Ehab et al., 2014; Kasai and Maison, 1997; Maison and Kasai, 1992; Rosenblueth and
Meli, 1986; Stone et al., 1987). In the event of structural pounding, magnification of property loss
and substantial amounts of expenses for repair and maintenance can be generated. Large-scale
earthquake events within dense metropolitan cities such as the Mexico City earthquake in 1985
have led to significant structural failures from pounding cases. An investigating team was assigned
to investigate this earthquake (National Bureau of Standards Building Science, 1987). Their report
addressed the origin and characteristics of the observed ground motion, the ability of buildings

designed in accordance with present and proposed seismic design provisions to resist this type of
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ground motion and observed data on structural and foundation failures. The original earthquake
reached a Richter scale magnitude of 8.1, following an aftershock of 7.5 after a day and a half,
which was at a focal depth of approximately 18 km. The intense motion duration was
approximately 60 seconds and a peak acceleration of 168 cm/s*. With this force of ground motion,
a high percentage of structures failed that were within the danger zone, ranging with heights of 6
to 17 stories tall. While lower and taller structures performed relatively well in respect to these
structural failures, this is due to these middle-range structures having fundamental periods close
to that of the ground motion. Concerning the pounding of structures, 40% of the severely damaged
330 structures were involved in pounding, and 15% of those structures led to a total collapse due
to pounding phenomena (Figure 2.1 and Figure 2.2) (Anagnostopoulos, 1995; Rosenblueth and

Meli, 1986; Stone et al., 1987).

¥(b)

Figure 2.1. Typical pounding damage in similar height buildings: (a) seven-storey office building
on Ave 20th de Novembre, which collapsed due to pounding; and (b) neighbouring nine-storey
building showing impact damage to columns, adapted from the (National Bureau of Standards

Building Science, 1987)
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Figure 2.2. Pounding damage between buildings of dissimilar heights and stiffness with
separation between the structures approximately 10 cm, adapted from the (National Bureau of
Standards Building Science, 1987)

The Canadian perspective towards the pounding of buildings during earthquake events was
illustrated by (Filiatrault et al., 1994) in their review paper. This study provides information to
structural engineers on how to consider and mitigate the pounding phenomenon between adjacent
buildings more accurately during earthquake events. It reviews the problems of seismic pounding,
more specifically observations of damages from pounding during earthquakes, and the potential
pounding effects for structures in large Canadian cities. Studies such as analytical and numerical
research were also conducted in their paper, and methods were proposed to mitigate these
pounding phenomena. (Filiatrault et al., 1994) also investigated the seismic behaviours of three
closely spaced steel frame structures, considering the Canadian codes for design. The first part
details the pounding potential for Canadian cities such as the Notre-Dame Pavilion in Quebec and
the Shipshaw Bridge located 10 km northeast of Jonquiere, Quebec that crosses the Saguenay
River. The Notre-Dame Pavilion was an incident of a seven-storey unreinforced masonry wall that

was severely cracked when it pounded against an adjacent two-storey building during the 1988
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Saguenay earthquake (Tinawi et al., 1990). At the same time, the Shipshaw Bridge incident
underwent a longitudinal motion and pounded against both abutments during the same 1988
Saguenay earthquake. Local buckling of the horizontal bracing members underneath the deck and
massive cracking of the concrete cover at the abutments was generated because of the repeated
pounding from the earthquake excitation, which led to complete failure of one of the four
anchorage plates connecting the deck to one abutment. The Shipshaw Bridge event is further
detailed in Section 2.3.3 from (Filiatrault et al., 1993). Their study included three cases of pounding
between adjacent structures that were analytically investigated. (Filiatrault et al., 1994) study
concluded that designers should consider pounding phenomena on a case-by-case basis as
pounding can be regarded as complex behaviour, which is not appropriately addressed in the 1990
National Building Code of Canada (NBCC-1990). In addition, when two structures are initially in
contact, the time between two impacts corresponds to about one-half the mean period of the
building, leading to many interactions between the structures. Lastly, (Filiatrault et al., 1994)
concluded that from a floor-to-column pounding, large shear forces in the column above the
contact point would be generated compared to pounding of a similar structure with floors of the
same elevation, which has been later analytically proven by (Karayannis and Favvata, 2005b) and
(Mariam Ehab et al., 2014).

In 1992, an earthquake occurred in Cairo, Egypt leading to catastrophic damages, 350 buildings
were entirely destroyed, and 9,000 others were severely damaged, leading to 545 fatalities and
6,512 injuries, resulting in over 50,000 citizens being homeless (Mariam Ehab et al., 2014). Figure
2.3 and Figure 2.4 show examples of structural collapse from the Cairo earthquake. After this
destructive earthquake, Egyptian authorities changed their structure’s design codes and provisions

to account for the modified hazard maps resulting from building collapse and control major
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structural elements' damage. Additionally, Egyptian regulations introduced a mandatory gap
distance between neighbouring structures for all new constructions to consider the multiple
pounding incidents resulting from the seismic events. The first official code towards seismic
loading was published by the Ministry of Housing, Utilities and New Communities in 1989 - the
Reinforced Concrete Code (ECP 1989). This code alternatively overlooked a more significant
number of primary seismic considerations, such as the influence of soil conditions and the dynamic
properties of buildings (Abdel Raheem, 2013). The 2004 Egyptian code largely follows the same
philosophy adopted in EC8 (ECS 2004; UBC 1997). In some codes such as ECP 203 (2007), ICB
(2003), and the UBC (1997), the minimum required Gap Distance (dg,min) can be calculated as per
Equation (1). Structures built before these new design codes and regulations may have an
uncontrolled maximum lateral displacement, leading to an unpredicted pounding behaviour for

new structures being designed.

dg,min = \/(Al)z + (Az)z Equation (1)
Where Al is the maximum displacement for one of the adjacent buildings, and A2 is the maximum

displacement for the second building at the same level considered in the first building.
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Figure 2.3. Failure of a load-bearing masonry house in Cairo adapted from (Badawi and Mourad,
1994)

Figure 2.4. The complete collapse of a 14-storey reinforced concrete residential building in Cairo
adapted from (Badawi and Mourad, 1994)

In another large-scale seismic event, an earthquake occurred in 2011, affecting Christchurch, New
Zealand (Cole et al., 2012), where the building damages and failures were reported to be resulting
from structural pounding. Building conditions were investigated in their study for local damages
and their contribution to the global failures of the structure. A total of 374 buildings were inspected

during their research. While the pounding observed was a secondary effect for the structures, over
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6% of the total surveyed buildings were detected to have significant or more remarkable pounding
damages. There were 51 buildings in the location of the Christchurch earthquake, and it consisted
of low-rise structures involving little to no separation gap. Over 65% of the structures were only
two stories tall, while 6% were over ten stories. It was also reported that 45% of the structures
were made of concrete, 45% were made of unreinforced masonry material, while only 6% were
made of steel. Buildings with no separation were observed to be 93% in the pounding incidents,
while only 5% ranged from 1-50 mm in separation distance and 51-100 mm there was only one
structure involved. Out of the total 374 structures observed, 119 were involved in pounding
damages. Within the 119 structures, 26 buildings were ranked as significant damage towards
pounding, 18 structures involved were classified as partial collapse, and two of the structures had
a total failure. The other 73 structures had minor or no structural damage. Figure 2.5 and Figure
2.6 show structural collapses due to building pounding involved in the 2011 Christchurch
earthquake. Table 2.1 and Table 2.2 explain these figures by indicating the damage categories and
confidence levels of these building damages. (Chouw and Hao, 2012) prepared another study
exploring the multiple structures involved in this earthquake event and compiled a report regarding
the buildings that conducted pounding excitation. Structures reported were also involved from a
previous main shock back in September 2010, causing several thousand buildings to have already
weakened in structure. Further failures occurred following the 2011 Christchurch earthquake,
leading to many structures experiencing internal and/or global failures from the pounding of
structures and bridges. (Chouw and Hao, 2012) agreed with (Cole et al., 2012) conclusions that
pounding due to earthquake excitation can occur to tall structures and relatively low structures

such as one or two stories. In addition, unreinforced masonry material buildings were the most
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vulnerable to damage from pounding, especially ones with large windows or door openings (Figure

2.7).
Table 2.1. Damage categories based on (Cole et al., 2012)
Icon Damage level Description of pounding damage
0 None: building involved in pounding, however no evidence of damage was found
ol 1 Minor damage: damage to non-structural elements, or isolated hairline cracking
I 2 Damage at contacts: local spalling or crushing damage at the interface between
allll o i
buildings, or substantial damage or collapse of parapets
i 3 Significant damage: cracks greater than 1 mm extending along load paths or present in
we multiple locations on the building
il 4 Partial collapse: loss of a facade or similar size component
§
m 5 Complete building collapse: the collapse of a building storey or greater damage
Table 2.2. Confidence levels based on (Cole et al., 2012)
Icon  Confidence level Description
{} Low Evidence of pounding is present; however, pounding may only be a secondary factor
for the observed level of damage. Alternatively, specific details for damage are
unavailable because of the collapse of demolition
? High Damage follows laid paths that indicate building collision or damage patterns are

consistent with pounding damaged structures observed in previous earthquakes
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Figure 2.5. Damage to unreinforced masonry buildings: (a) after the Darfield earthquake; and (b)
after the Christchurch earthquake, adapted from (Cole et al., 2012)

A== »i\. L3 NN~
— e P 20 =3
ol AT L L DR | gy
1

Figure 2.6. Pounding damage to masonry buildings: (a) damage after the Darfield event
(panoramic image); and (b) damage after the Christchurch event, adapted from (Cole et al.,
2012)
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Figure 2.7. Pounding between unreinforced masonry and reinforced concrete buildings, adapted
from (Cole et al., 2012)

2.3.2 Out-of-phase pounding incidents

Structures within metropolitan cities are typically built within proximity and commonly have many
different dynamic properties. Adjacent tall buildings can experience out-of-phase vibrations due
to the difference in their dynamic properties (Jankowski, 2009; Kasai and Maison, 1997; Maison
and Kasai, 1992). During the 1971 San Fernando earthquake, a study from (Jankowski, 2009)
examined the pounding failure of the Olive View Hospital main building and one of its
independently standing stairway towers shown in Figure 2.8. The seismic joint to separate the
stairway tower and main building was insufficient to accommodate the actual lateral displacement
during this seismic event. (Mahin et al., 1976) reported that the main building's impact with the
tower had a much more significant effect on the subsequent seismic response, in addition to the
distributing damage, leading to an out-of-phase occurrence of pounding. The damage reported had
appeared to be the consequence mainly of intensive ground motion and partly of the inadequate
structural system. The damages reported are believed not to be caused by the foundation failure

nor by the defective material used or their installation. Jankowski’s results concluded that the
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collision led to a significant increase in the response of the lighter stairway. Additionally, it
resulted in a substantial increase in the range and intensity of damage at the structure's base because
the heavier main building was found to be slightly influenced by structural interaction. With the
additional study of (Jankowski, 2012), a similar outcome as previously mentioned (Jankowski,
2009) can be concluded, but for non-uniform earthquake excitation. The study employed the same
parameters from the Olive View Hospital main building and stairway tower. It was stated that
uncertainty is related to structural interactions during similar earthquakes could come in several
other aspects. Lastly, it was reported that the accuracy of the numerical analysis could be increased
if additional parameters were taken into consideration. Such considerations can include the
concrete confinement, the soil-structure interaction, possible spalling of concrete cover, buckling

of reinforced concrete, and slip interfaces between the reinforced steel and the concrete.

~

Figure 2.8. Permanent tilting of a stairway tower; San Fernando earthquake, 1971, adapted from
(Jankowski, 2009)

(Kasai and Maison, 1997) explored building pounding damage during the 1989 Loma Prieta
earthquake, which was an extension of the study by (Kasai et al., 1992). (Kasai and Maison, 1997)
examined more than 200 pounding occurrences involving more than 500 building structures. The
hypocenter of the 1989 Loma Prieta earthquake was located 19.5 kilometres below the ground
surface on the San Andreas Fault and had an earthquake of 7.1 on a Richter scale. Structures
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involved in the pounding phenomena were typically constructed prior to 1930 and are primarily
multi-storey structures. The buildings built before 1930 that were involved in the investigation
mainly were constructed with masonry, either having or not having a steel skeletal vertical load
resisting system. The number of modern structures involved in the pounding phenomena was very
few at the time of the event. Four divisions were alienated by a ranking of damage, ranging from
usable structures with minor damage to nature (Type-4 damage) to typically unusable until the
structural damage from pounding is repaired (Type-1 damage). Within the reported 200 pounding
incidents involved, 38 (21%) structures were reported as Type-1 damage whereas 144 (79%) were
reported as Type-4 damage. The heights of the structures involved ranged from two stories to over
20 stories tall, however, structure heights and building materials ranged drastically depending on
the location within the city. Examples of structures involved in the Loma Prieta earthquake were
examined in detail. One example observed was a ten-storey structure constructed out of masonry
and combined with a steel skeleton that was built before the 1906 San Francisco earthquake and
was involved in pounding with a massive five-storey structure built with reinforced concrete. The
five-storey structure was eight times the square floor area of the ten-storey building and was
seismically upgraded in the early 1980s by adding steel concentric braces to increase its lateral
stiffness. The collision of the two structures was located at the sixth level in the ten-storey structure
and roof level of the five-storey building, shown in Figure 2.9. The building separation gap was
only 1 inch to 1.5 inches as was exceeded mostly from the ten-storey structure during the event of
this earthquake, resulting in structural damage for the ten-storey building due to an out-of-phase
vibration. Similarly, another ten-storey reinforced concrete structure was built in 1965, which
experienced significant structural damage by exceeding a 2-inch separation gap with its

neighbouring tower. This structure was in collision with a seven-storey structure made out of
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reinforced concrete for the lower four stories and steel for the remaining three stories due to out-
of-phase pounding vibrations. Many of these examples involved in pounding included at least one
structure over ten stories tall. The pounding produces sharp, irregular motions and large high-
frequency lateral accelerations, which can result in amplifying the forces in the appurtenances by
having high vibration frequencies. Such pounding incidents were analytically proven by (Kasai et
al., 1990) and experimentally demonstrated by (Filiatrault et al., 1995).
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Figure 2.9. Example of pounding damage (Mission Street, San Francisco) adopted from (Kasai
and Maison, 1997)

233 Pounding incidents developed at expansion joints

The majority of structural pounding incidents have been experienced through the external envelope
of the structures, causing global failure. Alternatively, local or internal pounding within a structure
may also be produced. For instance, colliding of building parts at the construction or expansion
joints can lead to local pounding within a structure. Damages from local pounding incidents such
as expansion joints have been numerously reported and thoroughly investigated through multiple
studies from the past (Comartin et al., 1995; Pantelides and Ma, 1998; Petronijevi¢ et al., 2014;
Stewart et al., 1994; Wada et al., 1984). (Wada et al., 1984) investigated the collapse of structures
built at proximity, causing pounding excitation due to the existence of expansion joints within the

structures. When the structures built with expansion joints are subjected to earthquake excitation,
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a collision can occur, and the actual horizontal force produced can be greater than the usually
expected magnitudes. The latter study detailed how to properly depict a collision behaviour
between adjoining buildings, and indicates that this phenomenon is one of the main reasons for the
collapse of structures. (Wada et al., 1984) analyzed past incidents such as the Olive View Hospital
and stairway tower that occurred in the 1971 San Fernando earthquake, the Kuju Lakeside Hotel
Building and the city hall of the Mutsu Municipal Office during the Tokachi-Oki earthquake in
Japan. They concluded that although pounding in such structures is likely to concur with particular
seismic excitation, many structural designers usually perform seismic designs without considering
specific pounding effects. Namely, when buildings cause these pounding phenomena, large impact
forces not foreseen in the design stages can occur and may result in many tragic situations.

Another study from (Kasai and Maison, 1997) mentioned in Section 2.3.2 explored another
pounding incident located at 11™ Street, Oakland City Center that involved a large modern six-
storey steel structure occupying an entire city block. This building was built in 1981 and consisted
of three segments separated by 4-inch expansion joints. All segment structures consisted of having
steel moment-resisting frame systems. One of the six-storey segment structures was initially
designed as a 20-storey high-rise building making the segment much laterally stiffer than the other
two segments. Comparatively, large relative displacement can develop between the rigid and
flexible segments due to very different vibration periods of the segments (Jeng et al., 1992; Jeng
and Kasai, 1996; Kasai et al., 1996), leading to the out-of-phase pounding phenomena due to the
structure's existing expansion joints. It was noted that during large-scale earthquake events,
structures could contribute towards pounding phenomena in many ways leading to structural

disasters or failures (i.e., expansion joints).
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Bridges that have experienced damages due to pounding-induced incidents have been concluded
in past earthquake events. Such events include the 1971 San Fernando earthquake (Jennings,
1971), the 1988 Saguenay earthquake in Quebec (Tinawi et al., 1990), the 1989 Loma Prieta
earthquake (Priestly et al., 1996), the 1994 Northridge earthquake (Moehle, 1995), the 1955 Kobe
earthquake in Japan (Bruneau, 1998; Bruneau et al., 1996), the Chi-Chi earthquake in Taiwan
(1999) (Lee and Loh, 2000), the 2006 Indonesia Yogyakarta earthquake (Elnashai et al., 2007),
the 2008 Wenchuan earthquake in China (Li et al., 2008; Qiang et al., 2009), the 2010 Maule
earthquake in Chile (Elnashai et al., 2010; Kawashima et al., 2011), and the New Zealand
Christchurch earthquake in 2011 (Chouw and Hao, 2012). A state-of-the-art review of seismic
pounding between bridge segments has also been conducted by (Miari et al., 2021) to review
previous research studies concerning earthquake-induced structural pounding in bridge structures,
the factors that influence it and the recommended mitigation measures. (Filiatrault et al., 1993)
studied the case of pounding observed on the cable-stayed Shipshaw Bridge, which crosses the
Saguenay River about 10 km northeast of Jonquiere, Quebec, as mentioned earlier in Section 2.3.1
(Figure 2.10). The bridge's deck underwent a longitudinal motion and pounded against both
abutments (Kenogami and Shipshaw) during the earthquake, shown in Figure 2.11 and Figure
2.12. The repeated pounding caused massive cracking of the concrete covers at the abutments and
local buckling of horizontal bracing members underneath the deck. It contributed to the complete
failure of one of four anchorage plates connecting the deck to one abutment. (Filiatrault et al.,
1993) first performed a static analysis of the bridge under its dead load to understand its state
before the Saguenay earthquake, following dynamic analysis to investigate the stress
concentrations under the tensile dead load at each abutment. In conclusion, the results from the

study demonstrate that the anchorage plates were already subjected to high-stress concentrations
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under dead load only prior to the Saguenay earthquake and this event was the direct cause of the
failure of an already locally yielded anchorage plate at the ship show abutment. The ultimate stress
of the steel and chemical analysis indicated an increase in the brittleness of the steel near the failure
surfaces. The study explained that this cause of failure was conducted in a simplified manner,
whereas advanced dynamic analysis can be utilized to obtain the complete response of the bridge

under the Saguenay earthquake.

Figure 2.10. Overview of the constructed 1992, double-leg steel cable-stayed Shipshaw bridge of
183 m in length, adopted from (Filiatrault et al., 1993)

Figure 2.11. Tie-rod assembly at each box girder of Shipshaw abutment, adopted from
(Filiatrault et al., 1993)
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Figure 2.12. Damage to concrete cover at Kenogani abutment, adopted from (Filiatrault et al.,
1993)

Additional studies from Earthquake Engineering Research Institute (Schiff, 1999; Stewart et al.,
1994) investigated more pounding phenomena due to expansion joints. In 1995 (Schiff, 1999), an
earthquake in Kobe, Japan named the Hyogo-Ken Nanbu earthquake caused longitudinal
movements along with the elements of the Hanshin Expressway superstructure reaching a
displacement upwards of 300 mm, leading to considerable pounding damage located at the
expansion joints. In the 1994 Northridge earthquake at the Interstate 5 and State Road 14
interchange located approximately 12 km from the incident of the epicentre, Earthquake
Engineering Research Institute (Stewart et al., 1994) found significant pounding damage at the

expansion hinges and abutments of the upright portion at a number of bridges.

24 Experimental Modelling Towards Pounding

Motivated by the numerous earthquake-induced pounding incidents discussed in Section 2.3, many
studies adopted experimental approaches (Chau et al., 2003; Papadrakakis and Mouzakism, 1995;
Rezavandi and Moghadam, 2007) and numerical approaches (Anagnostopoulos, 1988; Conoscente
et al.,, 1992; Muthukumar and DesRoches, 2006) to model the structural pounding behaviour

during lateral excitation. This section reviews past studies investigating the pounding of tall

50



buildings using experimental techniques, while the numerical approaches are discussed in the
following Section 2.5.

(Rezavandi and Moghadam, 2004) studied different methods of reducing the effect of building
pounding during earthquakes with experimental modelling aided by the use of shaking tables. The
experimental analysis employed two series of shaking table experiments on small-scale moment-
resisting frames subjected to harmonic excitation; in addition, seismic loading was then described.
Their study uses a series of experiments regarding some measures to reduce the damping effect of
pounding. The criteria used in their experiment included increasing the distance between the
buildings, application of impact-absorbing material, and connecting the two buildings. The two
small-scale structures consisted of a 1/10 scale size, being individual single-bay moments resisting
steel frames. The frames were designed based on the static analysis approach of building codes.
The one steel frame was a 6-storey building of 1.5 meters tall, while the other was a 3-storey
building of 0.9 meters tall, shown in Figure 2.13. The shaking table utilized three different
earthquake ground motion records (i.e., Tabas, Nagham and El Centro). The experiments
conducted vibrations of the structures (i) without a pounding phenomenon, (ii) with pounding of
structures spaced at 5.0 mm and 10 mm, (ii1) with pounding while polystyrene material is installed
on the third floor of the 6-storey building, (iv) the two structures are connected just at the third
floors, and (v) structures are connected at their first and third floors of the structures. The results
from their experimental analysis concluded that, at full-scale, no pounding would occur with
spacing as 100 mm between structure and vibration amplitudes of 10 mm neither with vibration
amplitudes of 20 mm and frequencies of 1 and 1.5 hertz. It was observed in their study that when
the two structures had a spacing of 50 mm, the acceleration decreased with the decrease in

vibration amplitude. Additionally, with the increase in distance between the two steel frame
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structures, if pounding occurs, acceleration response will also increase due to the increase in
velocity. Acceleration response, although, significantly decreases when polystyrene is installed.
Lastly, they concluded that the maximum responses occur at a frequency equal to 2.5 Hz when the
two frames are connected because an increase in the stiffness of the combined structure will occur.
Therefore, connecting the two steel buildings will reduce their responses, leading to a lower

pounding risk.

Figure 2.13. View of two structures on shaking table, adopted from (Rezavandi and Moghadam,
2004)

(Chau et al., 2003) applied experimental simulations to investigate seismic pounding between two
adjacent structures. Shaking tables were used to simulate the earthquake excitation to investigate
the pounding between two steel towers. The towers tested were conducted with different natural
frequencies and damping ratios. The buildings were subjected to a sinusoidal excitation, in addition
to the 1940 EI Centro earthquake (Pantelides and Ma, 1998). They were built with four hollow
steel columns cross-section being 2 meters in height with steel plates on the top of the structure

conducting a size of 1.0 meters by 0.6 meters, shown in Figure 2.14. Their study uses alternating
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mass and damping ratios of two towers to investigate different pounding phenomena. It also finds
the minimum space gap distance where no pounding can occur between the two structures by
establishing a function of the excitation frequency. A total of 190 pounding experiments were
investigated by alternating the dynamic characteristics of the tower structure, changing input
excitations and lastly, various separation distances between the two structures. Results concluded
that either chaotic or periodic pounding occurs non-linearly on the changes in parameters of the
two adjacent structures and ground motion characteristics. Namely, gap spacing and ground
motion alone can lead to a completely different pounding excitation between two structures.
Additional studies were also examined through analytical and numerical predictions from past

reports and compared with the experimental analysis.

= T

(a)

Figure 2.14. Shaking table tests: (a) showing two steel towers on a shaking table for the
pounding experiments; (b) showing the contact; and (c) indentation mark after experiments,
adopted from (Pantelides and Ma, 1998)

An additional study from (Rezavandi and Moghadam, 2007) employed experimental and
numerical studies for the pounding effects and mitigation techniques on adjacent structures. The
parameters of their research utilized similar models and shaking table ground motions as the

previous study used from (Rezavandi and Moghadam, 2004). The experimental results were
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compared to the numerical analysis results. The Finite Element Method (FEM) was conducted to
test similar elements and materials for the 2-D structures as the experimental investigation for their
numerical analysis. Results from the experimental study concluded that the frame acceleration
response was reduced by using impact-absorbing materials. Connecting the framed structures on
a floor level will reduce both analytical and experimental responses. However, joining the frames
with two levels did not improve the displacement nor acceleration. A significant increase in
response can occur by increasing the structure's spacing and still having pounding occurring.
Alternatively, insufficient space gaps generally intensified the acceleration responses of the
frames. Although there were some sources of error in the experimental practice, both analytical
and experimental analysis showed acceptable agreements with respect to in-phase motion and
maximum absolute displacement.

(Jankowski, 2010) also used experimental analysis for the earthquake-induced pounding
phenomenon. The study aimed to analyze two experiments concerning interactions between
elements made of different building materials (i.e., steel, concrete, timber and ceramic) towards
structural pounding phenomena. The first experiment includes a weighted ball of different mass
dropping from various heights onto a rigid surface. The second experiment involved a comparative
shaking table with two adjacent structural models made of different materials to focus on the
colliding elements once pounding is applied. With the second experiment, two similar, one-meter
tall structure models were designed with different dynamic properties on the top of the building
for the experimental testing, as shown in Figure 2.15 and Figure 2.16. The experimental study was
conducted under the 1940 El Centro earthquake. A spacing gap size of 40 mm between the
modelled structures was conducted, being constant for each different material testing of pounding.

The study results from the experimental analysis can confirm that the structural pounding may lead
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to the considerable amplification of the response. Additionally, it may also play a positive role by
reducing vibration in some cases. The highest increase in peak displacement examined was
obtained from the steel structure. At the same time, timber-to-timber pounding was lower in peak

displacement, which can be attributed to their lower masses.

Figure 2.15. Overview of the experimental setup of the shaking table and adjacent framed
structures with different top-mounted properties, adopted from (Jankowski, 2010)
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Figure 2.16. Replaceable elements mounted at the top of the towers (with additional weights): (a)
steel elements; (b) concrete elements; (c) timber elements; and (d) ceramic elements, adopted
from (Jankowski, 2010)

(Favvata et al., 2013) studied a similar research topic relating to concrete and steel structures
interactions. Their study showed that the RC structures are more vulnerable in two specific
locations. Firstly, more vulnerable at the top columns concerning flexural and ductility demands.
Secondly, at the bottom columns regarding the shear and ductility demands. However, the steel
structures are affected mainly at the top of the columns regarding flexural and shear demands,
whereas the bottom columns are only affected by flexural demands.

Later, (Sottysik and Jankowski, 2016) compiled a research study related to the collision of adjacent
steel structures while subjected to earthquake excitation using experimental and numerical
methods. The study aimed to investigate the influence of pounding effects between three
insufficiently separated steel model structures due to the structural response under earthquake

excitation from shaking tables. Figure 2.17 shows the three adjacent steel structures with different
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dynamic properties used for their experimental analysis. Each tower was one meter tall with the
addition of skew bracing to prevent the structures from transverse and torsional vibrations.
Additional masses on top of each structure were added to obtain different dynamic properties for
each tower. The model consisted of two concrete plates weighing 42.4 kg on each external
structure, while only one plate was mounted on the middle tower. The shaking table was
unidirectional and was under three different earthquake excitations. A scaled-down version of
these earthquakes was considered to prevent any severe damages to the analyzed models.
Separation spacing between structures was tested at 30 mm and 40 mm. In conclusion, after the
experimental and numerical analysis was complete, the studies indicated that the pounding
between adjacent structures might lead to a significant change in their response during certain
earthquake phenomena. The pounding of structures can increase or decrease depending on the
alteration of its peak response. Additionally, while the response is decreased, the effect of
interactions may result in considerable damage within locations of structural impact under these
earthquake events. This statement also agreed with (Rosenblueth and Meli, 1986) and (Vasiliadia

and Elenas, 2002) study.
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Figure 2.17. Experimental setup of three, 1 meter tall, adjacent models of steel tower structures with
different dynamic parameters, adopted from (Sottysik and Jankowski, 2016)

Although experimental approaches in modelling the pounding phenomena appear to be accurate,
they fail short in properly matching the dynamic structural characteristics of the building. In
addition, it is difficult to experimentally measure the impacting force developed due to pounding,

which may be required to be considered while designing or assessing buildings at proximity.

2.5 Numerical Modelling Towards Pounding

As mentioned previously, this section reviews past reports and studies that have explored and
analyzed the pounding of structures through numerical methods. The first part details the use of a
single-degree-of-freedom analysis towards structural pounding from past investigations, following
part two with similar emphasis, but with the aid of multi-degree-of-freedom analysis. More
specifically, both subsections gather evidence from past reports and studies and investigate critical
information about how numerical modelling can help depict structural pounding.

2.5.1 Single degree of freedom and one-directional pounding analysis

Studies with the assists of numerical analysis have examined building response from pounding

with the use of single-degree-of-freedom (SDOF) systems (Chau and Wei, 2001; Lopez-Garcia
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and Soong, 2009; Pantelides and Ma, 1998; Wolf and Skrikerud, 1980) and one-directional
research (Bi et al., 2009; Komodromos, 2008; Sarebanha et al., 2018; Sarebanha and Mosqueda,
2017). For instance, (Pantelides and Ma, 1998) explored the behaviour of structural systems once
subjected to linear and nonlinear pounding aided with SDOF analysis. They modelled their
structural systems as SDOF structures using elastic and inelastic structural assumptions and
making the pounding model a Hertz impact force. For numerical evaluation of the seismic
structural responses, artificial, actual earthquake excitations and realistic parameters for the
pounding model was used. This evaluation was utilized to examine the effects of separation
distance and inelastic structural behaviours on the magnitude of the pounding forces applied.
Results from numerical simulations concluded that the pounding response is not sensitive to the
exact value of the impact stiffness parameter. These parameters are related to the materials of the
two structures that proceeded to make contact during the pounding phenomena. Within structures
that have different natural periods, the same earthquake excitation can produce different
magnitudes of pounding forces and resulting structural responses. If structures are flexible with
producing periods longer than 0.3 seconds, a significant reduction of pounding can occur by
increasing its effective damping by either utilizing passive or active structural control devices.
Without doing so, these flexible structures can lead to more significant failure from such pounding
phenomena. It was also found that the seismic separation for the SDOF was less than the seismic
gap designed in the Uniform Building Code for earthquake provisions. Meaning the building codes
are being conservative with the design of the seismic separation gap.

A study from (Chau and Wei, 2001) employed a non-linear Hertzian impact analysis between two
oscillators under harmonic earthquake excitation to model pounding between two adjacent

structures. Their findings were further carried out from (Davis, 1992) study that examined the
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pounding of two SDOF oscillators with different stiffness, mass and damping ratios, as shown in
Figure 2.18. Their numerical simulation was conducted to investigate the applicability of analytical
solutions for rigid impacts and the maximum impact velocity. A non-linear Hertzian equation
derived from (Davis, 1992) was employed. The impact force applied depended on the 3/2 power
of the relative displacement between the oscillators and the relative contract stiffness of the
structures. This analysis concluded that their analytical predictions for rigid impacts agreed
qualitatively with their numerical simulations for non-rigid impacts. They also established that
when two oscillators have the same natural frequency, a more significant difference between the
damping ratios of the two oscillators will lead to a larger impact velocity, leading to more chaotic
impact behaviour for the oscillators. They also discovered that seismic pounding between adjacent
structures might induce unwanted damages even though each structure may have been designed
adequately to withstand such an earthquake because of the unwanted period shift of existing
structures imposed by new buildings in its neighbouring location, which may lead to unprepared

and unexpected damages.

Seismic motion X, = X (f)

Figure 2.18. Pounding of two adjacent buildings modelled as Hertzian impact of two single-
degree-of-freedom oscillators with natural circular frequencies o1 and 2, adopted from (Chau
and Wei, 2001)
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(Lopez-Garcia and Soong, 2009) investigated seismic pounding between linear structural systems
to acquire adequate separation to prevent these pounding phenomena using modelling SDOF
systems. Their study examined the accuracy of the double-difference combination rule in
predicting the required separation gap between two structures to avoid the essential pounding from
seismic excitation. An earlier agreement was also brought from (Kasai et al., 1992) for using the
accuracy of the double-difference combination rule in finding required avoidance seismic gaps.

Accordingly, the double-difference combination rule is illustrated as follows:

S= \/XAZ +Xp® — 2pXaXp Equation (2)
where Xa is the maximum displacement for the first building, Xs is the maximum displacement
for the second building at the same level considered in the first building, and p is the cross-
correlation coefficient commonly used in the complete quadratic combination rule of modal
responses of linear multi-degree-of-freedom structures, provided from (Grigoriu, 1981,
Kiureghian, 1980).

Although pounding can typically arise when two adjacent structures in proximity develop a lateral
deflection, one-direction pounding can also occur when one structure is isolated, making
interaction with its adjacent structure considered completely rigid (Komodromos, 2008; Sarebanha
etal., 2018; Sarebanha and Mosqueda, 2017). A study from (Komodromos, 2008) uses a numerical
simulation to investigate how potential pounding affects the effectiveness of seismic isolation from
seismically isolating buildings with adjacent structures. In the study, (Komodromos, 2008)
conducted a superstructure as a shear-beam building with lumped masses at the floor levels, which
remained elastic during experimental earthquake excitation. At the base level, the modelled
structure consisted of using a linearized model with effective stiffness and damping. The moat wall

and the floor mass at the isolated level were considered as one-directional pounding impact for a
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seismically isolated building. The pounding in the analysis was modelled using a nonlinear
Hertzian impact model. (Komodromos, 2008) concluded that in certain locations of a seismically
isolated structure, pieces of flexible material with damping properties can be added and used as a
shock absorber.

Other studies consisting of one-direction pounding were also involved in expansion joints within
structures. Such examples can be found in bridge abutments or in-between bridge decks where
complete avoidance of pounding within such structures is often near impossible. As previously
mentioned, more considerable separation distances between adjacent structures are needed to
avoid pounding completely. However, in expansion joints for bridges, increasing the separation
gaps is limited to ensure a serviceability condition for smooth traffic flow. (Chouw and Hao, 2008)
found that a few centimetres of a gap size for a conventional expansion joint will not be adequate
to eliminate possible pounding occurrences, even if the adjacent bridge decks have the same
fundamental period. (Bi et al., 2009) investigated the required separation distance between two
adjacent bridge decks and between the bridge decks and adjacent abutments using a modular
expansion joint subjected to the influence of spatial variation of ground excitations. This was a
further analysis from (Bi et al., 2008; Hao, 1998). In (Bi et al., 2008) analysis, their modelled
structure was simplified. The bridge decks were assumed to be rigid with lump masses and
connected with one degree of freedom to the model of the bridge, which was considered a six
degree of freedom structure. The two bearings located on the abutments and the pier for each deck
were assumed to have the same dynamic characteristics. The stiffness and damping characteristics
were considered one-directional at such locations for such pounding incidents in their study.

2.5.2 Multi-degree-of-freedom pounding analysis
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Other studies have altered their examination for structural pounding with the utilization of multi-
degree-of-freedom (MDOF) (Anagnostopoulos and Spiliopoulos, 1992a; Mariam Ehab et al.,
2014; Karayannis and Favvata, 2005b; Kasai and Maison, 1997; Lin, 1997; Maison and Kasai,
1990, 1992; Papadrakakis et al., 1996b, 1996a), which was found to provide more reliable
matching to the pounding behaviour due to being able to capture the higher-order vibration modes
(Ye et al., 2013). (Maison and Kasai, 1990) investigated the dynamic varieties of structural
pounding with the formulations and solutions of the MDOF equations for high-rise structures.
Assumptions were made in the presence of their study for pounding occurrence as follows. The
pounding would occur at a single floor level in the building of interest, and the floor diaphragms
are rigid in-plane. Namely, the forces from the pounding were distributed to all the structural
elements connected to the singular floor level. The structure of interest dynamically vibrates, and
the adjacent structure would be rigid. Therefore, the building of interest would be very flexible
and have a relatively low mass. Additionally, the point of contact during the collision coincides
with a linear spring that represents the local flexibility of the structure. Lastly, two linear states
were idealized for the pounding phenomena, as state one was the structure of interest vibrates by
itself, and state two was that the buildings were in contact. A nonlinear problem results as the
response oscillates from one linear state to another. The structure of interest was the University of
California Medical Center building located in San Francisco, California, as this structure has been
the subject of previous studies (Maison et al., 1983; Neuss et al., 1983; Rea et al., 1968). Although
this structure is not close to adjacent structures, their analysis uses hypothetical scenarios where
the structures are within proximity. The structure examined was a 15-storey steel building that had
a moment-resisting frame shown in Figure 2.19. The study was conducted where a non-damped

pounding occurred in four different cases. The first case of pounding was at level four, the second
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one was at level eight, the third one was at level twelve, and the last one was at the top of the
fifteenth level. Within each of those cases, separation distance was also altered. Three levels within
each pounding case were conducted. In contrast, the first, second and third level of separation was
applied at 90% (18.5 mm), 50% (10.4 mm), 0% (0.0 mm) of the peak displacement from the level
in which pounding is ignored, respectfully. After analysis, the conclusion concurs that the storey
drifts, shears, and overturning moments in the stories about the pounding elevations will be
underestimated. Secondly, extrapolation may be used to assist in the building design process if the
physical problem characteristics are similar to those employed, which was indicated in the
response behaviour trends from the sample analysis. Lastly, recommendations towards pounding
should be evaluated on a case-by-case basis using dynamic analysis. Analytical application tools
utilized in their study can be applied to obtain insight into the possible pounding behaviours,

provided the formulation presented in their study applies to the particular problem of interest.
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Figure 2.19. 15-storey tall steel building studied with a moment-resisting frame, adopted from
(Maison and Kasai, 1990)

Studies for local effects from reinforced structural pounding have also been numerically
investigated by past scholars (Mariam Ehab et al., 2014; Karayannis and Favvata, 2005b) through
the use of MDOF analysis. The study from (Karayannis and Favvata, 2005b) considered the local
effects such as inelastic flexural deformation, the yield of the flexural reinforcement, and ductility
requirements of the columns in the pounding area, through the unique purpose elements employed
for the modelling towards the columns of their structure. Their study used non-linear dynamic
analysis to investigate two adjacent structures made out of reinforced concrete of non-equal
heights, ranging in height differences. Additional studies from (Karayannis and Naoum, 2018a,
2017a, 2017b) are also gathered and explained later with a further investigation relating to this
study. The structures were modelled as a 2D assemblage of non-linear elements and were

connected at the nodes. The contact elements within the simulation were considered special-
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purpose contact elements located at the impact locations of the structures examined. The elements
would only become active when the corresponding nodes of the two adjacent structures coincide
(make contact with each other); otherwise, the contact elements would remain inactive. The
contact elements in any investigation is an essential aspect to be considered because it can further
determine failures such as local or global effects. Local effects within their study, such as ductility
effects within the columns of the contact locations, the yield of the flexural reinforcement, and
inelastic flexural deformation, were considered through their special purpose elements employed
in modelling the columns. Their analysis also accounted for damping to be considered within the
contact elements. Each structure responded dynamically and vibrated independently. The finite
element mesh was applied to model each structure and used a one-dimensional element for each
structural member. Seventy-Two pounding cases of multi-storey buildings with unequal total
heights were examined. The collision of structures occurred between equal heights of the structural
floor slabs and was defined as ‘Type A’ pounding. Accordingly, thirty-six pounding cases of multi-
storey buildings with unequal total heights were investigated. The collision of the structures
occurred from one structure's floor slab hitting the column of the other structure. Such collision is
defined as ‘Type B’ pounding and is shown in Figure 2.20. The most important remark for ‘Type
B’ pounding was concluded by the local response of the external column of the tall structure. This
local failure of the column can lead to a partial or total collapse of the potential tall structure,
depending on the severity of pounding that occurs. ‘Type B’ pounding to the column is also
concluded as the most critical condition due to shear action if the pounding exceeds the shear
strength of the column. The column appears to be critical due to high ductility demands if the two

structures are in contact from the beginning. It was also observed that the ductility demands for
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the column that suffers the pounding substantially increased compared to the ones away from

pounding.

Figure 2.20. The numerical model of the two structures examined having unequal total heights
and the heights of the storey levels not being equal, leading to a ‘Type B’ pounding, adopted
from (Karayannis and Favvata, 2005b)

A study from (Papadrakakis et al., 1996b) explored the effect of a pounding phenomenon of two
adjacent three-dimensional structures during earthquake excitations with aligned and nonaligned
rigid horizontal diaphragms, in addition to linear and nonlinear structural responses. The dynamic
contact conditions for the velocities and accelerations in the three-dimensional structures were
taken into account from the developed formulations in their report. The contact points were
determined geometrically from the displacements of the diaphragm center of mass. After
examination, the results were to be compared to those based on the Lagrange multipliers approach.
The adjacent structures consisted of two, five-storey tall reinforced-concrete buildings shown in
Figure 2.21 subjected to natural earthquake motions from the Kalamata earthquake with elastic
and inelastic structural responses. The structures were modelled as MDOF systems with finite
elements assuming rigid slab response at each floor. The investigation involved dynamic linear

behaviour without pounding, dynamic nonlinear behaviour without pounding, dynamic linear
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behaviour with pounding and lastly, dynamic nonlinear behaviour with the pounding. In
conclusion, the proposed formulation provided an efficient and reliable tool for studying the
pounding phenomenon of adjacent buildings during earthquakes while considering three-
dimensional simulation and nonlinear structural response. It was also found that buildings may
suffer significant rotation when eccentric pounding occurs between the two structures. Lastly,
when the induced input energy enters both structures when pounding, the nonlinear response is

less than the corresponding generated energy with linear response.
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Figure 2.21. The general arrangement of the two adjacent five-storey buildings where building
“A” is considered as a stiff structure and building “B” as a flexible structure, adopted from
(Papadrakakis et al., 1996b)

A three-dimensional simulation of structural pounding during earthquake occurrences was
analyzed from (Papadrakakis et al., 1996a). The three-dimensional model was developed to
simulate the pounding phenomenon for the response of two or more adjacent structures during
earthquake excitation. Their study used the Lagrange multiplier method for the contact-impact
problem. The structures were modelled as MDOF finite element model while accounting for the

possibilities towards contact between slabs and columns. The elastic analysis was carried out for
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El Centro and Kalamata earthquake motions. Three two-storey buildings in orthogonal directions
in plan with the aligned floor levels were tested in a dynamic contact problem as shown in Figure
2.22. The building at the corner is considered stiff, while the remaining two structures adjacent to
it are considered flexible and have identical dynamic characteristics. The structures are discretized
with one beam element for the simulation of columns and beams and four-node rectangular plane
stress elements for the simulation of slabs. Four pounding cases were carried out in their study.
Case one was considered with two structures pounding, case two employed three buildings by
orthogonal pounding, case three utilized two structures pounding with stiffness irregularities in-
plan, and lastly, case four applied three-building orthogonal pounding with stiffness irregularities
in-plan as well. These cases can be viewed in Figure 2.23 for further understanding. In conclusion,
when additional loading to stiff buildings suffers while pounding occurs along with one or two
orthogonal directions, pounding is more pronounced when more flexible structures surround them.
Results concluded that different arrangements in the two-building pounding cases (e.g., stiff-
flexible) could change the amplification factor of up to 200%. A combination of flexible and stiff
adjacent structures results in an amplification effect during pounding on the rigid structures for all
cases considered. This amplification is particularly when the excitation is near the resonance of

the flexible building and in a mitigation effect on the flexible structures in most cases.
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Figure 2.22. Overview model of experiment two and four with three, two-storey adjacent
structures with stiffness irregularities: Contact system layout: S = Stiff building; Fi1, F2, =
Flexible building, adopted from (Papadrakakis et al., 1996a)
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Figure 2.23. Plan view scenarios of adjacent buildings: (a) two-building pounding; (b) three-

building orthogonal pounding; (c) two-building pounding with irregularities in stiffness; and (d)
three-building pounding with irregularities in stiffness, adopted from (Papadrakakis et al., 1996a)

A further study from (Karayannis and Naoum, 2018a) used a similar model as previously

mentioned in (Karayannis and Favvata, 2005b). The study was to analyze pounding cases with

torsional effect between structures of equal and unequal storey levels which were partly in contact
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with each other in a non-symmetric way, additionally having a difference in total heights for the
structures examined (Figure 2.24 (a)). Initially, earlier studies from (Favvata and Karayannis,
2009; Karayannis and Favvata, 2005a) examined the behaviours, global and local, of structures
subjected to a transverse pounding from floor-to-floor structural interactions (scenario one) and
floor-to-column pounding (scenario two). Results found that in scenario one, the columns at the
contact area experienced a significant increase in the ductility demands in both buildings.
However, this may exceed the available ductility values. Additionally, the initial studies found that
in scenario two, floor-to-column pounding, only the columns of the taller structure at and above
the contact area also experienced significant increases in the ductility demands. This pounding
case was then further examined by (Karayannis and Naoum, 2017a), who investigated the torsional
effects from asymmetric pounding due to the adjacent interactive structures of the same storey
heights with differences in overall building heights and the differences in storey heights with
alteration of the total building heights (inter-storey pounding) (Karayannis and Naoum, 2017b).
The structures were modelled and analyzed using a three-dimensional analysis through an MDOF
computer program consisting of a yielding check based on a three-dimensional yield interaction
surface. More than 100 pounding cases were presented for structures of equal storey levels (Type-
A) and 100 pounding cases for the structures of unequal storey levels (Type-B). Each pounding
case (Type-A and Type-B) was additionally split into two groups. Case 1 being the pounding with
high asymmetry as the interaction between structures occurred only one external column of each
structure, and Case 2 referring to the occurrence of pounding that took place between two columns
of the 8-storey structure and two columns of the adjacent structure (Figure 2.24 (b)). A reinforced
concrete structure of a constant storey level of eight designed to specification under EC2 and EC8

(Eurocode) with a shorter variable structure ranging from one storey height to eight storeys was
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examined in their pounding cases. The gap distances between the two structures ranged from 0
mm, 10 mm, and 20 mm. Their study was based on a nonlinear seismic step-by-step analysis. The
contact elements within the simulation were based on a zero-length spring element at the impact
locations. The elements would only become active if, at a time step of the performed analysis, the
corresponding nodes of the two adjacent structures coincide (make contact with each other).
Otherwise, the contact elements would remain inactive. (Karayannis and Naoum, 2018a) stated
that when buildings are in partial and non-symmetric contact, seismic interaction may introduce
significant torsional oscillations, also referred to as asymmetric pounding. After numerous
simulations, the authors concluded that when the adjacent structures are in contact, they will
experience the heaviest significances due to the pounding, compared with the interacting structures
that had an initial gap distance between the contact points. In addition to their study, they also
concluded that the demand for column ductility will be influenced by the interaction of torsional
vibration. This will significantly increase the demand towards the columns in contact due to the
inter-storey pounding phenomena between the interactive adjacent structures. When this inter-
storey interaction occurs, shears in the columns that experience the pounding are very high in
comparison to the columns that do not experience this interaction. Lastly, the demit that occurs in
this study is of the difference between the pounding of the slab and the column located at the mid-
height or at its lower/upper location since it is no clear result, whereas (Dogan and Giinaydin,
2009) concluded that pounding at lower/upper part of the column will result in more significant
damage than pounding at the middle of the column which is inconsistent to the work of (Rajaram
and Ramancharla, 2012) which concluded that pounding at the mid-height is more significant

towards damaged failures (Miari et al., 2019).
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Figure 2.24. The numerical model of the two structures examined: (a) structure B having unequal
storey levels (‘Type B’ pounding); (b) overview of ‘case 1’ and ‘case 2’ pounding, adopted from
(Karayannis and Naoum, 2018a)
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A state-of-the-art method in numerical modelling of structural pounding is being adopted through
non-linear FEM analysis, accordingly, while modelling all the structural properties and details of
the pounding of structures (Jameel et al., 2013; Jankowski, 2012, 2009; Papadrakakis et al., 1996b;
Petronijevi¢ et al., 2014; Sottysik and Jankowski, 2016; Stavroulakis and Abdalla, 1991). The
interaction between adjacent structures has been studied from (Jankowski, 2009), as mentioned
previously in Section 2.3, using FEM analysis. Jankowski’s study examined the earthquake-
induced pounding between the main building and the stairway tower of the Olive View Hospital.
The structures were modelled in a nonlinear finite element system using precise material properties
such as concrete and reinforcing steel. All structural members (i.e., columns, walls, and slabs) of
the main building and stairway tower have been modelled by four-node quadrilateral shell
elements (Zienkiewicz and Taylor, 2000) with multiple integration points through the thickness.
The base of the hospital structure was to be rigidly fixed to the ground, and the soil-structure

interaction was not considered in the numerical analysis. The stairway tower structure was initially
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modelled with the rocking of its foundation and had been taken into account by introducing
rotational springs (Gazetas, 2006). The FEM of the main building consists of 7360 multi-layer
shell elements, while the model of the stairway tower consists of 4250 multi-layer shell elements
shown in Figure 2.25. A modal analysis was first conducted for the structural models to confirm
the dynamic properties. The natural vibration modes of the main structure and stairway tower are
shown in Figure 2.26 as a result of the study. The separation gap between the two structures was
measured and designed at 101.6 mm (4 in). In Figure 2.27, a displacement time history for the
stairway tower and the main building was obtained at nodes 1-4 (see Figure 2.27 (a) for their
detailed location). In Figure 2.27, node 1 of the stairway tower and node 2 of the main building
come into contact three times during the earthquake, whereas node 3 and node 4's contact occurs
only once. After analysis, results concluded that in the cases of analyzing eccentric pounding,
which is induced due to torsional vibrations of structures, appropriate numerical modelling is very
important to conduct. The study results also indicate that this effect of the overall structural
response can play a critical role. The accuracy of the analysis can be increased further if certain
conditions are considered in the numerical model. Such effects can include soil-structure
interaction, the variation of concrete confinement, spalling of concrete cover or buckling of

reinforcement, which these conditions were not considered in (Jankowski, 2009).
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Figure 2.25. Finite element model of the main building (wing C) and stairway tower, adopted
from (Jankowski, 2009)
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Figure 2.26. First three natural vibration modes for the stairway tower (a, ¢, and e) and the main

building (wing C model) (b, d, and f): (a and b) transverse; (¢ and d) longitudinal; and (e and f)
torsional, adopted from (Jankowski, 2009)
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Figure 2.27. (a) Finite element model of interacting stairway tower and the main building detail
of the separation gap and (b) displacement time histories for the stairway tower (node 1) and the
main building (node 2) in the longitudinal direction, adopted from (Jankowski, 2009)

A study regarding non-linear FEM analysis producing seismic induced pounding between
neighbouring multi-storey structures from (Jameel et al., 2013) was also examined. Their study
conducted different separation distances between structures to understand and analyze the response
behaviour of adjacent buildings with unequal heights under the earthquake-induced pounding
using time-domain analysis. The modelling of the structures initially obtained analysis to have no
contact of pounding and then were compared to show the importance of avoiding pounding of

structures. The numerical investigation of structures includes a four-storey building consisting of
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16.16 meters in height and a seven-storey structure composed of 28 m in height. The seven-storey
building is 18.29 meters in length by 27.43 meters in width, while the four-storey building is 9.14
meters in length by 27.43 meters in width. The structures are built with properties of reinforced
concrete for the whole frame structure. Gap elements in the model are linked at four nodes between
the structures at the roof level of the lower building in order to simulate contact between two
surfaces by generating forces when the two surfaces approach each other. This model's seismic
time history function was from the 1940 El Centro earthquake in longitudinal and transverse
directions. A total of 20 modes were investigated with the ranging frequency of pounding and no
pounding phenomena. Mode 1 is represented in Figure 2.28, which represents both a pounding
state (a) and a non-pounding state (b) for the MDOF system structures studied. Additionally,
Figure 2.29 is a graphical representation of the maximum displacements at each floor level for the
structures in the longitudinal direction for both pounding and non-pounding occurrences. The
highest displacement for both pounding and non-pounding cases occurs at the roof level of each
structure. The highest roof displacement for no pounding case was concluded to be 137.62 mm for
the tall structure. For the maximum displacement movement towards the left, the figure shows the
tall structure only to be -111.35 mm towards the no-pounding case. Assumptions were made that
this may be due to the flexible nature of the taller structure that causes it to bounce back after
pounding occurs. Pounding forces increase when gap distances increase from 25 mm to 125 mm;
however, they decrease when gap distances increase from 125 mm to 250 mm. Their results show
that adequate gap distances between the structures will significantly reduce pounding damages,

reducing the chances of structural failure.
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Figure 2.28. Mode 1 of buildings: (a) pounding state; and (b) no pounding state, adopted from
(Jameel et al., 2013)
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Figure 2.29. Maximum displacement at different floors (longitudinal direction), adopted from
(Jameel et al., 2013)

(Petronijevi¢ et al., 2014) examined past earthquake incidents due to the thermal expansion joints
within a building. Their report investigated two multi-storey structures attached to each other with
separation joints designed according to the Serbian regulations and was examined using dynamic
analysis (computational MDOF analysis) for pounding excitations due to lateral ground loading.
The study investigated structures ranging from three stories to 12 stories in height with different
combinations of structural systems and heights of the neighbouring buildings, as shown in Figure
2.30. The parametric analysis employed was conducted implementing finite element analysis and

the numerical integration applying Newmark’s method for the given accelerograms with 5%
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damping as a standard initial value. The soil was modelled as an elastic half-space by 2D shell
elements to a depth of 10 m below the foundation level. The loading applied to all modelled
structures from the following real earthquake accelerograms: El Centro Earthquake, 1940; San
Fernando Earthquake, 1971; Northridge, Pacoima, 1994; and the Bingol Markez Yinderlik ve
Iskan Mudurlugu, 2003. It was concluded that structures with separation joints can develop
additional colliding loads leading to severe local damages and may result in the global collapse of
a structure. This result resonates with the concept of “performance-based design” since assessing
the structure after the pounding phenomenon is correlated to its damage level resulting from the
pounding impact. Therefore, they concluded that horizontal displacement and the size of the

separation joints are considered vital in the design of adjacent structures.

|

Figure 2.30. Typical cases of considered models, adopted from (Petronijevi¢ et al., 2014)

Lastly, a study from (Mariam Ehab et al., 2014) further explored the use of MDOF by using a
nonlinear time history dynamic analysis based on the Applied Element Method (AEM) (Meguro
and Tagel-Din, 2003, 2001, 2000; Tagel-Din and Meguro, 2000). AEM was proven to efficiently
simulate progressive structural collapse (Galal and El-Sawy, 2010; Hartmann et al., 2008) since

structural pounding can cause damage such as partial collapse and/or total collapse of the
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subjective pounded structures. Their study examined the pounding effect on adjacent reinforced
concrete structures subjected to earthquake excitation (KOBE earthquake, Japan in 1995). They
utilized six buildings of different loading types, structural systems and floor heights. Each building
was 12-stories tall with different live loads and floor heights. Buildings 1-4 are all frame structures,
whereas building 5 and 6 are considered shear wall structural systems. Maximum displacement
due to earthquake excitation was also specified from Equation (1), as mentioned earlier in Section
2.3. Figure 2.31 illustrates Case 1 with altering spacing gap distances between the two adjacent
structures. Results from this study concluded that pounding would take place when the structures
experience different modes of vibrations. When the pounding impact occurred, the impact forces
acted as external additional lateral forces that changed the mode of vibration of the pounding
buildings. Unexpected stress from the case of non-corresponding floor levels in which the slab of
one structure hits the mid-height of the column of the adjacent structure because local damage in
the collided columns increases the possibility of the building collapse. This result was noted that
local damages occurred in the cases of adjacent buildings of different floor levels, possibly leading
to global failures (Case 3 and Case 6). Lastly, their study concluded that existing adjacent
structures that were not constructed with the code regulations for minimum safe gap distance need
to assess potential pounding under horizontal excitations so that necessary strengthening for beams

and columns can be carried out.
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Figure 2.31. Location of collision springs for different gap sizes - Case 1: (a) Gap Distance = 8
cm, Case 1; (b) Gap Distance =4 cm, Case 1; and (c¢) Gap Distance = 0.6 cm, Case 1, adopted
from (Mariam Ehab et al., 2014)

Following (Mariam Ehab et al., 2014) study, impact forces from the pounding phenomena will be
transferred to the colliding structures in the form of different internal forces. These internal forces
include normal (beams and slabs), shear (columns), torsion (beams and columns) and bending
(beams and slabs). (Mariam Ehab et al., 2014) further proved that the influence of the slabs in the
distribution of the impact forces was high, in addition to the case of floor-to-column pounding and
the possibility of shear walls and beams in the direction parallel to the direction of the earthquake
dispersion was high. Moreover, the dispersion was low in other cases, such as floor-to-floor
pounding and shear walls and beams in the direction perpendicular to the earthquake. Therefore,
underestimation will have resulted in consideration of frame structures (beam and columns) if
taken rather than the “frame + slab” structure (Jameel et al., 2013). Alternatively, the consideration
of infills will substantially affect the behaviour of the structures under earthquake excitation, more
accordingly, through pounding phenomena. A study by (Favvata and Karayannis, 2013) used a
nonlinear dynamic structural analysis program to study the earthquake-induced interaction
between adjacent structures with different total heights, taking into account the local response of
masonry infilled panels. Frames without infills have a lower stiffness than infilled frames, leading
to a more significant impact force when a pounding phenomenon occurs (Elwardany et al., 2017).

Infill frames also experience a much smaller displacement than bare frames, concluding that the
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infilled frames structures require a much smaller seismic gap distance than other frames. Smaller
spacing for the infilled frames is because the first mode period is usually dominant for the cases
without pounding. In contrast, higher modes are experienced for pounding-involved structural
response (Ismail et al., 2017). However, partially or fully infilled frames compared to basic frame
structures have a lower first mode period, resulting in an excessive shear and ductility demand for
the columns that experience impacts from floor-to-column pounding phenomena (Favvata et al.,
2012). Additionally, in a floor-to-column interaction, the column subjected to the pounding of the
adjacent slab will still be the most critical case regarding the infilled frame as the ductility and
shear demands may exceed the available values (Favvata and Karayannis, 2013).

2.5.3 Numerical impact models

In order to provide valuable knowledge in the assessment of structural pounding, accurate
estimation of impact forces during a collision and the prediction of its behaviours are a necessity
(Miari et al., 2021). Many different approaches have been developed concerning impact models,
where these models mainly focus on two different approaches. The first approach is the stereo
mechanical method, and the second is the force-based method (also known as the penalty
approach), where the stereo mechanical method uses the law of the conservation of momentum
and energy. The force-based method introduces a spring with stiffness that simulates the impact
stiffness of the colliding structures, where the spring only activates when there is a positive contact
force acting between the interactions of structures.

The first model that utilized the force-based method was based on the linear spring model. The
approach is assumed to be an elastic impact that did not consider the energy dissipation and the
plastic behaviour when the interaction between structures occurs (Goldsmith, 1960).

(Anagnostopoulos, 2004, 1988) used an alternative approach known as the linear viscoelastic
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model (also known as the Kelvin-Voigt model). This impact model uses a damper in parallel with
the spring to characterize the energy dissipation during collisions. Alternatively, this approach
considers uniform dissipation of energy and restitution phases of the collision. Another technique
from the force-based method is called the nonlinear Hertz model, which has been used in several
studies and has been previously mentioned in Section 2.5.1 (Chau et al., 2003; Chau and Wei,
2001; Davis, 1992). Additionally, a further approach considered in the force-based method is
called the Hertzdamp model. This model was introduced by using the nonlinear damping to the
nonlinear Hertz model (Muthukumar and DesRoches, 2006). Moreover, (Jankowski, 2006a, 2005;
Pratesi et al., 2014) developed a nonlinear viscoelastic model to include the nonlinear response in
the impact modelling. Other impact force models have also been developed (Bamer and Markert,
2018; Bietal., 2011; Bi and Hao, 2013; Guo et al., 2011; Liu et al., 2014; Xue et al., 2016a; Zhu
et al., 2002), such as the viscous elastoplastic impact model (further modification from the
nonlinear viscoelastic model) to include the elastoplastic behaviour developed from (Khatiwada
etal., 2011).

In comparison to all the studies that have focused on the effectiveness of pounding models, each
case study used a unique approach that was adequate for their investigation. For instance,
(Komodromos et al., 2007) addressed that his outcomes, not including the numerical model used,
correlated similar results found from (Anagnostopoulos, 1988) and (Jankowski, 2005). Regarding
the nonlinear viscoelastic model, (Favvata et al., 2013; Jankowski, 2010; Vasiliadia and Elenas,
2002) determined that the model has greater precision in assessing the impact force than the
nonlinear elastic Hertz model, Hertzdamp, and the linear viscoelastic model. The nonlinear
viscoelastic model has lower accuracy than the Hertzdamp model regarding estimating the impact

velocity. However, a study from (Khatiwada et al., 2013) indicated that the Hertzdamp model
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shows less accurate results for the impact forces compared to the other models (i.e. the linear
viscoelastic model, the modified Hertzdamp model and the nonlinear viscoelastic model), which
were more precise in this context. (Pant et al., 2010) analysis found their modelled method in
estimating the impact force and the inter-storey drift to be more rational in comparison to
(Komodromos et al., 2007) and (Ye et al., 2009) model. Moreover, a research analysis from
(Mavronicola et al., 2016, 2015) compared the effectiveness of five models described in the works
of (Anagnostopoulos, 1988), (Komodromos et al., 2007), (Ye et al., 2009), (Mahmoud and
Jankowski, 2011) as well as by (Pant et al., 2010). (Mavronicola et al., 2016, 2015) results
concluded that the precision of models is governed by the coefficient of restitution and the impact
stiffness taken into consideration in the analyses. In general, (Miari et al., 2021)stated that no
decision regarding the most accurate model was reported. Therefore, further research on impact
models and their accuracies may be considered.

2.54 Codes and provisions

In order to preclude a pounding event between adjacent structures, the standard measures for
modern codes specify a sufficient separation distance between structures (2, 1991; 8, n.d.; ACI
Committee, 1995). Some factors, however, make these codes and provisions not consistently
effective or applicable, as previously mentioned in Section 2.1 (Background). A counterargument
can be made that weak structures in contact with stronger buildings in dense city locations may
benefit from that contact, provided that the pounding phenomena will not cause any severe local
damage, leading to possible failures (Anagnostopoulos, 1995; Athanassiadou et al., 1994).
Alternatively, measures against structural pounding have been previously proposed, such as filling
of the gap between adjacent structures with shock-absorbing materials (Anagnostopoulos, 1988),

the use of permanent connections between the adjacent structures (Westermo, 1989), and lastly,
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the new Hellenic Code for seismic design of structures and Eurocode 8 proposed the use of
stiffened strong shear walls in the prevention of structural pounding (Karayannis and Favvata,
2005b).

The aim to avoid structural interaction under the maximum inelastic response of each adjacent
structure has current separation guidelines in current seismic codes and provisions. Eurocode 8
and ASCE 7-16 require that the maximum inelastic deformation of each building “shall be
determined at critical locations with consideration for translational and torsional displacements of
the structures including torsional amplifications, where applicable”, referred to as m1 and dm2, and
that the total separation distance between the buildings should be greater than the dg,min as
explained in Equation (1). Despite their simplification and conservative approach, these guidelines
do not guarantee a collision-free response due to the large ground motion and building response
uncertainties. Therefore, structural interaction in dense urban locations will be probable in the
continuing future earthquakes and problematic wind affairs (Langlade et al., 2021).

The required separation distance to be provided can be simply calculated as the absolute sum of
the peak displacements of both buildings when they vibrate separately (Miari et al., 2019). This
required separation distance calculation can be found in multiple codes and provisions, including
the UBC (1997). This distance is overestimated and, therefore, will be conservative as the
probability for both structures to have their max displacement taken into account at the same
instant of time will be very low (Miari et al., 2021, 2019). Accordingly, (Anagnostopoulos, 1988)
suggested the use of the square root of the sum (Equation (1)) of the peak displacements of both
buildings vibrating separately. This equation will be adequate for the seismic and wind separation
distance as several other studies have shown that this formula is conservative for the adequate

separation gap distance (Kumar and Kumar, 2015; Pantelides and Ma, 1998). The UBC 97 later
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then adapted this formula into their code. This formula, however, will not be conservative when
structural interactions (pounding) occur with different structural systems (Mariem Ehab et al.,
2014), when the nonlinear response is considered (Jamal and Vidyadhara, 2013), or in the near-
collapse limit state when the peak response is due to the ground motion is analyzed (Favvata, 2017;
Miari et al., 2019). Therefore, a study from (Van et al., 1992) proposed a different equation known
as the double-difference combination or the complete quadratic combination method (Equation
(2)) based on the spectral difference method. Although the double-difference combination formula
requires evaluating the correlation factor, p, which represents the uncertainties in the pounding
phenomenon, this formula is considered to be more accurate than Equation (1), square root of the
sum. The Taiwan Building Code (Taiwan Building Code. Construction and planning
administration Ministry of Interior, Seismic provisions, 1997) takes into account the plastic
deformations in the required seismic gap formula by multiplying the sum of the allowable plastic
displacements of both buildings by a reduction factor of 0.6. The allowable plastic displacements
are calculated by an over-strength factor, 1.4, the allowable ductility factors, the first yielding
amplification factor, and lastly, the elastic displacement due to the seismic forces. (Lin, 2005; Lin
and Weng, 2002) proved that this formula is conservative and overestimates the gap. In addition,
the minimum required separation based on the ASCE 7-05 code (American Society of Civil
Engineers, 2006) is determined from the multiplication of the total deflection amplification factor
and the maximum elastic displacement, then divided by the importance factor. The Australian code
(AS1170.4-2007) (Australia Standard, 2007) and others suggest that the required seismic gap
should be calculated by relating it to the building's height, such as 1% of the total height of the taller
building (i.e. S = 0.01*Hmax). It was concluded by several studies and verified this formula is a

conservative approach (Hao, 2015) and will overestimate the required seismic gap (Naderpour et
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al., 2017). The absolute sum of the peak displacements and sum of the squares methods, as well
as the formula described in the Australian seismic code, will conclude inaccurate results due to the
fact of ignoring the in- and out-of-phase vibrations, which is similar to Equation (2) as the
correlation factor, p, can be substituted with the separation factor, which depends on the periods
of both structures.

The formulas described above are for the seismic gap distances between two adjacent structures
that concern fixed-base buildings. Flexible-based buildings, however, require more considerable
separation distances to be provided as past evidence states that the sufficient gap in the case of soft
soil structures may exceed three times larger than the recommended one (Ghandil and Aldaikh,
2017a; Li et al., 2017; Naserkhaki et al., 2013).

2.5.5 Performance-based design

A further evaluation of the characteristics of structural interaction (pounding) can also be assessed
by investigating a performance-based approach. Many studies have concluded that existing design
procedures for determining the separation distance between adjacent structures subjected to a
pounding phenomenon are achieved based on the building’s relative peak displacement. These risk
procedures are characterized by unknown safety levels and are not entirely suitable for use within
a performance-based earthquake engineering framework (Barbato and Tubaldi, 2013; Flenga and
Favvata, 2021; Tubaldi et al., 2012; Vega et al., 2009; Wu et al., 2020). A study from Vega et al.
(Vega et al., 2009) used the Pacific Earthquake Engineering Research Center framework formula
to assess the reaction forces produced by pounding towards determining the mean annual rate of
pounding forces exceedance. The studied structure was of a bridge, where the bridge's deck was
supported by either sliding or elastomeric bearings, which was used for the longitudinal dynamic

behaviour of the bridge. These two types are commonly found in locations of mid-seismicity. The
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bridge deck in the study was considered continuous, and pounding was only possible between the
deck and abutments because of the insufficient seismic gap to simplify the problem. Results
concluded that their selection of intensity measures and engineering demand parameters, which
was an a priori selection, have led to similar systems with the same relative intensity to have
proportional responses with only an alter in parameters, such as differing only the gap size or scalar
factors while enduring similar actions. Both intensity measures investigated in the study were
proved to be sufficient and the scaling of records produced no bias in estimations. Additionally,
the second intensity measure was more efficient than the first, which is because it led to a lower
non-explained variability. Lastly, they concluded that the pulse-type records should be separately
treated when estimating engineering demand parameters conditions to intensity measures.

(Barbato and Tubaldi, 2013) proposed a new reliable-based methodology for defining the
separation distance between adjacent structures corresponding to a target level of the seismic
pounding probability. The method in their study overcomes the limitations of the current critical
separation distance design approach. This approach is determined by assuming the separation
distance equals the peak relative displacement computed at the most likely pounding location. A
corresponding site-specific seismic intensity is considered by finding the separation distance that
resembles the target value of the pounding probability during the building design life for a
continuum of hazard levels. Their study performed the critical separation distance by recasting an
inverse reliability problem described as a zero-finding problem. Accuracy and computational costs
altered the solution algorithms, which were proposed and compared. Considerations towards the
design of the gap distance between the structures, which were modelled as linear elastic systems
subjected to Gaussian excitations, were illustrated for the capabilities of the proposed

methodology. Only the seismic input uncertainty was explicitly taken into account because of
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space constraints and for the sake of clarity in their study. Additionally, the uncertainty affecting
the parameters describing the structural model was not considered in their analysis. The proposed
probabilistic performance-based methodology was later applied to determine the separation
distance between the structures modelled as a linear MDOF system. Lastly, they used the same
methodology to determine the design separation distance between the two structures modelled as
equivalent SDOF systems with nonlinear hysteretic behaviour for a wide range of nonlinearity
levels. In conclusion, many observations were noted by comparing the separation distances
obtained using the proposed methodology with the hybrid algorithm and the modern seismic
design procedures. Firstly, the comparison between the proposed design methodology to find the
pounding probability for an adequate gap distance and the targeted pounding probability was very
close in comparison. Next, the separation distance within the seismic code procedures resulted in
being inconsistent and potentially not conservative towards the problematic pounding phenomena.
Additionally, having a larger lifespan of a problematic failure is very sensitive to variation in the
separation distance (e.g., 50-year probability of failure). A slight variation in separation distance
can result in significant variations for the possible pounding probabilities. By modelling the
structures as a linear MDOF system, the simplified method appeared to have very close results
following the newly proposed general methodology, which provided very low computational costs.
Regarding the modelled SDOF systems, it was observed that the more conservative values were
concluded using the linear behaviour approximation.

A study from (Wu et al., 2020) used a similar approach to (Barbato and Tubaldi, 2013) study using
a probabilistic performance-based assessment for the critical separation distance between adjacent
buildings. This was for the structures corresponding to the targeted collision probability within the

deterministic design life. Their study treated the seismic collision as a single-obstacle reliability
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problem. The pounding event was first expressed as a first-passage reliability problem of a single
potential barrier, based on random vibration and reliability theory. Different ground motion
intensities were derived for the conditional failure probabilities of the structural systems. The
critical separation distance is then calculated, extending the single structure to the adjacent
structure, as an inverse reliability problem by the seismic pounding brittleness of the adjacent
structures. Their study then analyzed different parameters based on their proposed algorithm. Their
results had very similar conclusions as (Barbato and Tubaldi, 2013) study. Using the proposed
design methodology based on their three analytical approximations, an accurate estimation of
critical separation distances with the target 50-year pounding probability, which had similar
agreeance to (Barbato and Tubaldi, 2013) conclusion. Pounding risk levels were consistent for
adjacent buildings with different rations of natural periods, floor numbers and site hazard curves
from the use of the proposed algorithm to determine the critical separation distances with alteration
of different parameters that were analyzed. Lastly, (Wu et al., 2020) stated the Code for Seismic
Design of Buildings in China needs a significant revision regarding the seismic joint width. A
modification can include the minimum seismic joint width to include a certain pounding
probability during the lifespan of the adjacent structures.

(Flenga and Favvata, 2021) aimed to incorporate the local inelastic demands of a multistory RC
frame structure for the first time in the problematic seismic assessment of the pounding risk. Floor-
to-floor structural pounding and floor-to-column structural pounding were considered.
Additionally, incorporating local and global probabilistic seismic demand models in assessing the
seismic performance of the buildings subjected to pounding. Linear and bilinear regression models
were used for this reason. The study then developed fragility curves of the examined multistory

RC frame structures against structural pounding at different performance levels, which was
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achieved as a function of gap distances between the adjacent structure, global seismic performance,
and the local seismic performances. Their final part then introduces a process that incorporates the
capacity levels of global and local engineering demand parameters of subjected pounding
structures and the separation distance between the adjacent structures. A few remarks were
concluded from their study. Flexural and shear responses of the columns were proved to be a
crucial demand parameter for the probabilistic assessment on evaluating the pounding risk from
the local performances. Floor-to-floor and floor-to-column pounding will alter the results of the
probabilistic assessment in terms of local or global performance. At a given value of intensity
measures (peak ground acceleration), the probability of an 8-storey RC frame to exceed a specific
local or global performance level is increased due to the pounding phenomena. Due to an inter-
storey pounding impact, the shear capacity is proven to be a more significant performance level
for an accurate probabilistic assessment of the shear failure of columns. Lastly, by evaluating the
compounded fragility-based evaluation of the pounding risk, a clear indication that the 8-storey
RC frame has exceeded the examined performance level at a lower value of peak ground
acceleration when subject to pounding than the corresponding case without pounding. The most
valuable technique to estimate the minimum gap distance between the adjacent buildings when
local and global performances are incorporated in the fragility assessment process was aimed at a

performance level threshold.

2.6 Summary

This chapter comprehensively demonstrate multiple aspects related to pounding between
structures due to lateral excitations (e.g., earthquake and wind). Structural pounding typically
transpires when adjacent structures (e.g., buildings or bridges) are at proximity while encountering
extensive lateral motion causing these structures to develop an unexpected colliding force to the

structural system, which may result in local or global damages. The risk of pounding is expected
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to be magnified when the adjacent buildings are placed with a separation distance that is less than
the suitable gap space or the structural system can not withstand the additional colliding load.

Pounding incidents have been reported in many cases, such as large city-scale earthquake
occurrences, out-of-phase vibrations leading to the pounding of adjacent structures, and within the
same structure that has expansion joints. Motivated by the numerous pounding incidents, several
studies have adopted experimental and numerical approaches to model structural pounding
behaviours and possible damages during past earthquake phenomena, such as models conducted
through shaking tables, single-degree-of-freedom, multiple-degrees-of-freedom, finite element
method or applied element method analyses. Wind-induced structural pounding has been
implemented for the next 2 chapters. Chapter 3 formulates mathematical equations for estimating
the required minimum separation gap distance based on the structural parameters. Chapter 4

presents a determined pounding force formulation for two tall structures subjected to wind.
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3 Chapter 3 — Separation Distance for Structural Pounding
3.1 Background

Buildings are constructed within dense metropolitan locations, ultimately in proximity to
surrounding structures due to limited available land space and the increase in population. With the
design of new, tall, and slender buildings, the term pounding has become an important objective
when a structure is built within proximity. Pounding of structures has been defined by past scholars
(Anagnostopoulos and Spiliopoulos, 1992b; Efraimiadou et al., 2013; Kasai and Maison, 1997;
Maison and Kasai, 1992, 1990) as the interaction between two or more adjacent structures in
proximity, causing a collision resulting from a lateral load. Furthermore, a pounding can increase
in probability due to the structures in proximity conducting an out-of-phase vibrating due to the
difference in their dynamic properties (e.g., stiffness and mass) (Jankowski, 2009), which can
occur during high-velocity wind events (Abdullah et al., 2001b). Pounding can be considered as a
major risk to tall structures; for instance, (Rosenblueth and Meli, 1986) explored a historical
earthquake event resulting in many structural pounding occurrences. They concluded that
pounding damages can range from minor to major structural damages to the extent of global
structural failures. The most recorded pounding events have been initiated during earthquake
appearances due to induced ground motion transferring to the structures (Anagnostopoulos, 1995,
1988; Jankowski, 2012, 2009; Kasai and Maison, 1997; Kaushik et al., 2006; Maison and Kasai,
1992; Rosenblueth and Meli, 1986). A pounding occurrence can also be produced when the
structures involved are subjected to extreme wind events (Brown and Elshaer, 2022; Huang et al.,
2012). Extensive literature reviews on structural pounding have been presented by (Brown and
Elshaer, 2022; Miari et al., 2021).

As tall structures are increasing in both height, flexibility and slenderness, buildings are becoming

more sensitive to wind load (Huang et al., 2012; Lam et al., 2009), as wind is typically the
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governing load for the new generation of tall buildings (Bobby et al., 2014; Ding et al., 2019;
Elshaer and Bitsuamlak, 2018; Irwin et al., 2008; Irwin, 2009). It was also indicated that there is a
need to lower the building weight to ultimately reduce the gravity loads to control the inertial
forces from earthquake events. This further contributes to an enlargement in the wind-induced
forces and motions, resulting in wind-induced loads and motions becoming the typically governed
applied load for the design of the lateral load resisting systems in tall structures (Elshaer et al.,
2017; Irwin et al., 2008; Irwin, 2009) compared to seismic loads since the forces are inertial due
to ground motion (Rahman et al., 2012). A further examination from (Aly and Abburu, 2015) used
tall structures under multi-hazards events (i.e., wind and earthquake) with similarities in structural
properties and geological location to compare the dynamic responses of the structure investigated
(i.e., lateral deflection, inter-storey drift, acceleration). In comparison to an earthquake, the same
structure under wind loading can develop a more considerable lateral deflection and inter-storey
drift magnitudes within an exact geological location (e.g., eight times larger in lateral deflection
and 2.5 times more prominent in inter-storey drifts). (Stafford Smith and Coull, 1991) stated that
such lateral load could develop intensive structural sway and strong vibrations throughout the
structure. Over time, it is becoming more challenging to meet the serviceability requirements (i.e.,
maintain an adequate lateral deflection or control the extensive vibrations on tall structures)
compared to meeting the strength and capacity requirements within a structure (Bernardini et al.,
2015; Chan et al., 2009b; Elshaer and Bitsuamlak, 2018; Kwon and Kareem, 2013). Due to
structural sway in tall buildings, lateral deflection can damage non-structural elements (i.e.,
cladding and partition) and main structural components to the extent of damaging possible adjacent
structures (Chenna and Ramancharla, 2018; Rahman et al., 2012; Wolfgang, 1977). Large

deflection in tall structures can be mitigated appropriately through structural design measures or
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by introducing external deflection mitigation systems (e.g., dampers) (Malhotra et al., 2020; Tse
et al., 2012, 2007).

Thorough studies have been performed to improve safety precautions to avoid pounding risk. Such
precautions evaluated and developed an adequate separation distance between possible pounding
structures to prevent contact during potential extensive lateral load occurrences (Favvata, 2017;
Jankowski, 2005; Jankowski and Mahmoud, 2015; Lopez-Garcia and Soong, 2009; Penzien, 1997,
Van et al., 1992). Additionally, when designing and planning for newly constructed structures,
pounding risk can be assessed for existing structures to avoid the occurrence of structural
pounding. However, many pre-existing structures already in proximity have been built with an
insufficient separation distance due to old design codes and previsions, leading to pounding
damages (Jeng and Tzeng, 2000; Kazemi et al., 2021). The majority of structural building codes
identify the requirements for building deflections. A limited selection of structural building codes
fails to identify a required minimum separation distance for possible structures located in
proximity during hazardous wind events. Alternatively, other mitigations can be justified to limit
damages from structural pounding if insufficient or no separation distance between such adjacent
structures can be enabled. Despite rigorous research scholars relating to structural pounding, an
adequate separation distance was not correlated to the adjacent structures’ dynamic properties or
the lateral loads (Chau and Wei, 2001). Such deflections depend on the structure’s height, modal
period, and the applied lateral load. The applied lateral load (e.g., wind events) can lead to out-of-
phase vibrations arising from the possible structural pounding.

Accordingly, this chapter aims to examine a case study of two structures in proximity with varying
wind intensity, height, and flexibility to systematically estimate the required minimum Separation

Gap Distance (dg,min) to mitigate the arising risk of damages and failures due to wind-induced
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structural pounding. First, the study conducts a series of Computational Fluid Dynamic (CFD)
simulations while altering the applied mean wind velocities to determine wind forces acting on
two adjacent tall structures. Then, the extracted wind forces are applied to structures using Finite
Element Method (FEM) models to determine the developed deflections for the two adjacent
structures. After that, the responses of each structure are then used to determine its lateral
deflections while maintaining a large enough dg,min between structures not to conduct possible
structural pounding. Finally, once results are conducted and recorded, a Genetic Algorithm (GA)
is then utilized to formulate the most accurate mathematical formula for estimating the required
dg,min based on the structural natural frequency, building heights, and the applied wind.

This study is divided into five major sections. The first section (3.1) introduces the terms and
components of structural pounding and possible arising mitigations, along with the most relevant
literature about structural pounding. The second section (3.2) presents the adopted methodology
used to generate the training data for the developed mathematical formula; Section 3.2.1
establishes the numerical Large Eddy Simulation (LES) produced in the adopted CFD wind
analysis. To determine the structural response when subjected to wind loads, a FEM model is
developed and validated in Section 3.2.2. In Section 3.2.3, a description of the developed
mathematical formula is presented to determine an adequate dg,min. Wind forces are then collected
and produced in a FEM model to determine the dynamic response of the adjacent structures based
on their structural properties and applied mean wind velocities. These lateral results enabled the
determination of lateral deflections of tall structures for various building heights, building
flexibilities and wind speeds, which is described in Section 3.3 (Results and Discussion). Section

3.4 correlates the lateral deflections using mathematical formulas to determine the sufficient
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minimum separation Gap Distance (dg,min) to the building parameters controlling the lateral

deflection.

3.2 Mathematical Estimation for Required Minimum Separation Gap
Distance (dgymin)

The current study aims at deriving a mathematical formulation to determine the required minimum
separation Gap Distance (dg,min) between two tall adjacent structures in proximity subjected to
wind to avoid structural pounding. The adjacent structures will vary in height, natural frequencies,
and applied wind loads. The study first conducts a series of LES to determine the applied wind
forces acting on the adjacent two structures. Once all wind forces are evaluated, a FEM analysis
is performed and validated to determine the dynamic responses of the simulated structures. The
structures in the FEM analysis are modelled as elastic material. The beam-to-column connections
are rigid, in addition to each columns base being a fixed connection. Each beam and column are
considered as line frame elements. The diaphragm for each storey is considered as rigid where the
torsion of the floor diaphragms is ignored. The floor framing for both structures is assumed as
doubly symmetric in the FEM analysis. The deflection time histories for both adjacent structures
will be recorded throughout the applied wind. An adequate dg,min is determined where no structural
pounding occurs. Once identified, the smallest dg,min is determined through the FEM analysis based
on the structure’s height, natural frequency and applied mean wind velocity. These input values
are used by a GA to formulate a reliable mathematical formula for determining an adequate dg,min
between two structures at proximity. Figure 3.1 summarizes the procedure for determining the

I'CqUiI'Cd dg,min.
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Figure 3.1: Flowchart of the procedure to determine the required minimum separation gap
distance (dg,min)

3.2.1 Extracting Wind Load Time History Using Computational Fluid Dynamic

In order to accurately model a required dg,mi» to avoid structural pounding between two adjacent
tall structures in proximity, a numerical model must be precisely developed. A high-fidelity CFD
model is generated while considering all required fluid properties and structural details. The
current study's initial structure considered is the Commonwealth Advisory Aeronautical Research
Council (CAARC) structure. The CAARC structure has been an optimal ongoing benchmark in
many experimental and numerical wind-related studies (Braun and Awruch, 2009; Melbourne,
1980). Once adequately modelled in the numerical FEM, various building heights are simulated
(e.g., 180 m, 140 m, 100 m, and 60 m) while adjusting the sizes of the used steel sections (see
Section 3.2.2) to maintain an accurate design according to the AISC steel code (Chan et al., 2009b;

Huang, 2017) for the purpose of determining the required dg,min. The structure’s full-scale
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geometric shape is 180 m in height, 45 m in width, and 30 m in length. In the CFD simulation, all
aerodynamic characteristics are adopted as per (Elshaer et al., 2016). Then, the FEM analysis uses
specific structural attributes in accordance with the studies (Chan et al., 2009a; Huang, 2017). The
most unfavourable incident wind direction is considered acting on the longer side of the structures
(i.e., zero wind angle of attack along the y-axis), which was deemed in the dynamic response from
(Chan et al., 2009a; Huang, 2017).

3.2.1.1 Description of CFD physics and boundary conditions

A CFD simulation from (Dagnew and Bitsuamlak, 2013; Franke, 2006; Franke et al., 2011)
employs an LES model with computational domain dimensions shown in Figure 3.2 (a). The
computational domain consists of four different types of boundary conditions, which are as
follows. The non-slip wall boundary condition is assigned to all ground and walls of the studied
structure. Symmetry boundary conditions are considered for the sides and top faces of the
computational domain to mirror velocities and pressure characteristics across these surfaces. The
inflow boundary condition is located at the front surface of the computational domain to utilize a
database for each velocity component depending on both its location and time (e.g., u, (x, y, z, and
£)). This has been previously generated using a Consistent Discrete Random Flow Generator
(CDRFG) technique developed by (Aboshosha et al., 2015; Elshaer et al., 2016; Khaled et al.,
2021). The outlet is the rear surface of the computational domain to model the outflow, consistent
with the CDRFG inflow shown in Figure 3.2 (b) (Aboshosha et al., 2015). The conducted LES
uses a dynamic sub-grid scale with a commercial CFD package (STAR-CCM+ v.15.04.008)
(Germano et al., 1991; Smagorinsky, 1963). The structure’s reference height is of 0.4562 m in the
model scale with an exposure factor as an open terrain environment. Each simulation is a total of

14000-time steps to represent a total time of 7.0 seconds in model scale (i.e., 11.5 minutes full-
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scale); a time step equal to 5 milli-seconds allowing the Courant Friedrichs-Lewy (CFL) to be
maintained less than 1.0 to ensure wind solution’s accuracy and convergence (i.e., maximum
CFL = 0.5 at the top of the studied structure). The turbulence intensity reference in the x, y, and
z directions are 0.197, 0.167 and 0.145, respectively. The turbulence length scale in the x, y, and z
directions are 0.563 m, 0.147 m, and 0.186 m, respectively. To conduct the CFD simulations,
simulations are performed using the (SharcNet 2022) high-performance computer (HPC) facility.
The duration required for performing one CFD simulation was sixty hours, which took place on

ninety-six processors.
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Figure 3.2: (a) Computational domain dimensions and boundary conditions, (b) velocity profile
in model scale at the building location

3.2.1.2 Computational domain discretization

Within the computational domain, a grid discretization must be considered, where hexahedral
meshes are used. Table 3.1 summarizes the grid resolution and properties for the isolated CAARC
structure. The grid used in the computational domain is divided into four zones, as indicated in
Figure 3.3. Starting from the furthest away from the structure of interest, Zone 1 is considered with
the largest grid. As getting closer to the structure, Zone 2 and Zone 3 are deemed to have medium-
sized grids. The last zone, Zone 4, is considered closest to the building of interest, having the

smallest grid size. Compared to the other three grid zones, a decrease in grid size will capture
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essential flow details around the structure in the wake zone and from the zones between the inflow
boundary condition (as previously mentioned) and the structure of interest. Grid zones are chosen
based on (Aboshosha et al., 2015; Elshaer et al., 2016) studies and are validated with similar
comparisons shown in Figure 3.4 (a) and (b). A total number of 1.75 * 10® mesh cells are
considered.

Table 3.1: Parameters for the generated wind flow velocity field

Mesh Zone Zone 1 Zone 2 Zone 3 Zone 4
Mesh Size 91.2 mm 45.6 mm 18.2 mm 6.91 mm
(H/5) (H/10) (H/25) (H/65)

Mesh Zone 1

- e:sh Zone 4

Figure 3.3: Mesh grid resolution utilized in the CFD simulation

3.2.1.3 CFD model validation

An experimental wind tunnel study by (Dragoiescu et al., 2006) is used as a validation benchmark
for the CFD simulation in the current study. The study uses a time and length scale of 1:400 and
1:100, respectively. Figure 3.4 (a) shows the comparison of the mean Pressure Coefficient (Cp)
from the developed LES model simulation to those from previous wind tunnels and numerical
simulations (Melbourne, 1980). Similar comparisons for the Root Mean Squared (RMS) C, are
shown in Figure 3.4 (b). The current CFD model showed comparable results to the wind tunnel

and numerical simulations (Dragoiescu et al., 2006).
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Figure 3.4: (a) Mean and (b) RMS Pressure Coefficient at 2/3 reference height of the CAARC
building

3.2.14 Determination of wind forces on the study buildings

A time history of forces acting on each storey of the structure is obtained from the LES simulation
in order to be used for determining the structural response using FEM simulations. Using LES,
two equal-sized buildings are examined to represent two CAARC structures. Each structure is
divided into forty-five equal levels to represent the 45 storeys. Figure 3.5 shows all divided storeys
(highlighting the 25™ storey on the upstream (first) building) on both structures. The forces in the
x, y and z directions in each storey are integrated over their surfaces and monitored over time.
Figure 3.6 (a-d) show samples of the wind force's time history acting on the 45th storey for each

structure in the x and y directions in full-scale. Similar time-history forces are conducted for
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buildings of heights of 140 m, 100 m, and 60 m. Similar simulations are performed for different
inflow with mean along-wind velocities of 20, 30, 40 and 50 m/s, which will be further discussed

in Section 3.2.2.2. The first 50 seconds are not captured in the CFD analysis to allow for the initial

converging of the wind flows.
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Figure 3.5: Tributary areas used for wind load time history determination
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Figure 3.6: Forces time history on the 45th storey of structure for (a) along-wind (x-direction)
upstream building, (b) across-wind (y-direction) upstream building, (¢) along-wind downstream
building, and (d) across-wind downstream building (Full-scale)

3.2.2 Modelling of Structural Response of the Colliding Buildings Using FEM

A 180 m, 45-storey tall steel rectangular skeletal structure (i.e., 30 m by 45 m long, respectively)
is used as the initial validated structure for the FEM analysis (i.e., CAARC structure). Once the
simulated steel skeletal structure is in good agreement with the validation model, other simulations
(e.g., 140 m, 100 m, and 60 m tall buildings) are then calculated per the preliminary strength check
for the AISC. The gathered time-history wind loads from the numerical LES modelled analysis
are then scaled to full-scale and applied to the two adjacent steel structures in proximity in the
FEM model. The identical adjacent tall structures in proximity are examined to determine an
adequate dg,min where no structural pounding occurs. This dg,mi» Will be used in the later sections
to determine mathematical equations for mitigating wind-induced pounding.

3.2.2.1 Finite element model validation of CAARC building

The full-scale CAARC structure is 180 m tall, having 45 similar storeys’ (each storey is 4 m in

height), with a 10-bay by 15-bay steel rectangular skeletal framework, as seen in Figure 3.7 (a).
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Each bay consists of being 3 m wide. The validated CAARC structure’s steel size members are
based on (Chan et al., 2009a; Huang, 2017) analysis, designed based on a preliminary strength
check according to the AISC steel code (2001) to accurately replicate the validated model, as
previously mentioned in Section 3.1. The steel columns and beams are selected based on the W14
and W30 sizes, respectively. The remaining structures (e.g., 140 m, 100 m, and 60 m) will be
designed similarly to maintain the preliminary strength check (see Table 3.2). The structure acts
as a moment-resisting frame, as the lateral forces are taken down into the fixed ground connections.
The steel structures' modal damping ratios are equal to 2% to calculate the dynamic drift responses.
The density of steel is considered as 7850 kg/m® with a Young’s Modulus and Poison’s ratio of
200,000 MPa and 0.25, respectively. The first, second and third modes are found to be at 0.198,
0.281, and 0.361 Hz, respectively. The mass of each stories floor is determined based on the natural
frequencies previously mentioned from (Chan et al., 2009a; Huang, 2017). Based on their height
and applied time-history mean wind velocity, all examined structures produced different natural
frequencies. Twelve additional structures corresponding to the same structure’s height used the
same steel and columns selected as the structure subjected to an applied mean wind velocity of 40
m/s, which examined a total of twenty-eight structures. Table 3.3 presents the design along-wind
and across-wind base shear forces, the torsional base torque from the wind-induced structural loads
at a velocity of 40 m/s acting on a CAARC structure of 180m, 140 m, 100 m, and 60 m height.

In the FEM analysis, the structure is considered in a dense, metropolitan location to have multiple
structures in proximity. As previously mentioned in Section 3.2.1.3, the overall applied wind
loading was acquired using the numerical LES analysis. The across-wind direction (x-direction)
of the analyzed structure is found to have a more significant displacement and drift than the along-

wind direction (y-direction) response of the structure under a (f wind angle of attack, see Figure
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3.7 (a). Figure 3.7 (b) and (c) show a comparison of the maximum top lateral deflection and inter-
storey drift along the x-direction at the most critical instant, respectively. The study by (Chan et
al.,2009a; Huang, 2017) concluded that the initial member sizes chosen for their analysis exceeded
the maximum deflection and inter-storey drift limit ratios of H/400 and 1/400, respectively. It is
considered since the initial member sizes are initially based on the preliminary strength check, as
mentioned in Section 3.1. The structural system’s intended use is evaluated in a structural

optimization study to maintain drift and deflection strains.
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Table 3.2: Steel sections for all the examined structures

180 m tall CAARC structure
Storey levels Beam size Column size
v = 20m/s v = 30m/s v =40m/s v = 50m/s
1-9 W30 x 357 W14 x 342 W14 x 398 W14 x 550 W14 x 730
10-18 W30 x 326 W14 x 283 W14 x 342 W14 x 500 W14 x 550
19 -27 W30 x 292 W14 x 193 W14 x 233 W14 x 370 W14 x 398
28 - 36 W30 x 261 W14 x 132 W14 x 159 W14 x 257 W14 x 283
37-45 W30 x 211 W14 x 82 W14 x 99 W14 x 159 W14 x 176
140 m tall structure
Storey levels Beam size Column size
v = 20m/s v = 30m/s v =40m/s v = 50m/s
1-9 W30 x 235 W14 x 233 W14 x 311 W14 x 398 W14 x 500
10-18 W30 x 211 W14 x 159 W14 x 211 W14 x 283 W14 x 370
19 -27 W30 x 191 W14 x 109 W14 x 145 W14 x 193 W14 x 257
28 -35 W30 x 148 W14 x 68 W14 x 90 W14 x 120 W14 x 159
100 m tall structure
Storey levels Beam size Column size
v = 20m/s v = 30m/s v = 40m/s v = 50m/s
1-9 W30 x 132 W14 x 159 W14 x 193 W14 x 257 W14 x 311
10-18 W30 x 124 W14 x 109 W14 x 132 W14 x 176 W14 x 211
19-25 W30x 116 W14 x 74 W14 x 90 W14 x 120 W14 x 145
60 m tall structure
Storey levels Beam size Column size
v = 20m/s v = 30m/s v = 40m/s v = 50m/s
1-9 W30 x 99 W14 x99 W14 x 120 W14 x 145 W14 x 176
10-15 W30 x 90 W14 x 68 W14 x 82 W14 x 99 W14 x 120
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Table 3.3: Design wind loads for Building 1 subjected to a design mean wind velocity of 40 m/s

. Along-wind base Across-wind base Torsional base torque
Structure height (m) shear (kN) shear (kN) (kN.m)
180 (CAARC) 18826 28238 688307
140 13569 20354 496129
100 8752 13128 319986
60 4495 6742 164333
O wind
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Figure 3.7: (a) FEM CAARC model dimensions, (b) maximum deflection of storeys, and (c)
maximum inter-storey drift in the along-wind direction

3.2.2.2 FEM modelling of time-history wind load and determination of the adequate
separation distance
As mentioned in Section 3.2.1.4, the two adjacent structures are numerically modelled through the
CFD wind simulation to capture forces acting on each structure, then applied to a full-scale FEM
model as a time-history analysis to determine the dynamic responses of both adjacent structures.
The applied wind load and adjacent structures can be seen in Figure 3.8. The applied wind forces
acting on the structure function as a singular wind force, per x and y directions, located at the center
of each floor's diaphragm, as mentioned in Section 3.2.1.4. All wind forces are scaled to the full-

scale mean wind velocity, varying from 20 m/s to 50 m/s in the along-wind direction. The total
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duration of the FEM simulation is 11.5 minutes. The results for the validated CAARC adjacent
structures are as shown in Figure 3.9 (a-c), representing the displacement, moment, and shear
force-time history for both building 1 and building 2, respectively, for an applied mean wind speed
of 40 m/s.

After simulating the structures in proximity using FEM, the dg,min between structures can be
determined. If the provided or enabled d; is less than the required dg,min between the two adjacent
structures, and the summation of both the structural lateral displacements exceeded the provided
dg, an interaction (pounding) will occur. This interaction will be discussed in the following section,
Section 3.2.2.3. To pursue such an event, each structure will consist of having an independent
dynamic response and vibration. Each structure is modelled as an elastic, multi-degree-of-freedom
system and will act as a moment-resisting frame. If pounding occurs, both longitudinal and
transverse forces will be captured. The influence of the dg,mi» on the pounding effect from the two
colliding structures is parametrically examined in this investigation. The point of contact, if
pounding occurs, will occur between the stories floor diaphragms (among the storey masses). This
assumption is believed to be suitable because the studied structures have identical storey heights

and overall building heights.
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Figure 3.8: Three-dimensional view of the two CAARC structures with a separation distance of
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Figure 3.9: Maximum (a) displacement, (b) base shear force, and (c) base moment for building 1
and building 2

3.2.2.3 FEM modelling of the compression gap element

In order to accurately capture forces of the two adjacent structures during pounding, a
compression-only gap element in the FEM analysis is considered, see Figure 3.10 (a). The
compression gap element considers a specified “gap distance,” resembling the separation distance
between the two adjacent structures. When this specified gap distance reaches a value of zero, only

then the gap element will perform as a compression spring. This will record the compression values
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throughout the applied time-history wind analysis and monitor each structure if any part of the
structure comes into contact with the adjacent building (i.e., beams, columns or slabs) (Karayannis
and Favvata, 2005a, 2005b), as shown in Figure 3.10 (b). As this study examines the necessary
dg,min required to mitigate pounding, the local effects and progressive collapse on the structure’s
columns, beams and slabs are not considered for this modelled analysis as it only affects the
performance of the structure during and after the pounding effects.

When examining the adjacent structures at proximity subjected to a time-history wind analysis,
the contact gap elements will comply in two scenarios. The first instant considers when the initial
separation gap distance (dy) is larger than the summation of the structure’s lateral displacements,
which is represented as a position gap opening (&), see Figure 3.10 (b). Without the summation
of the structures lateral displacements being greater than the dg, the gap element in this
scenario will act as a non-active as no contact (pounding) between the two structures has occurred
(see Figure 3.11 (a)). The second scenario occurs when the summation of both structures’ lateral
deflection exceeds the dy between the adjacent buildings. This will produce a positive compression
value from the contact (i.e., structural pounding) between the examined structures, ultimately
leading to an active compression spring force, allowing the gap element to monitor the pounding

forces over the allocated period (see Figure 3.11 (b)).
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Figure 3.11: Response of compression gap element in all pounding scenarios for (a) Scenario 1
(A1 + A; < dy), and (b) Scenario 2 (A; + A, = dy)

To monitor the compression forces when pounding occurs, the spring stiffness (k) in the gap

elements must be chosen appropriately. It was reported that the & is considered relatively large

when pounding transpires (Anagnostopoulos, 1988; Karayannis and Naoum, 2018b; Mahmoud et

al., 2013). A constant value of & is uncertain due to the unknown geometric impact surface,

materials involved during the pounding impact from its uncertain structural properties, despite

variable impact velocities. A study by (Ghandil and Aldaikh, 2017b) found that when & values are

more significant than 10'® N/m, the pounding-involved response is insensitive to the impact

stiffness. On the other hand, the impact stiffness coefficient should be between 50 and 100 times

larger than the lateral stiffness of the structure involved in pounding (Naserkhaki et al., 2012).
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These values cannot be generalized since they are applicable to the specific numerical and
experimental studies (Miari et al., 2019). However, past literature (Anagnostopoulos and
Spiliopoulos, 1992; Karayannis and Naoum, 2018; Kim et al., 2000; Maison and Kasai, 1992)
mentions that the structural response is not remarkably sensitive to the alteration of & when
considered at relatively high values (i.e., amplifying by a factor of one hundred). Therefore, a
pounding stiffness model is implemented in this studied model as a linear elastic model
(Jankowski, 2008b, 2006b, 2005; Miari et al., 2019). Once the gap element is activated (i.e.,
pounding occurs), a pounding force impact (F;) is captured at the location of impact, which is
expressed in Equation (3)

F,=ké ford = u; — u;— dy Equation (3)
where § is defined as the relative displacement between the pounding structural elements. The
spring stiffness (k) is only activated when pounding of adjacent structures occurs in Scenario 3
(see Figure 3.11 (b)). u;, u; are the displacement of the element nodes i and j, respectively.

To determine & for the gap element, the examined models' structural stiffness needs to be evaluated
(Naserkhaki et al., 2012). Therefore, the structure's stiffness (kr) is obtained from determining a
shear force (V) from an applied load acting on the examined structure, as per Equation (4).

V =ks*Au Equation (4)
where V' is defined as the structure's shear force, which represents the summation of applied forces
in a given direction. kr and Au are defined as the overall structural stiffness and lateral
displacement of the structure, respectively.

V, kr and Au are shown in Figure 3.12 to represent a 10-storey skeletal frame structure with applied
wind force, V. Equation (4) is then re-arranged to determine k7 in order to determine k for the gap

element. Once the k7 is defined, a multiplication factor of 50-100 times is applied (Naserkhaki et
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al., 2012). Therefore, a single applied force, ¥, of 10° N is considered to act only on the top storey
diaphragm of the 45-storey structure, perpendicular to the longest side of the building (i.e., 45 m
long side). This is equivalent to the base shear force of the structure. A maximum lateral
displacement (Au) of 82.64 mm was determined, meaning the overall stiffness of the structure (kr)
is approximately 12.1 = 10° N/m. A compression gap element stiffness (k) per storey of 12 *
108 N /m was determined from k7*100. To assure that the acquired & is sufficient for all examined
structures, a comparison with altering & (i.e., 6.6k, 5k, 3k, 2k, 1.66k, 1.33k, k, 0.66k, and 0.33k)
was performed. It is found that the FEM captures an average pounding force of 12,800 kN for
various gap element stiffnesses, k, as shown in Figure 3.13. Therefore, a k = 12 * 108 N/m is

determined to adequately capture the average pounding force for all the examined models.
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Figure 3.12: Deformation of structure from applied force (V)
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Figure 3.13: Pounding force of structures for different gap element stiffness (k)

A sensitivity analysis is performed to determine the required number of gap elements. In the
examined pounding model, results have shown pounding to occur only in the top three floors,
depending on the separation gap distance. Therefore, a total of ten floors are modelled with gap
elements. Since there are a total of fifteen bays in the longitudinal direction of the structures (i.e.,
45 m long side), a total of sixteen columns-to-beam connection locations would be used for
locations of the gap elements. A compared analysis of 1, 4, 9 and 16 gap elements are studied,
shown in Figure 3.14, having the summed F7 at the time instant of impact. Altering the number of
gap elements to capture the total F7, the most considerable difference in F7 is between 1 and 9 gap
elements per storey, having a difference of 2.42%. It is determined to accurately capture and
monitor the pounding of structures; four gap elements being evenly spaced out among the longest
side of the adjacent structures were considered. The value k is considered to be equal to 3*10% N/m
per compression gap element throughout all examined structures. Each storey consists of the four
gap elements, having a total of forty gap elements monitoring the pounding forces acting on the

colliding structures. Figure 3.15 shows the locations of the gap elements on the adjacent structures.
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Figure 3.15: Gap element locations on CAARC structure
3.2.3 Development of Mathematical Formulas to Determine Minimum Separation Gap
Distance (dgymin)
The mathematical formulation can be determined for the required dg,mi» by examining various input
properties relating to the structure’s lateral deflection. Such parameters can include the structure’s
Natural Frequency (Fu»), building Height (H), and applied mean wind velocity (v). The

mathematical formula aims to determine the required dg,min between two adjacent structures in
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proximity to mitigate pounding interaction. A genetic algorithm (GA) is adopted in this study to
optimize the numerical formulation. The adopted GA (Edwards, n.d.; Keim, n.d.) was developed
at the Computational Synthesis Lab at Cornell University (Schmidt and Lipson, 2009) from a
numerical package called “Eureqa”. The GA technique involved many numerical simulations of
the objective function association to several initial entries (i.e., a combination of different variables
over multiple generations) (Elshaer et al., 2017). The process of determining the objective function
can become extremely costly if the objective function is to be evaluated directly using the CFD
and FEM numerical simulations.

The GA uses design variables, which are coded as real numbers, and is adopted for the optimizing
formulation. For detecting equations and hidden mathematical relationships in raw data, the GA
uses a symbolic regression (Dubcakova, 2011). One key advantage of GA is its ability to find the
global extreme value without being confined to a local extreme value (i.e., maximum or minimum
extreme value). The GA process initiates from a search process, including multiple raw data points
in the search space. In addition, it will include mutation operators that will generate search points
away from the high fitness region. This will help avoid any search points being trapped within a
local extreme value (Elshaer et al., 2017). The GA has been reported by past scholars (Ansary et
al.,2011; Elshaer et al., 2017; Zhou and Haghighat, 2009) to be efficient in determining the optimal
solution in similar complex engineering optimization problems, and more information regarding
the GA can be seen in (Davis, 1991; DE Goldberg, 2013).

The GA uses combinations of different design parameters labelled as the “candidate” and
represents other dynamic variables. The GA starts its optimizing process by initiating the search
using the initial candidate, also known as the “initial population.” Within the initial population,

the objective function is evaluated for each candidate. This will sort the candidates according to
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their own fitness (i.e., lowering or elevating the value objective function). To produce better
candidates (offspring), the crossover and mutation operators must be applied to the current
population. The crossover operators will be applied to the candidates (parents) with higher fitness
to seek for better performing offsprings. Additionally, the mutation operators are applied to the
parents with lower fitness to explore the possible different regions within the search space and help
avoid any stagnation in local extreme values (Elshaer et al., 2017; Mengistu and Ghaly, 2008). The
GA process towards applying the operators and producing new generations will maintain
optimization until there are no substantial improvement over generations. Therefore, the last
generation for the highest fitting candidate is considered the GA optimal solution.

In the current study, the GA will aim to find the dg,min needed to mitigate structural pounding
from two adjacent structures in proximity. The objective function is set to be the minimum
separation gap distance (dg,min). For each combination of design variables (candidate), the
objective function is evaluated for four increments of mean along-wind velocities (v) at the
reference building height (i.e., 20 m/s, 30 m/s, 40 m/s, and 50 m/s). The design variables, H and
Fn, represent the structural height and its overall mass and stiffness, respectively, where Fn is

defined in Equation (5).

1 |k
k= Py \/; (Hz) Equation (5)

where m is the mass (kg), and £ is the stiffness (N/m) of the structure.
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Table 3.4 summarizes all the examined training samples used to train the mathematical formulas.
In the presented study, the lower and upper bounds are set to 60 m and 180 m for H, respectively,
while the lower and upper bounds for F» are set to 0.148 Hz and 0.416 Hz, respectively. These

parameters are applied throughout the FEM analysis.

119



Table 3.4: Initial design variables

Building Height (H) (m) Applied Mean Wind Velocity (v) (m/s) Natural Frequency (F,) (Hz)
50 0.211
50 0.1982
40 0.198
180 30 0.166
30 0.1982
20 0.148
20 0.1982
50 0.249
50 0.222b
40 0.222
140 30 0.197
30 0.222b
20 0.195
20 0.222b
50 0.302
50 0.277¢
40 0.277
100 30 0.239
30 0.277¢
20 0.209
20 0.277¢
50 0.416
50 0.381¢
40 0.381
60 30 0.308
30 0.381¢
20 0.281
20 0.381¢

aproperties from 180 m structure for v = 40 m/s
®properties from 140 m structure forv = 40 m/s
¢ properties from 100 m structure forv = 40 m/s
d properties from 60 m structure for v = 40 m/s

3.3 Results of the Performed Parametric Study

Twenty-eight examined structures in proximity with equal height involved in an extreme wind-
induced occurrence to determine the required dg,min is examined and discussed. The parametric
study used FEM analysis to calculate the lateral deflections of two adjacent tall structures in order
to determine the adequate dg,min to avoid wind-induced pounding. A graphical comparison of the
two adjacent structures is shown in the following figures representing their lateral displacement
responses (sufficient dg,min for preventing a pounding event). Figure 3.16 shows the time history

of the two adjacent 180 m tall structures (acting on the 45" storey for their lateral deflection)
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subjected to a synoptic wind with a mean velocity of 40 m/s at building height with a dg at 2000
mm. A dg,min required to prevent a collision for this scenario at the top of both structures is 1898.64
mm. It can be noted from Figure 3.16 that at the time instant of 628 seconds, both structures have
a significant spike in their lateral sway. Such lateral deflection based on the structure can occur
due to the natural sway frequency of a building having a similar natural frequency of the vortex
shedding acting on the specific structure from to the applied mean wind velocity. This will cause
the structure to have a dramatic spike in its sway with lower mean wind velocities than the
deflections of a structure with higher applied mean wind velocities. Figure 3.17 (a) shows the
collision (i.e., pounding) of the two 180 m tall adjacent structures with a dg equal to 1800 mm. As
shown in Figure 3.16, the dg between structures is 2000 mm and came into proximity at 628.17
seconds; however, no collision of structures occurred. Since the gap elements are not activated, no
forces were produced because the structures did not come into contact. Therefore, Figure 3.17 (a)
came into contact at the same instant since the dg is reduced to 1800 mm, even though the required
dg,min was concluded to be 1898.54 mm. Figure 3.17 (b) and (c) display the pounding forces acting
on the two structures when a collision occurs (t = 628.17 seconds). Figure 3.17 (c) compares
the forces applied at storey 45, 44, and 43 when the pounding of structures occurs.

For a pounding force where the determined dg,min is violated, a similar mathematical formula can
be developed to estimate the expected pounding force as a function based on certain preliminary
factors (i.e., H, v, F» and dg,min). The pounding force under this scenario is recorded with the
compression gap element, as described in Section 3.2.2.3. In Figure 3.18-Figure 3.21, a similar
time-history comparison was conducted, as shown in Figure 3.16. The applied time-history
velocity in Figure 3.18 is 50 m/s on two adjacent 180 m tall structures. Figure 3.19, Figure 3.20,

and Figure 3.21 show that the applied mean wind velocity is 40 m/s on two adjacent 140 m, 100
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m, and 60 m tall structures, respectively. The initial separation distance utilized in Figure 3.18-
Figure 3.21 are stated in the figures (i.e., 3000 mm, 1000 mm, 500 mm, and 400 mm, respectively).
Figure 3.22 compares the determine dg,min required for all twenty-eight FEM models, depending
on the structure’s height, natural frequency and applied mean wind velocities. As noted, tall and

slender structures are more susceptible to more significant structural sway, even with lower applied

lateral load.
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Figure 3.16: Time-history displacement of 180 m structures
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Figure 3.22: dg,min required to mitigate structural pounding

It can be noticed in Figure 3.22 that dependent on the two adjacent structure’s heights, an increase
in separation distance is required under the applied mean wind velocity to achieve a dg,min to
mitigate a pounding event. However, a drastic increase in the required dg,min for the 180 m
structures at an applied mean wind velocity of 30 m/s is recorded. This can be due to the structure's
natural sway frequency having a similar natural frequency of the vortex shedding on the specific
structure from the applied wind force at an instant of time. A more significant lateral deflection

can then occur to the structure subjected to wind. This can also be seen on the 100 m tall structure
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for the applied 30 m/s mean wind velocity but for a smaller lateral deflection. As can see in Figure
3.22, comparing the dg,min required for all structures subjected to the applied mean wind velocity
from 40 m/s to 50 m/s, the smallest change increases by 15% for the 180 m tall structures; however,
it decreases from the 30 m/s to 40 m/s at -15%. For comparing the applied mean wind velocity
from 20 m/s to 30 m/s on the height of each structure, the smallest change for the required dg,min
increases by 49% on the 100 m tall structures. Thus, the dg,min required for the 100 m tall structures
subjected to a mean wind velocity of 20 m/s is 229 mm compared to a dg,min required for a similar
structure’s height subjected to a mean wind velocity of 30 m/s is 446 mm. The most remarkable
change in required dg,min appeared at the 180 m structures from 20 m/s to 30 m/s with a change of

68%.
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Figure 3.23: Building 1 deflection during pounding versus non-pounding

Figure 3.23 shows a comparison between the deflection time history of the upstream structure
(building 1) when adequate gap distance is provided (dg = 2000 mm) to a similar structure with
insufficient gap distance (dg = 1800 mm). It can be noted that a drop in deflection happens at
the instant when pounding occurs (t = 628.17 seconds). However, the deflection of building 1
alters after pounding happens not substantially. After numerically analyzing the required dg,min to
mitigate structural pounding, results indicated that the most critical pounding occurrence (and

deflection) occurs at the tallest point of the structure due to the most considerable lateral deflection
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(i.e., 45" storey for the 180 m tall structure), and decreases when analyzing lower stories of the
structure. From the parametric examination of an adequate dg,mi» from wind-induced structural
pounding, outcomes can conclude that a dg,mi» will vary depending on the structure’s height, modal
period, and the applied wind forces. For all structures, the dg,mi» Will increase when the natural
frequency decreases, mean wind velocity increases, and structural height increases. This

correlation will be discussed in the next section of the manuscript (Section 3.4).

34 Formulated Minimum Separation Gap Distance (dg,min)

This section aims at developing mathematical formulas to determine the required minimum
separation gap distance (dg,min) to avoid structural pounding based on the building height, natural
frequency, and the applied wind. To select the best model that provides the most reliable evaluation
for the objective function, a variety of mathematical models need to be examined (i.e., polynomial,
trigonometric, exponential, and logarithmic functions). As mentioned in Section 3.2.3, the GA
used different combinations of geometric parameters (i.e., building height, natural frequency, and
mean wind velocity) with twenty-eight samples to determine the required dg,min. More than 2.1 *
102 formulas were evaluated and then ranked based on their correlation coefficient. The most
applicable analytical models and their formulas for evaluating the objective function can be seen
in Table 3.5. The highest correlation coefficient obtained is 0.9987 and a mean absolute error of
22.34 mm. Figure 3.24 shows the regression plot for different trained GA models dependent on

their generated ranking.
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Table 3.5: Ranked correlation coefficient GA formula for the analytical models

Correlation Mean Absolute

Rank ) Mathematical formula*
Coefficient Error (mm)
dgmin (mm) = (48280 — 3378« v)/(H — 149.49 —
393.25 % F,) + 0.8274/cos((48280 — 3378 *
v)/(H — 149.49 — 393.25 % F,)) + (149.49 —
Eql 0.9987 22.34 2226 % F,72)/(149.49 + E, + 01956 H — v —
H=+*F,) + cos((48280 — 3378 xv)/(H —
149.49 — 393.26 * F,))
dymin (mm) = 84.7/(35.6 — v — 2152 F,) + (48383 —
Eq2 . 41.1 grmin n
4 0.9956 6 3358« v)/(H — 146.92 — 404.3 * F,)
dgymin (mm) = 0.022 * v"2 + (45127 — 3137 xv)/(H —
grmin
Fq3 09806 72 1444 — 40875 * Fy)
dymin (Mm) = (47476 — 3323 *v)/(H — 147.67 —
grmin
Eq 4 0.9798 74.58 399,64 + Fn)
*v, H, and F, are in m/s, m, and Hz, respectively
R =0.9987 1 R =0.9956 2
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Figure 3.24: Regression plot (a) Eq 1, (b) Eq 2, (c¢) Eq 3, and (d) Eq 4

(d)

The optimized GA procedure is conducted to determine the dg,min between two adjacent structures

until the optimal solutions are obtained after 154 generations, in a total of 24 hours on an 11" Gen
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Intel(R) 17-11700K, 32 GB RAM, GeForce RTX 3070. Figure 3.25 shows the fitness curve for the
optimal GA formula where the objective function (required dg,min) of the best fitness candidate
accuracy is plotted versus the generation number. The plotted illustration displays the
improvement of the objective function (dg,min required) over the optimized GA formula. As

mentioned previously, the maximum error recorded is 22.34.

100 150 200

Generated Number
Figure 3.25: Fitness curve for optimal GA formula

After the best candidates were generated and a GA formula was conducted and identified to
determine the required dg,min, a FEM analysis was produced with modifications toward all the
geometric parameters. This is to verify the GA formulation to confirm the dg,min to be acceptable
for preventing a wind-induced pounding event. Since all twenty-eight examined samples took into
consideration the limits of the preliminary strength check according to the AISC steel code (2001),
therefore, the F, ultimately reached the smallest threshold based on the applied mean wind
velocity. Namely, each structure with the most considerable lateral deflection is concluded based
on its building heights and applied wind forces. All FEM simulations with altered geometric
parameters compared to the highest rank GA formula concluded to have a lower required dg,min
since the considered GA formulation for the dg,min reflected on having the maximum lateral

deflection on both structures, based on the applied mean wind velocities, structural heights, and
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the governing natural frequencies. Therefore, to adequately design for tall structures in proximity
in extremely high wind locations, the GA formulation for designing a sufficient dg,min
overestimates the required dg,min, €liminating any possible wind-induced structural pounding.

3.5 Summary

This chapter conducted a parametric analysis to develop a mathematical formulation for estimating
the required separation distance between two adjacent structures in proximity of equal heights
subjected to wind. The analysis used LES models to determine the applied time-history wind forces
acting on the two adjacent structures. The forces were then applied to a non-linear FEM simulation
to predict the structure’s response. Twenty-eight modelled buildings were considered as inelastic
multi-degree-of-freedom skeletal steel structures. Once developed, a genetic algorithm is then
developed to optimize a mathematical formula to determine the required separation distance
between the two adjacent structures in proximity, based on the building height and natural
frequency along with the applied wind. The developed mathematical formula is then compared to
altering geometric parameters through the FEM numerical analysis. The determined separation
gap distance during the time history analysis are used as initial parameters of the specified

structures for chapter 4.
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4 Chapter 4 — Pounding Force Formulation for Tall Structures in Proximity
Subjected to Wind

4.1 Background

The new generation of high-rise structures is becoming more flexible due to the buildings
becoming increasingly taller and slender (Elshaer et al., 2017). Such structures are ultimately more
sensitive to lateral loads, such as wind (Bobby et al., 2014; Ding et al., 2019; Elshaer and
Bitsuamlak, 2018; Huang et al., 2012; Irwin et al., 2008; Irwin, 2009; Lam et al., 2009).
Additionally, to control the inertial forces developed by earthquakes, a need to lower the
structure’s weight to gravity loads is required (Rahman et al., 2012). This will further contribute
to an increase in the wind-induced forces and motions, leading to the wind being the ultimate
governing load for the design of the structure and its lateral load resisting system (Elshaer et al.,
2017). A study by (Cui and Caracoglia, 2018) found on the studied 180 m tall structure using their
proposed formulation, high wind loads at a certain angle on the structure (i.e., 55) can lead to
extreme lateral displacements of the structure (i.e., up to 1370 mm). If not correctly acquired in
the preliminary design phases, lateral deflection and inter-storey drifts of the structure can reach
their limits when unexpected wind events occur. An intensive study from (Aly and Abburu, 2015)
examined two high-rise structures under similar natural multi-hazard events (i.e., earthquakes and
wind) to compare the dynamic responses of the structures (i.e., acceleration, lateral drift and inter-
storey drift). Results concluded that under extreme wind loading events, a considerable overall
lateral deflection and inter-storey drift within similar geological locations would be produced
compared to earthquake phenomena (i.e., upwards of eight times more significant in lateral
deflection and two times more prominent in inter-storey drifts). (Elshaer and Bitsuamlak, 2018)
found that over time, maintaining an adequate lateral deflection or controlling the extensive

vibration on a tall structure will become more challenging to meet design requirements compared
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to the strength and capacity requirements within such structure. Additionally, the lateral deflection
in a tall building during its structural sway motion can damage non-structural components (i.e.,
cladding and partition) and primary structural components (i.e., beams and columns) to the extent
of damaging possible adjacent structures if the separation gap distance between structures is lesser
than the lateral displacement of the adjacent structures (Chenna and Ramancharla, 2018; Rahman
et al., 2012; Wolfgang, 1977). Appropriate measures must be addressed to lower large deflections
on tall structures within proximity to neighbouring buildings.

When large deflections of a tall structure are produced within densely populated locations (i.e.,
adjacent structures), a separation distance between the structures becomes a vulnerable
circumstance. The effects (i.e., interference) from wind-induced loading of tall structures within
close proximity rows have been investigated in the past (Lam et al., 2011, 2008). Dynamic
response, wind pressures, and deflections on all structures were evaluated by alternating the gap
distance between the proximate structures. If the gap distance between tall adjacent structures is
lesser than the lateral deflection produced from each tall structure, possible collisions (interaction
between structures) will arise. Therefore, the term pounding of structures has become a vital
definition when building structures in proximity in the past and is continuing to evolve in the newer
generation of tall buildings.

The pounding of structures is defined when two or more adjacent structures within proximity are
subjected to a great lateral force, making the structures collide from exceeding the adequate
separation distance (Anagnostopoulos and Spiliopoulos, 1992a; Efraimiadou et al., 2013; Kasai
and Maison, 1997; Maison and Kasai, 1990, 1992). The term pounding was further examined by
(Jankowski, 2009) and concluded that an increase in a pounding phenomenon could occur when

the structures at proximity produce an out-of-phase vibration due to the structural differences in
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their dynamic properties (i.e., stiffness, mass and lateral loading) (Jankowski, 2008a; Mahmoud et
al., 2013). These out-of-phase vibrations can also occur in tall structures subjected to extensive
wind forces (Abdullah et al., 2001a). (Zhu et al., 2020) studied the use of tuned mass-damper-
inerter on two closely linked tall adjacent structures to mitigate wind-induced responses of the
linked structures. They determined that out-of-phase vibrations may be induced due to the
aerodynamic interference of the two linked structures. The linked structures may lead to structural
pounding through the construction and expansion joints within the link connections. Studies have
also investigated super-tall twin towers' aerodynamic and structural dynamic characteristics (Qin
et al., 2022). (Qin et al., 2022) found that large proportions of out-of-phase components (i.e., the
two tall structures in opposite directions) will be conducted from the applied wind forces. The
structural response can be controlled by structural links between the two tall structures; however,
the structural links must be evaluated to alleviate a possible structural pounding due to the
connection joints. Pounding can also be produced when the involved buildings are subjected to an
intensive lateral wind load (Brown and Elshaer, 2022; Huang et al., 2012). Such extensive
literature reviews on structural pounding phenomena have recently been reviewed and published
(Brown and Elshaer, 2022; Miari et al., 2021).

Mitigation measures must be implemented in design when constructing such structures to mitigate
arising wind-induced structural pounding. Namely, precautions from past investigations have been
conducted to improve the safety and possible avoidance of hazardous pounding events. Past
research (Jankowski, 2005; Jankowski and Mahmoud, 2015; Penzien, 1997) has evaluated the
required separation distance needed to avoid the potential pounding of structures during possible
excessive lateral loading events. An issue that arises for pounding is when existing structures are

already building within proximity and were designed before the new building codes and provisions
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to determine a minimum required separation distance, leading to possible pre-existing structural
pounding events (Rezavandi and Moghadam, 2007). If an adequate separation distance cannot be
provided, alternative measures may be considered (e.g., tuned dampers, shock absorbers, etc.).
Without such mitigation measures, the pounding of structures can occur if adequate applied wind
loads are subjected to adjacent tall structures, leading to possible damages (i.e., minor or major) to
the extent of possible total collapse of structures.

As many studies have conducted structural pounding analysis (i.e., experimental and numerical)
from earthquake-induced phenomena, wind-induced structural pounding can transpire when one’s
structure exceeds the separation distance between its other adjacent structure due to lateral
deflection produced by wind, similarly to earthquake-induced structural pounding. Therefore, an
out-of-phase vibration is more likely to arise in such wind events, having a higher probability of
collisions. Out-of-phase vibrations will depend on the applied lateral forces (i.e., wind velocity),
structures modal period and its dynamic properties (i.e., materials, height, and frame). For
example, (Brown et al., 2022) study conducted the required separation distance to mitigate wind-
induced structural pounding. However, the study gap to this date is when a required separation
distance cannot be achieved, what possible pounding forces will be produced when a wind-induced
structural pounding event arises. Accordingly, the objective of this investigation is to determine
the maximum pounding force from two adjacent structures in proximity from wind loading. This
will be correlated depending on the applied wind velocity, structure height and dynamic properties,
and separation distance. The analysis initializes the research with a numerical wind analysis to
determine and capture the applied wind forces over a period of time acting on the two adjacent
structures in proximity. The analysis then inputted the captured time-history wind forces into an

alternate numerical analysis to define each structure’s dynamic responses. The dynamic responses
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of each structure throughout the applied wind forces can establish the lateral deflection of each
structure, which can correlate with the required separation distance required to mitigate wind-
induced structural pounding. Once established, the separation distance is minimized from the
required separation distance to configure larger pounding forces. A mathematical equation is then
recognized with all the monitored input properties (i.e., applied wind forces, structures height,
modal period, and minimum required separation distance) from the studied adjacent structures to
determine the pounding forces when a collision occurs if the required gap (separation) distance
cannot be achieved.

The present work includes the following major contents (eight sections) to conduct the required
study gap: Section 4.1 (current section) introduces the reader to the research problem and study
gap evidence. Section 4.2 presents the framework of the numerical modelled procedure for this
study. Section 4.3 illustrated the overall geometrical details of the examined structure used
throughout the numerical study. Section 4.4 conducts a Computational Fluid Dynamics (CFD)
(numerical wind analysis) with the aid of Large Eddy Simulations (LES) to establish the wind
phenomena acting on the adjacent structures in proximity. Once established, Section 4.5 is then
generated to determine the studied structural integrity through a numerical Finite Element Method
(FEM) analysis. Section 4.6 then introduces the Genetic Algorithm (GA) conducted for the study.
Results and discussion are presented in Section 4.7 and will assemble the mathematical

formulation for wind-induced pounding.

4.2 Framework of the Numerical Model Procedure

To establish a pounding force acting on two similar adjacent structures during a wind-induced
pounding event, variables must be considered for solving such pounding forces in a suitable
numerical analysis technique. Such variables can be the height of the structure (H), natural modal
frequency (F), applied wind velocity (v) and initial Separation Gap Distance (dg). The method for
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solving the pounding forces (F7) by altering parameters is based on a Genetic Algorithm (GA),
mentioned in Section 4.6. GA’s are effective optimization techniques that ultimately lead to
efficiently identifying the optimal solution, which has the best performance of the objective
function (e.g., highest regression) (Pourzeynali et al., 2013). GA are originally created based on
the mechanics of natural selection and population genetics (DE Goldberg, 2013; Mettler and
Gregg, 1969). The GA used in this analysis is a directed random search technique, and it has been
widely used in many optimization problems (Elshaer and Bitsuamlak, 2018; Holland, 1992; Leung
et al., 2003; Michalewicz, 1994; Pham and Karaboga, 2012). The use of the GA can be
demonstrated for efficient parallelism, multi-point search and global search (Li et al., 2020). The
numerical GA can help determine an optimal global solution over a given domain (Holland, 1992;
Leung et al., 2003; Pham and Karaboga, 2012), as it mimics the process of natural selection in
evolution (Liu et al., 2003). GA is especially valuable for complex and challenging optimization
problems with many parameters, and it is challenging to achieve the analytical solution (Leung et
al., 2003; Pourzeynali et al., 2013). GA works with a set of points or populations within a particular
moment, which means that the GAs are processed at one time as many schemes (more in Section
4.6). The overall procedure of the numerical pounding force, followed by a GA process for
determining a pounding force with altering variables, is outlined and presented in a flowchart
shown in the following Figure 4.1.
1. For designed structures, numerical LES models are conducted to analyze the uncertain
high-intensity wind forces on each structure examined over a given period (i.e., Fx =
(Fx1, Fx2, ..., Fa)T, Fy=(Fy1, Fy2, ..., Fy)T, and F: = (Fz1, Fa, ..., Fan)l.
2. The time-history wind forces are then applied through the FEM modelled structural

analysis to determine the time-dependent dynamic response of each structure (i.e.,
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structural lateral deflection and required minimum separation gap distance (dg,min) to
alleviate structural pounding).

Pounding forces will be monitored and recorded over the applied time-history analysis
when the d; between structures is lowered than the determined dg,min.

The maximum F7 is then determined based on the geometrical parameters (i.e., H, Fn,
v, initial dg).

A GA will be used to correlate a generic mathematical formulation from optimization
cycles for determining the maximum F7 by using the geometrical parameters as input

values.

1,

[ Perform CFD wind flows on designed structures ]
EO. RO |

[ Collect forces acting on each structures ]
v

[ Perform FEM analysis to determine structures response ]
v

[ Determine minimum gap distance based on geometric parameters ]

dg:miﬂ

Determine pounding impact force when d, < d,,,,, to
activate structural pounding

F
'y

[ Determining generic mathematical formulation for F;
v

[ Generate formula ]

Satisfying an
accuracy criterion

Figure 4.1: Flowchart of the required pounding force (F7) procedure
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4.3 Geometrical Details of the CAARC Building

An illustration example is conducted to examine the developed procedure for determining the
wind-induced pounding forces between two adjacent tall structures in proximity. An initial
structure will be first validated with a similar FEM model from the literature. A full-scaled 45-
storey (180 m) tall steel skeletal structure with a fifteen bay (45 m wide) by ten bay (30 m long)
parameter is numerically modelled. The storey height is 4 m, with each bay being 3 m long, as
shown in Figure 4.2. The structure observed has the same geometric form as the Commonwealth
Advisory Aeronautical Research Council (CAARC) standard building, which has extensively been
used and examined for standardization in many experimental wind tunnel laboratories (Melbourne,
1980) and numerical wind analysis (Dragoiescu et al., 2006; Elshaer et al., 2016; Elshaer and
Bitsuamlak, 2018). The modelled structure is in a 1:400 modelled scale during the CFD analysis,
having a time scale of 1:100. Where the structure in the FEM analysis is considered full-scale.
Validated procedures are completed once both numerical simulations are in good agreeance with
the validation model. Similar modelled steel structures with alternate properties (i.e., H and F»)
are then produced in both numerical analyses. The separation distance is first determined once the
dynamic responses of the two adjacent tall structures in proximity with equal height are measured
from the applied wind forces. The separation distance between both structures is lowered to

determine the forces when structural pounding arises (more information in Section 4.5.1).
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Figure 4.2: Geometric parameters for the selected study structure

4.4 CFD Detail for Wind Load Evaluation

The current study conducts three-dimensional LES models to evaluate the applied wind forces
acting on two adjacent tall structures. All dimensions for the Computational Domain (CD) and
mesh discretization are conducted based on recommendations from previous studies (Brown et al.,
2022; Dagnew and Bitsuamlak, 2013; Elshaer et al., 2016; Franke, 2006; Franke et al., 2011).
Once the initial structure is properly modelled and validated, the following structures are
considered with alteration in H (e.g., 180 m, 140 m, 100 m, and 60 m, in full-scale) and materials,
concerning the sizes of the required materials (more details in Section 4.5) to maintain an accurate
preliminary strength check (in according to the AISC steel code (“American Institute of Steel
Construction, Manual of Steel Construction,” 2005; Huang, 2017; Huang et al., 2012)). The inlet
previously shown in Figure 3.2 (a) of the CD is assigned as the inflow boundary condition, which
generates a wind flow field from a Consistent Discrete Random Flow Generator (CDRFG)
technique (Aboshosha et al., 2015; Elshaer et al., 2016). The CDRFG technique utilizes a database
for each wind velocity component depending on its location and time (e.g., ux (x, y, z, and ¢)). The

top and sides of the CD represent symmetry plane boundary conditions, whereas the building’s
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surfaces and the bottom of the CD are non-slip walls. As previously mentioned in Section 3.2.1.1,
Figure 3.2 (b) shows the adopted inflow mean wind profile acting on the validated CAARC
structure, which is adapted from a wind tunnel simulation (Dragoiescu et al., 2006) and numerical
wind simulation from (Elshaer et al., 2016). The exposure factor of the structures is located in an
open terrain environment. To conduct the LES simulation, a dynamic sub-grid scale with a
commercial CFD package (STAR-CCM+ v.15.04.008) is used (Germano et al., 1991;
Smagorinsky, 1963). Each simulation represented a total time of 7.0 seconds in the modelled scale
(i.e., 11.5 minutes for full-scale), having a total of 14000 time steps with a single time step equal
to 5 milli-seconds. This allows for the Courant Friedrichs-Lewy (CFL) number to be maintained
less than 1.0 for wind solutions to be accurate and allow for convergence (i.e., maximum CFL =
0.5 at the top of the CAARC structure). (“SharcNet,” 2022) is a High-Performance Computer
(HPC) facility, which was used to conduct the CFD numerical simulations. The computational
time required for each simulation took 60 hours on 96 processors.

Hexahedral control volumes are used in the CD, where the mesh sizes are divided into four zones
for the complexity of the wind flow on the structures to be captured, as previously mentioned in
Section 3.2.1.2 and shown in Figure 3.3. A total of 1.75 million mesh cells are used within the CD.
Parallel to the examined structure, fifteen prism layers (i.e., surface-following grids) are used with
a stretching factor of 1.05 to satisfy the recommendations (Elshaer and Bitsuamlak, 2018; Franke,
2006; Murakami, 1998; Tominaga et al., 2008)

The referenced length scale at the top of the modelled structure in the x, y, and z-directions are
0.563 m, 0.147 m, and 0.186 m, respectively. The turbulence intensity at the modelled scale
reference height is 0.197, 0.167, and 0.145 in the u, v, and w-directions, respectively. A mean

pressure coefficient (C, mean) and root mean square pressure coefficient (C, RMS) are compared,
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acting on 2/3 of the height of the CAARC structure to validate the LES model, as can be shown in
Figure 4.3 (a) and (b).

Individual time-history wind forces in the x and y direction must be captured to perform the
structure's dynamic responses on two adjacent tall structures in proximity. Wind forces are
monitored individually per storey, per structure as a summed force from all surfaces on each storey.
The applied time-history wind force will act as a singular force located at each structure's center
diaphragm of each storey to be applied to the FEM model (more details in Section 4.5). The
structures are split into two equal-sized buildings to represent two modelled buildings, having no
separation distance between the buildings to fulfill any convergent issues over the simulated time,
as shown in Figure 4.4. Each structure is then divided into 45 equal stories to represent each floor.
The yellow highlighted surface area shown in Figure 4.4 replicates the 25" storey for the upstream
structure (Building 1), where the applied wind forces are captured. To allow for initial converging
of the wind velocity flows, the first 50 seconds (in full-scale) are not considered in the monitored
CFD results. Time-history wind forces are then conducted for other examined structures with
altering heights, in addition to varying the applied mean wind velocities ranging from 20 m/s to

50 m/s, further discussed in Section 4.5.
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4.5 Adopted Structural Details in the FEM Model
A 180 m, 45-storey tall steel rectangular skeletal structure with a 10-bay by 15-bay long structure

(i.e., 30 m by 45 m long, respectively) is used as the initial validated structure for the FEM analysis,
as previously mentioned in Section 4.3 (i.e., CAARC structure). The initial structure is designed
initially based on a preliminary strength check according to the AISC steel code (2001) from (Chan
et al., 2009a; Huang, 2017) analysis. All beam and column members are made from steel (i.e.,
W14 and W30 sizes, respectively) on the initial CAARC structure and can be noted in Table 4.1.
Structures steel columns will vary with the applied mean wind velocity. The computer program
used in this work is the program package (“ETABS,” 2018). The skeletal steel structure has a
Young’s Modulus of 200,000 MPa with a Poison’s ratio of 0.25. The steel density is 7850 kg/m?
and a model damping ratio of 2%. The fixity of the structure located at the ground surface is
considered fixed, allowing the overall structure to have a rigid floor connection.

Additionally, the structure acted as a moment-resisting frame, allowing forces from the beams and
columns to transfer to the connections and down to the fixed ground surface. The structures first,
second and third natural frequency (F%) is equal to 0.198 Hz, 0.281 Hz, and 0.361 Hz, respectively,
which are in similar agreement with (Chan et al., 2009a; Huang, 2017). For validation purposes,
the structure is considered in a dense, metropolitan location, having many tall structures in
proximity. The applied wind on the structure is applied as a static wind analysis with a mean wind
velocity at the top of the structure equal to 41 m/s per the NBCC (2020). This is compared to a
dynamic wind analysis with the same mean wind velocity of 41 m/s, assuming a 50-year return
period of wind located at the top of the building. The dynamic wind loads from (Huang, 2017) are
calculated based on the wind tunnel data derived from the aerodynamic load database of the
NatHaz Modeling Laboratory (Zhou et al., 2003). As previously mentioned in Section 3.2.2.1,
Figure 3.7 shows the structures lateral deflection and inter-storey drift in comparison to (Huang,
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2017) numerical FEM study, considering the longer side of the examined structure perpendicular
to the applied wind (i.e., 'wind angle of attack), shown in Figure 3.7 (c), is found to have the most
significant lateral and inter-storey drift, respectively (Huang, 2017). Generally, the allowable drift
ratio is typically 1/400 but can appear to be within the range of 1/750 to 1/250 (Ellingwood, 1986).
For validation purposes, the initial chosen steel member has exceeded both the maximum
deflection of H/400 and inter-storey drift limit ratio of 1/400, respectively (Chan et al., 2009a;
Huang, 2017), since the structures system is initially intended for optimization purposes to evaluate
its drift and deflection strains.

Table 4.1: Steel member sizes for the 180 m tall structures framework

180 m tall CAARC structure

Storey level Beam size Column size
v = 20m/s v = 30m/s v =40m/s v = 50m/s
1-9 W30 x 357 W14 x 342 W14 x 398 W14 x 550 W14 x 730
10-18 W30 x 326 W14 x 283 W14 x 342 W14 x 500 W14 x 550
19 -27 W30 x 292 W14 x 193 W14 x 233 W14 x 370 W14 x 398
28 - 36 W30 x 261 W14 x 132 W14 x 159 W14 x 257 W14 x 283
37-45 W30 x 211 W14 x 82 W14 x 99 W14 x 159 W14 x 176

Once the validated steel skeletal structure is in good agreeance for its design, the remaining
examined structures (e.g., 140 m, 100 m, and 60 m tall buildings) are then calculated per the
preliminary strength check for the AISC (2001) to accurately replicate the validated model;
selected steel members are shown in Table 4.2. Sixteen additional structures, corresponding to the
same structure’s height, used the same steel and columns selected as the structure subjected to an
applied mean wind velocity of 40 m/s are also considered, making a total of 28 structures
examined. As stated in Section 4.2 and Section 4.4, the gathered time-history wind loads from the
numerical LES modelled analysis are then scaled to full-scale and applied to the two adjacent steel
structures in proximity in the FEM model. Table 4.3 presents the along-wind and across-wind base

shear forces, the torsional base torque from the wind-induced structural loads at a velocity of 40
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m/s acting on a singular 180 m CAARC structure, 140 m, 100 m, and 60 m tall structure,
respectively, before applying two structures at proximity. In accordance, applied mean wind
velocities vary from 20 m/s to 50 m/s at the height of 180 m with increments of 10 m/s. The wind
forces acting on the structure act as a singular wind force, located at the center of each floor’s
diaphragm in the x, y, and z-directions. The two adjacent CAARC structures in proximity subjected
to a mean wind velocity of 40 m/s can be see Figure 4.5 for three dimensional view.

Table 4.2: Steel member sizes for alternate examined structures

140 m tall structure
Storey level Beam size Column size
v = 20m/s v = 30m/s v = 40m/s v = 50m/s
1-9 W30 x 235 W14 x 233 W14 x 311 W14 x 398 W14 x 500
10-18 W30 x 211 W14 x 159 W14 x 211 W14 x 283 W14 x 370
19 -27 W30 x 191 W14 x 109 W14 x 145 W14 x 193 W14 x 257
28 -35 W30 x 148 W14 x 68 W14 x 90 W14 x 120 W14 x 159
100 m tall structure
Storey level Beam size Column size
v = 20m/s v = 30m/s v =40m/s v = 50m/s
1-9 W30 x 132 W14 x 159 W14 x 193 W14 x 257 W14 x 311
10-18 W30x 124 W14 x 109 W14 x 132 W14 x 176 W14 x 211
19-25 W30x 116 W14 x 74 W14 x 90 W14 x 120 W14 x 145
60 m tall structure
Storey level Beam size Column size
v =20m/s v = 30m/s v = 40m/s v = 50m/s
1-9 W30 x 99 W14 x 99 W14 x 120 W14 x 145 W14 x 176
10-15 W30 x 90 W14 x 68 W14 x 82 W14 x99 W14 x 120

Table 4.3: Structural wind loads for all structures framework

. Along wind base Across wind base Torsional base torque
Structure height (m) shear (kN) shear (kN) (kN.m)
180 (CAARC) 18826 28238 688307
140 13569 20354 496129
100 8752 13128 319986
60 4495 6742 164333
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Figure 4.5: 3-dimensional and plan view of the two CAARC structures with a ds

4.5.1 Modelling of Structural Pounding

Two identical tall structures in proximity are considered to determine a possible pounding force
when wind-induced structural pounding occurs. Structures are altered through the numerical FEM
analysis with specific monitored input properties (i.e., H, Fu, v, dg). Results can then determine the
maximum F7 the pounding of tall structures may correlate. In Section 4.7.3, a GA will orient the
monitored inputs with the recorded pounding forces to determine a mathematical equation for the
pounding force based on the monitored input properties. Each structure is modelled independently
with its own dynamic responses and vibrations as it is an inelastic, multi-degree-of-freedom system
with moment-resisting frames. A gap element is used and discussed in the following Section 4.5.2
to record the pounding interaction. The pounding location considered in this analysis is located as
floor-to-floor pounding (floor diaphragms among the storey’s masses) because the structures
examined have identical overall heights and storey level heights. The numerical time-history

analysis captures the pounding forces in the longitudinal and transverse directions. To mitigate
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structural pounding, the dg influences the pounding force when the dg is less than the minimum
separation gap distance (dgmin). Therefore, it will be altered and monitored throughout the
numerical FEM analysis and later used in the GA.

4.5.2 Pounding Contact Link Elements

In practice, when two structures in proximity reach a separation gap distance, dg, of zero, a
structural pounding will occur, and therefore, the colliding structures will experience a pounding
impact force, F1. Thus, a compression-only gap element is used in the FEM modelling to accurately
capture forces from a pounding event. The compression gap element uses a specified “gap
distance” which replicated the dg between the two proximate structures. The gap element will only
start recording axial F7 over the period when pounding takes place as the specified gap distance in
the gap element is less than zero. No axial compression forces will be recorded when the dg is
greater than zero (i.e., no structural interaction is achieved). Therefore, F7 only arises when both
the adjacent structures laterally deflect towards each other, having a dg less than zero. Figure 4.6
(a) and (b) replicate the mechanism of how the gap element will capture F7 concerning the dg. The
F1 can only be monitored where the gap elements are located to record the structural interaction,
ideally located at the beams, columns or slabs (Karayannis and Favvata, 2005a). Since the
structures examined are of the same structural heights, the gap elements will only be located along
the beam-to-column connections (i.e., located on each storey level). Four gap elements per floor
are determined to achieve a more accurate analysis as a compared evaluation of 1, 4, 9, and 16
compression gap elements were studied. A total of 16 gap elements per storey could only be
considered in the longitudinal direction of the structure (e.g., 45 m long side) since there are a total

of 15 bays. Figure 4.7 shows the number of gap elements used compared to the total F7 captured
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when pounding arises. The most significant difference in the captured total F7 is between 9 and 1

gap elements per storey, only having a difference of 2.4%.

A

3

o
S
v
g
g g
ﬁc- o
= @]
-a Ui (+ve) Uy (+ve)
Structural < Stiffness of = stiffness
pounding occurs structures I f \ f‘| f‘ / \ || ®
< - > Imtlal gap
Gap opening (+) ~Initial dg -— ; Gap closing (-) dg
)
(@ H (b)
Y

Figure 4.6: (a) Response of gap element for pounding forces and (b) replicated gap element
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Figure 4.7: Pounding force with alteration of the number of gap elements

The compression gap element implemented in this study is a linear elastic compression model
(Jankowski, 2005, 2006b, 2008b; Miari et al., 2019). Two scenarios for the contact gap elements
comply when examining the adjacent structures at proximity subjected to a time-history wind
analysis. The first scenario consists of the first structure (i.e., upstream structure) either being
stationary (laterally stable), laterally deflecting in a negative x-direction away from the other

proximate structure, or laterally deflecting in a positive x-direction towards the other proximate
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structure but lesser than the subtraction of the dy and the second structure (downstream structure).
Concurrently, the downstream structure is either stationary (laterally stable), laterally deflecting in
a positive x-direction (opposite of the upstream structure), or laterally deflecting in a negative x-
direction that is lesser than the dy and the upstream structures lateral deflection combined.
Therefore, no structural interaction between the two tall proximate structures will arise. The first
scenario can be seen in Figure 4.8 (a). The gap element, in this sense, will act as a non-active
component. They will not register to monitor any axial pounding force impact (F7 (f)) at the
location of impact where the gap elements are located, see Equation (6(a)). The second scenario
consists of the summation of the structure’s lateral deflection to be greater than the dg. Therefore,
the upstream structure will laterally deflect in a positive x-direction while the downstream
structures laterally deflecting in a negative x-direction, having the summation of the two structures’
lateral deflections greater than the designated dg. Nevertheless, the upstream structure can laterally
deflect in a negative x-direction. However, the downstream structure has to laterally deflect
significantly more in a negative x-direction to have the summation of the two structures’ lateral
deflection greater than the designated dg (e.g., this can also be opposite for the upstream and
downstream structures, respectively). Scenario two is shown in Figure 4.8 (b). The gap element
will then be produced as an active compression spring element, allowing the gap element to
monitor the F7(f) where the location of impact transpires (e.g., the gap elements must be in that
specified location to capture F7(f)) over the allocated pounding period. The second scenario is
expressed in Equation (6(b)), which is expressed as:

F(t)=0 for 6(t) < w;(t) —u;(t) —dy (a)
F(t) = ké(t) for §(t) = u;(t) —u;(t) — dy (b)  Equation (6)

where 6(t) is defined as the relative displacement between the interactive structure’s elements.

u;(t) and u;(t) are the displacement of the element nodes i and j, respectively. k is defined as the
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spring stiffness, which is only activated when pounding of adjacent structures occurs in the second

scenario shown in Figure 4.8 (b).
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Figure 4.8: Response of compression link in deflection scenarios; (a) Scenario 1 (4; + A, < dy),
and (b) Scenario 2 (A; + A, = dy)
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To determine & for the gap element, the examined models' structural stiffness must be considered
(Naserkhaki et al., 2012). No exact formulation or value for determining & has been recognized for
the gap element (Karayannis and Naoum, 2018b; Miari et al., 2019). However, past studies have
stated that the k is relatively large when a pounding event arises (Anagnostopoulos, 1988;
Karayannis and Naoum, 2018b; Mahmoud et al., 2013). (Ghandil and Aldaikh, 2017b) determined
that when pounding stiffness is greater than 10'® N/mm, the response of the structures during
pounding interaction is insensitive to the actual impact stiffness. Past literature mentioned that the
alteration of the & does not affect the structural response sensitivity when considering at relatively
high stiffnesses (i.e., amplification factor upwards of 100 times larger). Ideally, the impact stiffness
coefficient should be 50-100 times larger than the lateral stiffness of the interactive structures
(Naserkhaki et al., 2012). Therefore, to determine a relative k£ for the gap element, the modelled
structural stiffness (kr) can be factored by 100 (Naserkhaki et al., 2012). The shear force (V) of the
structure can be rearranged to determine the structure’s stiffness (kr) from the applied loading
acting on the examined structure from the following equation:

V =ks*Au Equation (7)

where kr is defined as the overall structural stiffness and Au is the lateral displacement of the
examined skeletal frame structure, which can also be seen in Figure 4.9. A single applied force of
107 N is applied to the top-storey diaphragm perpendicular to the longest side of the building (i.e.,
45 m long side) of the validated steel CAARC structure to achieve a lateral displacement (Au) of
826.4 mm. An overall structural stiffness (k7) is determined to be 12.1 * 10® N /m. Therefore, the
spring stiffness (k) per storey of the steel structure is determined to be equal to 12 * 108 N/m (i.e.,
kT » 100) (Naserkhaki et al., 2012). Since four gap elements are determined on each floor, each
gap element kis 3 * 108 N/m. A comparison of k is examined to assure the acquired & is sufficient

for the interactive structures (i.e., 20/3k, 5k, 3k, 2k, 5/3k, 4/3k, k, 2/3k, and k/3). It is concluded to
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have an average Fi(¢) equal to 1.28 * 107 N, shown in Figure 4.10, and therefore, the acquired &
is adequate to capture the F7(¢) for all other examined models. The pounding model at specified dg
showed a variation in pounding floor interactions, therefore altering the total number of gap

elements required per pounding model examined.
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4.6 Procedure of Developing the Mathematical Formulas for Pounding
Force Determination

A GA is adopted to optimize a general numerical formulas for determining the design pounding
force. The formulated mathematical equation will be formulated through a GA by examining a
quantified amount of input parameters from the structures being examined. Such input parameters
include H, the building’s dynamic properties (i.e., ), structures’ dynamic responses (i.e., lateral
deflection), v, and dg between structures. The formulated equation will be generated from the GA
to determine the maximum F7 of the two adjacent tall structures in proximity when a dg is
insufficient to mitigate structural pounding from wind-induced lateral deflections of the structures.
This algorithm will use the design GA to optimize the numerical function. The numerical software
(Euraga) is used as the GA method (Edwards, n.d.; Keim, n.d.) and was first developed at the
Computational Synthesis Lab at Cornell University (Schmidt and Lipson, 2009). The application
of GA has increased significantly in speed, capability and flexibility in recent years (Pourzeynali
et al., 2013). To achieve the maximum pounding forces with alternate input parameters, a single-
objective optimization is performed using GA. The primary purpose of using the single-objective
optimization procedure using GA is to find a specific value of the design variables. This is to find
the optimum value of a single objective function (i.e., maximum F7).

In general, GA’s have been applied in many civil engineering structural vibration control designs
as effective optimization search techniques (Pourzeynali and Zarif, 2008). GAs are stochastic
search techniques based on natural genetics and the mechanism of natural selection. The GA uses
design variables (i.e., coded as real numbers) and is adopted through optimization formulations.
To detect equations and hidden mathematical relations through raw input data, the GA uses
symbolic regression (Dubcakova, 2011). The advantage of using a GA is not being confined to

local extreme values while finding possible extreme global values (i.e., maximum or minimum
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extreme values). Additionally, GA’s will include mutation operations that will generate search
points away from the hit fitness regions, which will help avoid any search points being trapped
within local extreme values, as previously mentioned (Elshaer et al., 2017). The GA process will
also initiate from a search process, including the multiple raw data points within the search space.
The GA’s technique contains multiple numerical simulations of the objective function associated
with the numerous preliminary entries (i.e., a combination of different variables over multiple
generations) (Elshaer et al., 2017). The GA process has been a very effective optimization
approach in determining the optimal solution in comparable complex engineering optimization
problems (Ansary et al., 2011; Elshaer et al., 2017; Pourzeynali et al., 2013; Pourzeynali and Zarif,
2008; Zhou and Haghighat, 2009). If the objective function (i.e., maximum F7) is to be evaluated
directly using the CFD and FEM analysis, the process for the computational simulation costs will
become extremely costly. More information regarding the GA process can be available in the
following scholars (Davis, 1991; DE Goldberg, 2013).

In this research study, applied time-history wind forces acting on both adjacent tall structures will
be determined. This will depend on the overall building’s height and the applied mean wind
velocities. The collected wind forces will then be applied to the two adjacent structures in the FEM
analysis. This will determine the structure’s dynamic response characteristics. The dg is then
altered to where structural pounding takes place. The structural F7 (i.e., known as the objective
function) will then be recorded and determined based on the initial design variables (i.e., H, Fu, v,
and dg), the size of the population search points, the number of required generations and lastly, the
uppet/lower bound for each design variable. The GA will first require an initial set of random
selections (initial population). The GA starts its optimization by initiating the search using the

initial population. Within the initial population, the objective function is evaluating each initial
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individual design parameter (candidate), which represents a solution to the problem at hand. The
initial candidates will evolve through successive iterations (generations). During each generation,
the candidates are evaluated using some measure of fitness (Pourzeynali and Zarif, 2008). The GA
uses each candidate from the different design combinations and represents other dynamic
variables. By doing so, the GA can sort the candidates according to their fitness (i.e., the objective
function can be lowered in value). In GA optimization, three main operators are used (i.e.,
selection, crossover, and mutation). Commonly, initialization is to be assumed as random
(Pourzeynali and Zarif, 2008). The crossover and mutation operators are applied to the current
population through generations. This will produce better candidates (offspring’s). In every
generation, the crossover operator (parents) will be applied to candidates with higher fitness to
produce offspring’s, while the mutation operators are applied to the parents with lower fitness.
This will allow the mutation operator to explore the search space for more possibilities of different
regions to help avoid additional stagnation of any extreme local values (Elshaer et al., 2017,
Mengistu and Ghaly, 2008). The GA will maintain optimization by applying the operators and
producing new generations until there are no significant progressions from the formed GA. This
will determine the optimized GA solution from the final generation (i.e., the highest fitting
candidate).

In conclusion, an optimal GA aims at optimizing the maximum F7 during structural pounding if a
determined dg,min 1s insufficient between two tall structures in proximity. The objective function in
the GA is determined as the F7. For each candidate in the design variables, the objective function
evaluates the applied mean wind velocity (v) in four increments (i.e., 20, 30, 40, and 50 m/s,
respectively), the H as four designated sizes (i.e., 60, 100, 140, and 180 m, respectively), the F is

altered, dependent on the structural properties (i.e., representing the overall mass and stiffness),
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and the varying dg (e.g., if dg is less than dg,min). In this research study, a total of 112 pounding
models are examined. Table 4.4 summarizes all the studied design variables. The minimum
separation gap distance (dg,min) was determined by (Brown et al., 2022) of similar structures.
Therefore, the examined separation gap distances (dg) are determined based on dg being less than
dg,min. The upper and lower bounds for H are determined as 180 m and 60 m, respectively, v is set
at 50 m/s and 20 m/s, respectively, dg will vary based on the design parameters, and lastly, F» is

set at 0.416 Hz and 0.148 Hz, respectively. F can be defined as follows:

1 |k .
E, = Py \/; (Hz) Equation (8)
where m is the mass (kg) and £ is the stiffness (N/m) of the structure, based on the storey properties.

These parameters are all applied throughout the numerical FEM analysis.
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Table 4.4: Values of the input parameters for GA training

Building Height (H) Applied Mean Natural Modal Minimum Gap Examined Gap
(m) Wind Velocity Frequency (F}) Distance (dg,min) Distance (d,) (mm)
(v) (m/s) (Hz) (mm)
50 0.211 2246 2200, 1500, 900, 300
502 0.198 2408 2400, 1700, 1000, 300
40 0.198 1899 1800, 1300, 800, 300
180 30 0.166 2185 2100, 1500, 900, 300
302 0.198 861 800, 600, 400, 200
20 0.148 708 700, 550, 400, 250
207 0.198 383 350, 300, 250, 200
50 0.249 1344 1300, 1000, 600, 300
50° 0.222 903 900, 700, 500, 300
40 0.222 788 700, 550, 400, 250
140 30 0.197 550 500, 400, 300, 200
30° 0.222 324 300, 250, 200, 150
20 0.195 260 250, 200, 150, 100
20P 0.222 144 125, 100, 75, 50
50 0.302 722 700, 550, 400, 250
50¢ 0.277 567 550, 450, 350, 250
40 0.277 480 450, 400, 350, 300
100 30 0.239 446 400, 350, 300, 250
30¢ 0.277 204 200, 175, 150, 125
20 0.209 229 225,200, 175, 150
20°¢ 0.277 91 90, 80, 70, 60
50 0.416 640 600, 500, 400, 300
50¢ 0.381 437 400, 350, 300, 250
40 0.381 352 350, 300, 250, 200
60 30 0.308 213 200, 175, 150, 125
30¢ 0.381 157 150, 125, 100, 75
20 0.281 91 90, 80, 70, 60
20¢ 0.381 70 65, 55,45, 35

2 F,, same as 180 m structure for v = 40 m/s
b F, same as 140 m structure for v = 40 m/s
¢ F, same as 100 m structure for v = 40 m/s
4 F, same as 60 m structure forv = 40 m/s

4.7 Results and Discussion

4.7.1 Examined Cases

The parametric study uses FEM analysis to simulate the dynamic responses of two adjacent
structures in proximity. The numerical analysis will correlate recorded pounding forces (£7) based
on the inputted initial separation gap distance (dg). Graphical comparisons are shown in the
upcoming figures of the examined pounding structures. A total of 112 pounding cases between

structures with equal overall heights based on a preliminary check (AISC 2001) (Huang, 2017) are
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examined and discussed. These are the interaction cases between the 45-storey CAARC structure,
35-storey, 25-storey, and 15-storey high structures with varying F» and applied v as mentioned in
the previous sections. The pounding cases of the structures with the same F; as those applied to a
v = 40 m/s based on the structure’s height are also included. Each pair of structure heights is
examined with four different applied v’s. Out of each applied v; four different dg are then examined
to compare the pounding impact forces (£7) based on the impact location (i.e., storey height). The
examined pounding scenarios are previously presented in Table 4.4.

4.7.2 Numerical Results

Maximum pounding forces (F7) results of the examined pounding cases between the two adjacent
structures of similar height are presented in Table 4.5. The separation gap distances (dg) were
evaluated to be less than the dg,min for pounding to arise. It can be seen in Table 4.5 that when the
dg is closer to the dg,min, determined from Table 4.4, a significant decrease in F7 was recorded
during pounding. As the pounding structures became closer in proximity, an increase in 7 became
larger. However, for the taller structures (e.g., 140 m and 180 m high buildings), as the structures

became too close in proximity (i.e., d; < 300 mm), F; decreased.

158



Table 4.5: Maximum pounding force (F7) on examined structures

Building Applied Examined Maximum Building Applied Examined Maximum
Height (H) Mean Gap Distance =~ Pounding  Height (H) Mean Gap Distance  Pounding

(m) Wind (dy) (mm) Force (kN) (m) Wind (dy) (mm) Force (kN)
Velocity Velocity
(v) (m/s) (v) (m/s)

2200 4253 1300 6126
50 1500 35666 50 1000 27860
900 60757 600 19369

300 37133 300 27501

2400 1478 900 301

500 1700 30314 500 700 17044
1000 51957 500 15358

300 51957 300 15286

1800 7883 700 8767
40 1300 19265 40 550 10994
800 44598 400 16751

300 27193 250 16063

2100 12664 500 4107

1500 28385 400 7248

180 30 900 25234 140 30 300 11455
300 27081 200 9728

800 4253 300 1432

300 600 11265 300 250 5484
400 16772 200 7538

200 15160 150 4325

700 757 250 1870

550 7386 200 3519

20 400 11312 20 150 4118
250 9901 100 5516

350 3350 125 1369

. 300 4340 " 100 3552

20 250 4569 20 75 2473
200 5708 50 2442

Building Applied Examined Maximum Building Applied Examined Maximum
Height (H) Mean Gap Distance ~ Pounding  Height (H) Mean Gap Distance  Pounding

(m) Wind (dy) (mm) Force (kN) (m) Wind (dy) (mm) Force (kN)
Velocity Velocity
(v) (m/s) (v) (m/s)
700 4795 600 11905
50 550 19928 50 500 18803
400 23460 400 34634
250 28725 300 37662
550 1845 400 7615
100 50¢ 450 10486 60 504 350 12239
350 14707 300 16473
250 19542 250 20225
450 3200 350 1215
40 400 6610 40 300 8403
350 11836 250 20708
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300 13593 200 21576

400 5790 200 771
350 6610 175 5297

30 300 8930 30 150 4087
250 11701 125 9724

200 1281 150 2104

. 175 2953 . 125 4746
30 150 4488 30 100 7496
125 5174 75 6906

225 452 90 353

200 3623 80 1579

20 175 4747 20 70 2503
150 3783 60 2908

90 329 65 743

. 80 1532 . 55 2423
20 70 1656 20 45 3673
60 1945 35 3520

4 F,, same as 180 m structure for v = 40 m/s
b F, same as 140 m structure for v 40m/s
¢ F, same as 100 m structure for v = 40 m/s
4 F, same as 60 m structure forv = 40 m/s

A graphical comparison of the maximum F7 can be seen in Figure 4.11 based on the height of the
structure (H), varying applied mean wind velocity (v), and examined separation gap distance (dg),
similarly to Table 4.5. In Figure 4.11 (a), the dy for the 60 m tall structure varies between 35 mm
and 600 mm, based on the applied v, which compares the maximum F7 when pounding is evident.
In Figure 4.11 (b), similar dg for the 100 m tall structure is examined, ranging from 60 mm to 700
mm. A substantial increase in the larger examined dy was determined and can be seen in Figure
4.11 (c) and (d) for structures 140 m and 180 m tall, respectively. This is due to the lateral
deflection of taller structures (i.e., 140 m and 180 m tall buildings) becoming increasingly more
significant compared to the smaller structures, requiring larger dg,mi» for mitigating pounding.

Figure 4.11 (a) and (b) show that for most of the examined pounding structures, the FI increases
as the dg decreases in size. However, for the lower applied v, F7 is slightly lowered for the
structures in proximity are at their closest (i.e., v = 20 m/s and 30 m/s). Similar observations
can be confirmed for the lower applied v for structure heights of 140 m and 180 m, as shown in

Figure 4.11 (c) and (d). Moreover, for the taller structures (i.e., 140m and 180 m tall buildings), at
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higher applied v, the F7 lowers when the pounding structures are at their closest (i.e., d; <

300 mm). A maximum F7 (60,757 kN) arises at the 180 m tall structure applied to a v equal to 50
m/s with an evaluated dg of 900 mm, where the smallest F7 is ultimately zero if the dg is equal to
dg,min.

When comparing the overall maximum F7 with all structures, the 45-storey pounding structure has
the most significant maximum F7 for an applied v equal to 50 m/s compared to the other examined
pounding models. However, when comparing the other structures’ heights, the 15-storey pounding
structure has a noticeable significant maximum F7 when subjected to high applied mean wind
velocities (i.e., 50 m/s) when comparing the maximum F7 to the 25-storey and 35-storey structures

(i.e., 23.5% and 26.0% difference for the 25-storey and 35-storey structure, respectively).
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Figure 4.11: Maximum pounding force from colliding buildings; (a) 60 m, (b) 100 m, (c) 140 m,
and (d) 180 m tall structures (*same F as the structure design for v = 40 m/s)
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4.7.3 Mathematical Formulas to Determine the Pounding Impact Force (F))

To determine a suitable mathematical equation for predicting the maximum impact force (F7) when
two adjacent structures in proximity come into collision based on their preliminary factors (i.e., H,
v, Fn, and dg,min), a reliable evaluation for the objective function must be achieved from large
quantities of analytical models (i.e., polynomials, trigonometric, exponential, and logarithmic
functions). 112 testing samples are produced in the GA with observed outcomes for the maximum
F1. Over 2.9 = 1012 formulations are evaluated through the GA analysis, which is then ranked
based on their correlation coefficient and complexity. Table 4.6 shows that a set of mathematical
formulations have been collected based on their rank and correlation coefficient. These
formulations are chosen since the highest rank gave the highest correlation coefficient, leading to
the lowest mean absolute error. However, the lowest rank mathematical formulation was based on
the least complex, including all variables (i.e., H, v, Fn, and dg). The highest ranked (i.e., Eq. 1)
had the highest correlation coefficient possible, obtaining a value of 0.9344 with a mean absolute
error of 2387.89 kN. Regression plots for the targeted versus the output maximum pounding force
(F1) are presented in Figure 4.12. Figure 4.12 (a-d) vary depending on the different ranked

mathematical formulations.
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Table 4.6: Top Ranked mathematical formulas for maximum pounding force determination

Rank gggfefiziﬁ M%Trlo?l(jlil(igl te Mathematical formula*
F;(kN) = ((16.5 * v* + 1.21 x v * dj * sin(2.38 * H) + 1.21 *
Eq1l 0.9344 2387.89 v? —dy — 238 H /sin (197 * F,)" cos(0.304 +
21.6 x dy)) * cos(cos(dg))
Fi(kN) = (13.1 * v? 4+ 1.02 * 103/sin(14 * F, * v) + v x d, *
Eq2 0.9061 3068.05 §in(2.18 « H2))A COS(3Z3 . dg) g
F;(kN) =793 * v + 1.95 = 103 # sin(793 * v) + 0.00637 =
Eq3 0.8679 3775.43 v? x exp(0.0455 * H) + 2.63 * d; * sqrt(v) *
c0s(2.84 * 10° * F,) — 1.39 * 10* — 17.3 x d,
F;(kN) = 0.00218 * dj * H* + 0.451 * H * F, * v*> — 2.54 *
Eq4 0.8190 4480.73

107C*dy —2.03x H * F, * d,

* v, dg, H, and F, are in m/s, mm, m, and Hz, respectively

R = 0.8190 (Eq 4)

R =0.8679 (Eq 3)
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Figure 4.12: Regression plot for ranked sampled; (a) Eq 1, (b) Eq 2, (c) Eq 3, and (d) Eq 4

An optimal mathematical solution was obtained after 120 generations within 24 hours of running

on a high-performance computer (Brown et al., 2022). The mathematical formulation was
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optimized through the GA process to conduct equations for determining the maximum F7 when
two adjacent structures in proximity collide with each other. A fitness curve is shown in Figure
4.13, achieving the mean absolute error for the maximum pounding force (£7) over 24 hours.

The maximum F7 is initially determined through a FEM analysis with specified altering
parameters, which is then collected and produced through a GA formulation to conduct a best-
fitted mathematical equation to estimate the maximum F7, dependent on the applied input
parameters. A comparison of the highest ranked mathematical formulation with a mean absolute
error of 2387 kN was assessed through the FEM simulations and concluded to have similar
maximum F7 values for the taller structures. The shorter neighbouring structures (i.e., 60 m and
100 m) had higher maximum F7 from the highest ranked mathematical formulation. Therefore, the

formulation overestimated the possible maximum F7 compared to the applied FEM model.

8000
é 7000
S
= 6000
=
£ 5000
i
=]
) 4000
=
£ 3000
- . .

2000 ' : ' '

0 20000 40000 60000 80000 100000
Time (s)
Figure 4.13: Fitness curve for the GA procedure in identifying the optimal mathematical
formulas

4.74 Time-History Pounding Response
The top storey displacement time-history of the examined pounding cases for the 60 m, 100 m,
140 m, and 180 m tall buildings subjected to an applied v = 40 m/s are presented in Figure 4.14.

Additionally, a time history recorded for the maximum F7 of the examined structures is shown in
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Figure 4.15 for the same time histories as Figure 4.14 (a-d). The results in all four time-history
scenarios indicate that the downstream structure (building 2) subjected to the applied v has a
relatively similar lateral displacement at the upstream structure (building 1) if no pounding
incidents occur.

In Figure 4.14 (a), two identical structures, 60 m tall, are initially separated with a dg of 350 mm.
It can be seen in Figure 4.14 (a) that the pounding occurs only once at a time instant of 162.2
seconds. Table 4.5 recorded that a maximum F7 for this instant was 1215 kN, as shown in Figure
4.15 (a). An initial dg of 450 mm for the examined time-history pounding for the 100 m tall
structures is shown in Figure 4.14 (b). The first instant of pounding arises at a time of 333.05
seconds with a minor F7 equal to 483 kN, shown in Figure 4.15 (b). Two additional pounding
forces occur shortly after at 337.6 and 342.2 seconds, equal to 1150 and 3200 kN, respectively.
The maximum F7 can also be seen in Table 4.5. Figure 4.14 (c) has three separate occurrences of
pounding for the neighbouring building of 140 m tall with an initial dg of 700 mm. The three
separate pounding events appeared at 83.9, 358.5, and 554.4 seconds with a maximum F7 on the
top storey being 3148, 8767, and 5439 kN, respectively. The pounding occurrences can also be
seen in Figure 4.15 (c), and the maximum F7 of 8767 kN can be noted in Table 4.5. For the
examined 180 m structure with an initial dg of 1800 mm, the pounding occurred at the end of the
observed time history at 626.8 seconds, shown in Figure 4.14 (d) and Figure 4.15 (d). The

maximum F7 was to be 7883 kN, which was recorded in Table 4.5.
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Four time-history pounding scenarios for two adjacent structures of 180 m tall subjected to an
applied v of 50 m/s with various initial dg are shown in Figure 4.16 and Figure 4.17. The lateral
deflection and F7 for an initial dg of 2200 mm are shown in Figure 4.16 (a) and Figure 4.17 (a). As
can be seen, pounding only transpired once in this scenario at a time instant of 559.7 seconds with
a maximum F7 of 4253 kN, see Table 4.5. Five separate pounding events came into contact for an
initial dg equal to 1500 mm; see Figure 4.16 (b) and Figure 4.17 (b). The first pounding instant
occurred at 228.7 seconds, with a maximum F7 equal to 7910 kN. The second pounding instant
was relatively small, with a maximum F; = 4671 kN at a time of 348.6 seconds. The third and
fifth pounding occurrences had the largest maximum F7, equal to 35666 kN and 32087 kN at 443
and 625.6 seconds, respectively (see Table 4.5 for maximum F7). The fourth instant of pounding
took place at 528.4 seconds with a maximum F7 of 8072 kN. It can also be seen in Figure 4.16 (b)
that the lateral deflection of both structures drastically changes after the events of pounding.

The maximum F7 was determined to take place with an initial dg of 900 mm for the 180 m tall
structures subjected to a v = 50 m/s, see Figure 4.16 (¢) and Figure 4.17 (¢). The maximum F;
occurred at the end of the evaluated time history at 638.3 seconds. The recorded maximum F; was
determined to be 60757 kN, as recorded in Table 4.5. The following maximum F7 for this scenario
took place at 451.1 seconds with a F7 of 43752 kN. At the two maximum F7 and one at the time of
527.8 seconds, the lateral deflection of the upstream structure (building 1) can be seen to have
substantial lateral deflections away from the downstream structure (building 2). Such occurrences
can arise due to the pounding force acting as an extreme lateral load on the structure. Figure 4.16
(d) and Figure 4.17 (d) show the last set of the examined time-history pounding scenario for the
180 m tall structure subjected to a v of 50 m/s. The initial d; was set to be 300 mm (ideally

touching). Throughout the examined scenario, the structures came into contact multiple times.

168



Only in a few time instances do the structures avoid pounding. At the time instant of 231.2 and
619.9 seconds, the maximum F7 was recorded as 31104 kN and 37133 kN, also shown in Figure
4.17 and Table 4.5 for the maximum F7.

As previously mentioned in Section 4.7.2, taller structures (i.e., 140 m and 180 m) have lower F7
when the initial dg is ultimately low (e.g., d; < 300 mm). This can be due to the structures being
limited to excessive lateral sway, causing larger pounding forces when the proximate structures
arise. When the structures have a relatively close dg but are large enough for the structures to

excessively deflect laterally, then the F7 will be substantially large.
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4.7.5 Maximum Pounding Force (F;) with Various Separation Gap Distances (dy)

The results of the pounding numerical analysis for two structures with varying heights (i.e., 180
m, 140 m, 100 m, and 60 m tall) with an applied v of 50 m/s show the maximum F7 at the top
storey of the examined structure with various dg are presented in Figure 4.18. Maximum F7 for the
adjacent 180 m tall structures with varying dg is presented in Figure 4.18 (a). As previously
examined and discussed in Section 4.7.4, the maximum F7 for the pounding structures occurred at
a dg equal to 900 mm. When the d; either increased or decreased in size, the F7 decreased in
pounding. When comparing the dg of 300 mm with 900 mm, a difference in the maximum F7 was
determined to be 38.9%. A similar trend can also be seen in Figure 4.18 (b) for the 140 m tall
structures in proximity with a dg equal to 1000 mm. Although a dg of 300 mm is relatively close
to a dg of 1000 mm with having similar F7, the F7 is still more significant at further dg for taller
structures. When comparing the dg of 600 mm with 1000 mm, a difference in the maximum F7 was
determined to be 30.5%. A comparison of the maximum F7 at varying dg for the 100 m and 60 m
tall structures is shown in Figure 4.18 (c) and (d), respectively. For Figure 4.18 (c) and (d), the
maximum F7has an increasing linear trend when the dg decreases. This can be due to the structure’s
heights being relatively shorter than taller structures (i.e., 140 m and 180 m) and ultimately having
lower lateral displacements. As previously mentioned in Section 4.7.4, it can be seen in Figure
4.18 (a) and (b) for taller structures that as the structures become relatively closer to each other (dg
lowers), the maximum F7 tends to decrease. Maximum F7 for Figure 4.18 (c¢) and (d) both occurred

at the lowest dg of 250 and 300 mm, respectively.
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4.7.6 Peak Pounding Force (Fy) at Different Storey Levels

A comparison of the maximum F7 per storey height is determined and presented in Figure 4.19-
Figure 4.22 for the 180 m, 140 m, 100 m, and 60 m tall pounding structures, respectively.
Additionally, maximum F7 for similar story heights at other time instances are also examined and
compared in Figure 4.20 (b), Figure 4.21 (b), and Figure 4.22 (b). Figure 4.19 presents the 180 m
tall structure with an applied v of 30 m/s at an initial dg of 200 mm and compares the maximum F7
based on the top six storey levels. It can be seen that at a pounding instantat T = 625.3 seconds,
the maximum F7 decreases at higher structural heights. The maximum F7 occurs on the 40" storey
structure equalling 15160 kN, compared to the 45-storey structure, which is equal to 12485 kN. A

maximum F; difference of 17.65% between the 40" and 45™ levels was determined.

173



Figure 4.20 (a) and (b) compare the maximum F7 at different top storey levels for the 140 m tall
structure when applied to a v of 50 m/s with the initial dg equal to 300 mm. The highest max F7 at
a time instant of 553.4 seconds occurred at the top storey height of 35" storey, equalling 23537
kN, where the lowest compared maximum F7 was on the 31% storey height being 3949 kN, as
presented in Figure 4.20 (a). An 83.2% difference for the maximum F7 was achieved in comparison
with the 35" storey level and the 31% storey level. However, a few seconds later (T =
555.9 seconds), the largest maximum FI was at the 31st storey height equalling 27501 kN. The
maximum F7 difference comparing the 35" storey level with the 31% storey level was determined
to be 14.4%.

Similar results have occurred for the 25 and 15-storey structures, as presented in Figure 4.21 and
Figure 4.22, respectively. Comparable results of the maximum F7 at varying top storey levels for
the 100 m tall structure when subjected to an applied v of 50 m/s with the initial dg equal to 250
mm are presented in Figure 4.21 (a) and (b). Accordingly, Figure 4.22 (a) and (b) present the 60
m tall structures’ maximum F7 at various top storey levels with the initial dg equal to 100 mm when
subjected to an applied v of 30 m/s. For the 100 m tall structure shown in Figure 4.21 (a), the
maximum F7 was determined to be equal to 19542 kN located on the 24" storey level at the time
of impact, being 334.7 seconds. The maximum F; difference comparing the 25" and 22" storey
levels was 80.1%. However, at a time instant of 555.8 seconds for the 22" storey level displayed
in Figure 4.21 (b), a maximum F; was equal to 12855 kN, only having a maximum F7 difference
of 33.6%. The maximum F7 for the 60 m tall structure shown in Figure 4.22 (a) was determined to
be 7496 kN located on the 10" storey level at the time of impact, equalling 584.8 seconds. A
difference of only 2.69% was determined when comparing the maximum F7 for the 15% storey

level with the 10" storey level. However, a difference of 72.9% for the maximum F; was
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determined when comparing the 10" storey level with the 12" storey level. Storey level 12
increased in the maximum F7 equaling 5599 kN at 355.7 seconds. Having only a maximum F7

difference being 25.3% when compared to the 10" storey maximum F7.
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Figure 4.19: Pounding force (£7) at the top six storey levels (H = 180 m,v = 30m/s,d, =
200 mm, F, = 0.198)
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4.8 Summary

This chapter presents a developed mathematical formulas for determining the maximum design
pounding forces between two tall buildings in proximity based on the applied mean wind velocity,
building height, building natural frequency, and initial separation gap distance. CFD and FEM
numerical simulations have been performed to model wind-induced pounding of structures for
buildings of equal heights and dynamic properties. The maximum pounding force is recorded by
extracting the pounding force time history at each story. This chapter then conducts a parametric

examination to develop a database of design pounding forces corresponding to various building
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configurations, which is used to formulate mathematical equations for estimating the maximum
pounding force between two adjacent structures when the separation distance is lowered than the
required minimum separation distance to prevent pounding. Overall, the developed mathematical
formulations can be compared to the numerical FEM models for evaluating the overall differences

in the maximum pounding forces of the two adjacent structures in proximity.
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5 Chapter 5 — Conclusion and Future Work
5.1 General

In order to address the arising phenomena of wind-induced pounding of tall structures, a greater
understanding through extensive literature review, analytical modelling, and mathematical
formulations needs to be developed for mitigations and determinations towards pounding
interactions. The study gap to this date is identifying possible mitigation measures towards
avoiding a wind-induced pounding of tall structures. Pounding mitigation should be considered
either by providing safe separation distances between structures or by designing for the additional
lateral loads resulting from pounding.

In order to bridge this aforementioned knowledge gap, the current thesis presented a summary of
numerical modelling examining a wide range of structures at proximity with altering applied winds
based on a numerical simulation. A detailed literature review was produced from a state-of-the-art
review for current problems and mitigation measures for the pounding of structures. The thesis
initializes the research with a numerical wind analysis to determine and capture the applied wind
forces over a period of time acting on the two adjacent structures in proximity. Computational
Fluid Dynamic models were then developed and validated for capturing applied wind analysis.
The analysis then inputted the captured time-history wind forces into Finite Element models to
define each structure’s dynamic responses. The dynamic responses of each structure throughout
the applied wind forces can establish the lateral deflection of each structure, which can correlate
with the required separation distance required to mitigate wind-induced structural pounding. Once
established, the separation distance is minimized from the required separation distance to configure
larger pounding forces.

This thesis develops mathematical formulas from an optimization process through Genetic

Algorithm to determine the minimum separation gap distance required to mitigate structural
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pounding and alternatively, the possible maximum pounding forces when a collision occurs if the

required gap (separation) distance cannot be achieved.

5.2 Research Contributions

The outcome of this research work is to expand the understanding of the phenomena of wind-
induced pounding of structures in proximity. This is expected to open more possibilities for future
comings concerning the planning and designing of tall structures in dense metropolitan locations
subjected to high-intensity wind flows. The core contributions of this thesis are as follows:

- Development of numerical LES models to analyze the uncertain high-intensity wind forces
on each structure examined over a given period

- Development of a FEM modelled structural analysis from the captured time-history wind
forces to determine the time-dependent dynamic response of each structure

- Identifying a minimum separation gap distance where no structural pounding occurs during
the FEM modelled simulation

- Identifying the maximum pounding force applied in the FEM model over the applied time-
history analysis when the minimum separation gap distances between structures are not
provided.

- A GA used to optimize and formulate a reliable mathematical formula for determining an
adequate minimum separation gap distance between two structures at proximity to prevent
pounding.

- A GA used to correlate a generic mathematical formulation from optimization cycles for
determining the maximum pounding force, F1, by using the geometrical parameters as input

values.
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5.3 Conclusion
5.3.1 State-of-the-Art towards Pounding of Structures

The risk of pounding is expected to be magnified when the adjacent buildings are placed with a
separation distance that is less than the suitable gap space or the structural system can not withstand
the additional colliding load. Pounding events have occurred in many different hazardous events
while subjected to lateral motion, specifically during earthquake excitations (e.g., 1940 El Centro
earthquake, 1985 Mexico City earthquake, 1989 Loma Prieta earthquake, and 2011 Christchurch
earthquake). Pounding due to earthquake excitation can occur to tall, mid-rise, or relatively low
structures such as one or two stories, in addition to bridges. However, unreinforced masonry
buildings and buildings with large windows and doors were the most vulnerable to damage from
pounding phenomena. Floor-to-column pounding can lead to more risk for structural failures
compared to structures with similar floor elevations. During these natural hazard events, pounding
between such structures can lead to undesirable damages even if these structures are adequately

designed to resist these natural hazards without the occurrence of pounding.

Pounding incidents have been reported in many cases, such as large city-scale earthquake
occurrences (e.g., 40% of severely damaged structures in the Mexico City earthquake were
involved in pounding), out-of-phase vibrations leading to the pounding of adjacent structures (e.g.,
Olive View Hospital), and within the same structure that has expansion joints (e.g., Shipshaw
Bridge located outside of Jonquiere, Quebec). Different arrangements for a two-building pounding
event (e.g., stiff-flexible) can change the amplification factor up to 200%. However, more flexible
structures can significantly reduce the pounding of structures by increasing effective damping by

utilizing structural motion control techniques (e.g., dampers and base isolation). Motivated by the
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numerous pounding incidents, several studies have adopted experimental and numerical
approaches to model structural pounding behaviours and possible damages during past earthquake
phenomena, such as models conducted through shaking tables, single-degree-of-freedom,
multiple-degrees-of-freedom, finite element method or applied element method analyses. Studying
structural pounding through the utilization of multi-degree-of-freedom models provided a more
reliable result for pounding behaviour due to the accuracy of the higher-order vibration modes,
which are sometimes harder to capture even using experimental modelling. Extrapolation through
numerical analysis may be used to assist in the building design process if the physical problem
characteristics are similar to those employed. In addition to earthquake excitations, tall structures
may also be subjected to strong wind loads; as a result, they may experience out-of-phase
vibrations despite similarities towards their dynamic structural properties. Such vibrations can be
allocated to the differences in the wind load distribution resulting from the building shapes and

their surrounding structures.

5.3.2 Determined Minimum Separation Distance to Mitigate Structural Pounding
In this thesis, a parametric study has been conducted to develop a mathematical formulation for
estimating the required separation distance between two adjacent structures in proximity of equal
heights subjected to wind. Throughout the process of the study, various detailed conclusions are
deduced as follows:
- Introducing a required separation gap distance between two adjacent structures in
proximity from a wind-induced can ultimately mitigate any additional lateral forces from

a collision.
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5.3.3

The majority of the upstream structure subjected to wind in proximity based on their height,
dynamic responses, and applied mean wind velocities have a more significant peak lateral
deflection than the following adjacent structure.

A similar trend in the required separation distance is noticed compared to structures of
similar height with altering natural frequencies and applied mean wind velocities. The
lowest change in the required separation distance is at the 180 m structure from an applied
mean wind velocity of 40 m/s to 50 m/s having a change of 15.46%. The most significant
change in required separation distance is at the 180 m structure from an applied mean wind
velocity of 20 m/s to 30 m/s having a change of 67.61%.

Determined mathematical formulas for the required separation distance can become
complex. Nevertheless, the developed mathematical formulas accurately captured the
expected required separation distance. Including all parameters in the genetic algorithm is
the most consistent when such parameters are altered (i.e., building height, natural
frequency, applied mean wind velocity).

The best-fitted genetic algorithm determined can acquire complex variations in the
objective function and fitting the trained database with a correlation coefficient of 0.9987.
This has accelerated the mathematical optimization process substantially.

Wind-Induced Pounding of Tall Structures in Determination of Pounding Forces

This part of the thesis highlights the developed mathematical formulas for determining the

maximum design pounding forces between two tall buildings in proximity based on the applied

mean wind velocity, building height, building natural frequency, and initial separation gap

distance. The following conclusion can be drawn from this study:
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The results of the pounding of structures during wind events collected from the numerical
analysis show that when the proximate structures are very close to their neighbouring
buildings, an increase in the maximum pounding force was captured. This was proven for
structures lower than 140 m tall (i.e., 60 m and 100 m). On the other hand, for the taller
structures (i.e., 140 m and 180 m tall), when the structures become significantly closer,
lower maximum pounding forces were collected. This can be due to the taller structures
being limited to excessive lateral sway, leading to larger lateral pounding forces. As all
examined structures became closer in proximity, multiple pounding instances transpired.
The results of the parametric investigation of wind-induced pounding show a substantial
increase in the maximum pounding force when the applied mean wind velocity increases.
This can be compared to any of the studied models (i.e., height, applied mean velocity, or
natural frequencies). A noticeable difference in the maximum recorded pounding forces
mainly occurs during the 40 m/s and 50 m/s applied mean wind velocities on every
examined structure. For the tallest examined structures (i.e., 180 m tall), a constant
maximum pounding force for the applied mean wind velocity of 30 m/s for a more flexible
structure was noted. For the 15-storey pounding structure, a significant maximum pounding
force was determined when subjected to high applied mean wind velocities (i.e., 50 m/s)
compared to the maximum pounding force for the 25 and 35-storey structures (i.e., 23.5%
and 26.0% difference for the 25-storey and 35-storey structure, respectively).

The numerical analysis results show that pounding during wind events significantly
influences the storey levels of the pounding structures when the initial separation distance
is significantly small. Results show that when the examined structures is just insufficient

of the minimum separation gap distance to prevent pounding, pounding mostly only occurs
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once, and the majority of the pounding locations arise at the highest part of the structures.
This is primarily because the largest lateral sway occurs at the top of the building. However,
when the structures become ultimately very close in proximity, the maximum pounding
forces captured can be triggered at lower locations of the interactive buildings. An upwards
of 14.4% difference in the maximum pounding forces transpired on the 31 storey of the
140 m tall structure in very close proximity.

- The complexity can become challenging for defining a best-fitted mathematical
formulation for determining the maximum pounding force for two adjacent structures. By
including all the required parametric data points in the genetic algorithm, the best-suited
parameters being altered should consist of the building’s height, applied mean wind
velocity, the initial separation gap distance, and the natural frequency of the structures
examined. The developed mathematical formulas can accurately capture the maximum
pounding force using a more complex equation. The GA determined the best fitting

formula with a correlation coefficient of ~ 0.93.

5.4 Recommendations for Future Works

This thesis aims to study wind-induced pounding of tall structures in proximity by determining the
possible separation gap distance to mitigate pounding and the pounding force when the structures
collide if such mitigated separation gap distance cannot be achieved. Different approach methods
can be used to achieve such phenomena, such as experimental tests towards tall structures
pounding, wind tunnel testing towards load evaluation, numerical analysis with alteration in such
structural parameters. The thesis used a numerical Large Eddy Simulation model to determine the
applied time-history wind forces acting on the two adjacent structures. Wind forces were then
applied to a non-linear Finite Element Method modelled simulation to predict the structure’s

response. A Genetic Algorithm was then used to optimize a generic mathematical formulation for
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determining certain parameters (i.e., minimum separation gap distance and maximum pounding
force). The thesis results indicate that special attention should be addressed to upcoming research
on the wind-induced pounding of structures. Thus, the following recommendations are proposed
for future work:
- Wind-induced torsional pounding of structures and altering wind directions.
- Alterations for the pounding gap element can be further investigated to record energy
dissipation from wind-induced pounding.
- Pounding from wind events can be examined in structures with unequal heights to
determine the required minimum separation distance to mitigate pounding.
- Examination of structures with unequal heights to determine possible damages and
recording or progressive collapse if structural failures arise.
- The use of composite structures from wind-induced pounding and additional parameters

such as soil-structure interaction.
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