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OZET

Normal tahliye ve acil durum tahliyesi, binalarin tahliye analizlerinde kullanilan iki yéntem olarak kargimiza
¢tkmaktadir. Normal tahliye, acil durum tahliyesinin aksine, acil durum kosullarin1 ve binada olusan panik
ortamini ¢aligma dig1 birakarak binanm tahliye verimliligine odaklanir. Acil durum tahliyesinde ise belirli bir
acil durumda bina tahliyesinin nasil gergeklesecegi tizerinde ¢aligilir. Bu ¢alismada yiiksek binalarin normal
tahliyesi tizerine ¢alisilmigtir. Yiiksek binalarin tahliyesinde karsilasilan en biiyiik sorun olan uzun tahliye
stirelerinin  kisaltilmasinda asansoriin etkisi arastirilmistir. En efektif tahliye siiresine ulagmak igin
asansor/merdiven kullaniminin hangi oranda olmasi gerektigi ve bunu etkileyen tasarim parametreleri
aragtirilmistir. Bu baglamda Tiirkiye'nin yakin tarihinde en yiiksek binalarmdan olan Is Kule ve Mersin
Metropol binalari iizerinde simiilasyon ¢aligmalar1 yapilmistir. Her iki binanin internet iizerinde halka agik
yayinlanmis olan taranmis planlari, yazar tarafindan CAD ortaminda tekrar ¢izilmis ve Pathfinder™
programinda binalarin modellenmesinde kullanilmistir. Pathfinder™, bir tahliye analizi programi olup
akademik literatiirde binalarin tahliye analizinde siklikla kullanilan bir programdir. Calisma kapsaminda,
program iizerinde her iki bina i¢in farkli oranda merdiven ve asansor kullanimlari iizerine bes farkli senaryo
modellenmistir. Is Kule’nin tahliye siiresinin, asansér ve merdivenin ortak kullanimiyla (senaryo 2-%25
asansor, %75 merdiven (27 dk.)), sadece merdiven kullanimina (senaryo 1-%100 merdiven (33 dk.)) gore
yaklasik %18 kisaldig1 goriilmiistiir. Mersin Metropol Binasinin tahliye siiresi ise asansor ve merdivenin
ortak kullanimiyla (senaryo 3-%50 asansor, %50 merdiven (29 dk.)), sadece merdiven kullanimina (senaryo
1-%100 merdiven (49 dk.)) gore yaklasik %40 kisaldig1 goriilmiistiir. Ayrica Is Kule igin, sadece merdiven
kullanim: (senaryo 1 (33 dk.)), sadece asansor kullanimmna (senaryo 5 (52 dk.)) gore daha hizli tahliye
saglamistir. Mersin Metropol Binasinda ise sadece asansér kullanimi (senaryo 5 (39 dk.)), sadece merdiven
kullanimidan (senaryo 1 (49 dk.)) daha hizli tahliye saglamistir. Mersin Metropol Binasinda, asansor
lobisinin merdiven lobisinden ayr1 tasarlanmasinin, asansorlerin daha etkin kullanilmasina olanak sagladig:
goriilmiistiir. Bina merdivenlerine ulagim saglayan koridorlarin, merdivenlerin tahliye anindaki kapasitesine
dogrudan etkisi oldugu gozlenmistir. Cogu yiiksek bina, dikey boliimlere ayrilarak bu béliimlere ayri
asansorler ile ulagim saglanmaktadir. Bu boliimler planlanirken, bdliimlerin kullanicr yiikiinlin ve asansoriin
gidig-doniis siliresinin hesaba katilmas1 gerektigi, aksi takdirde asansorlerin maksimum verimde
calisamayacag1 gozlenmistir. Ayrica binada yiiksek kullanici yiikiine sahip mekanlarin binada miimkiin
oldugunca alt katlara yerlestirilmesinin de tahliyeyi kolaylastirici etmenler arasinda oldugu gézlenmistir.
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ABSTRACT

Normal evacuation and emergency evacuation are the two methods used in the evacuation analysis of
buildings. Normal evacuation focuses on the evacuation efficiency of the building by eliminating the
emergency conditions and the panic atmosphere that occurs in the building. Emergency evacuation, on the
other hand, studies how the building evacuation will take place in a certain emergency situation. In this
study, the normal evacuation of high-rise buildings was studied. The effect of the elevator in shortening the
long evacuation times, which is the biggest problem encountered in the evacuation of high-rise buildings, has
been investigated. The fraction of elevators/stairs use for the most efficient evacuation and the related design
parameters were investigated. In this context, simulation studies were carried out on Is Tower and Mersin
Metropol Building, which are among the tallest buildings in Turkey's recent history. The scanned plans of
both buildings, which were published publicly on the internet, were redrawn by the author in the CAD
environment and used in the modeling of the buildings in the Pathfinder™ program. Pathfinder is an
evacuation analysis program that is frequently used in the academic literature for the evacuation analysis of
buildings. Within the scope of the study, five different scenarios for both buildings were modeled on the use
of stairs and elevators at different fractions. It has been observed that the evacuation time of Is Tower is
shortened by approximately 18% with the combined use of elevators and stairs (scenario 2- 25% elevator,
75% stairs (27 min)) compared to using only stairs (scenario 1-100% stairs (33 min)). It has been observed
that the evacuation time of Mersin Metropol Building is shortened by approximately 40% with the combined
use of elevator and stairs (scenario 3-50% elevator, 50% stairs (29 min)) compared to using only stairs
(scenario 1-100% stairs (49)). Also, for Is Tower, using only stairs (scenario 1 (33 min)) provided faster
evacuation than using only elevators (scenario 5 (52 min)). In Mersin Metropol Building, using only the
elevator (scenario 5 (39 min)) provided faster evacuation than using only stairs (scenario 1 (49 min)). It has
been observed that the design of the elevator lobby separately from the stair corridor in Mersin Metropol
Building allows the elevators to be used more effectively. Also, the corridors providing access to the building
stairs have a direct effect on the capacity of the stairs during evacuation. Most high-rise buildings are divided
into vertical sections and these sections are accessed by separate elevators. It has been observed that while
planning these sections, occupant load of these sections and the round-trip time of the elevator should be
considered, otherwise the elevators will not be able to operate at maximum efficiency. In addition, it has been
observed that placing the floors with high occupant loads in on the lower parts of the building is among the
factors that facilitate evacuation.
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1. INTRODUCTION

Thesis topic

Buildings need to be evacuated urgently in cases such as fire, flood, tsunami, earthquake,
and terrorist attacks. Safe evacuation of building is related to the design of the building.
Ensuring safe evacuation is possible by evacuating the building without dangerous and
unbearable situations arise for building occupants. Normal evacuation and emergency
evacuation are two methods used in the evacuation analysis of buildings. Normal
evacuation focuses on the evacuation efficiency of the building by eliminating the
emergency conditions and the panic atmosphere that occurs in the building. In emergency
evacuation, on the other hand, it is studied how the building evacuation will take place in a
certain emergency situation. The desired situation in both emergency evacuation and
normal evacuation is that the building to be emptied in the most effective way. Therefore,
it is imperative that the building to be evacuated as soon as possible. While rapid
evacuation of the building may be possible for small buildings, it is more difficult for
higher buildings with bigger occupant loads. The reasons why high-rise buildings are
difficult to evacuate quickly can be listed as follows, increased distance to the exit in
parallel with the increase in the height of the building, big occupant loads, people getting

tired when descending from higher floors, and increased merging effect.

Focus and scope

The main focus of this thesis is the use of elevators in normal evacuation of high-rise
buildings. In this context, an analysis has been made on the Is Tower and Mersin Metropol
Building, which were the tallest buildings in Turkey in the recent past. The effects of the
difficulties encountered in the evacuation of high-rise buildings and the use of elevators for
evacuation, which has become widespread with both regulations and practices in recent
years, have been investigated. The reason why Is Tower and Mersin Metropol Buildings
were chosen within the scope of the thesis is that both buildings have similar number of
elevators and have approximately the same number of floors and height. In addition, the

fact that these buildings were the tallest buildings in Turkey in recent past is another factor.



Research problem and research questions

After the stairs, the first element that comes to mind to decrease the evacuation time of
high-rise buildings is the elevator. However, the use of elevators for evacuation purposes
was not recommended or even prohibited by the authorities because it is not considered
safe. Nonetheless, this stereotypical thought gradually loses its effect with the developing
technology. Nowadays, elevators can be equipped with measures such as air tightness and
uninterrupted power supply. Also, building regulations all around the world have begun to
recognize elevators for evacuation purposes. In this context, research has been started with
the following research questions on the evacuation of high-rise buildings by elevators.

* RQ 1: In which fraction of pre assumed quartiles of the building occupants should use
elevators, to achieve the most effective evacuation?

* RQ 2: What is the effect of using elevators in evacuation of high-rise buildings on
evacuation time?

* RQ 3: Which design factors should be considered for the most effective use of elevators

and stairs during evacuation of high-rise buildings?

Objectives

Within the scope of this thesis, it is aimed to measure the possible shortening of the
evacuation time with the use of the elevator during evacuation of high-rise buildings.
Simulation used as a research method and carried out with Pathfinder™ program. This
program is widely used in evacuation studies in the academic literature. It has been
investigated at what fraction the building occupants should use the elevators and stairs to

reach the most effective evacuation.

Anticipated outcomes of the research

Within the scope of the thesis, the 2 selected high-rise buildings are modeled in the
Pathfinder program. In order to observe the effect of the elevator in the evacuation of
buildings, 5 different scenarios were modeled. In the 5 scenarios, the use of elevators and
stairs in different fractions (with 25% increments) by building occupants was modeled. It

is assumed that the evacuation time obtained by using only stairs in the building can be



shortened by the combined use of elevator and stairs. The aim of the thesis is to find this
ratio and determine the design factors that affect this ratio.






2. LITERATURE REVIEW

In the following five subsections, the literature within the scope of the thesis is given.
Definition of high-rise buildings in section 2.1, building evacuation in section 2.2,
approaches to evacuation calculations in section 2.3, evacuation problems of high-rise
buildings in section 2.4, and research on evacuation by elevator in section 2.5 are

presented.

2.1. Definition and Development of High-rise Buildings and Elevators

In the rise of buildings from past to present, social, cultural, technological, and economic
factors can be mentioned. The need for space, which increased with the acceleration of
urbanization in the 20th century, directed people to vertical architecture. The emergence of
different building types and the need for housing after the World War | and 11 were also
other factors that accelerated the vertical rise of the buildings. Advances in building

materials and the efficient use of steel have made it possible to push the limits.[1]

2.1.1. Development of high-rise buildings

The history of high-rise buildings with masonry walls goes back to the ancient Roman
period [1]. These buildings were up to 10 floors and the wall thickness decreased from the
ground floor to the last floor. In this period, arches, domes, and vaults used for large spans.
The floors have been made of reinforced concrete since the second half of the 19th
century. Monadnock Building (1891-Chicago (Figure 2.1)), was one of the most iconic
masonry multi-story building of 19th century with 1.8 m thick walls on the ground floor
[1] and 46 cm at the top [2]. %15 of the building’s floor gross area was occupied by the
load bearing walls [3]. This also made the building to be very heavy. The building sank
more than 50 cm in time [4]. Some of other high-rise buildings erected in the 19th century
was Reliance Building (Chicago-1894 (Figure 2.1)) [5], Guaranty Building (1904-Buffalo
(Figure 2.1)) [6], Carson Pirie Scott Department Store (1904-Chicago) [3].



Figure 2.1. Monadnock Building [2], Reliance Building [5] and Guaranty Building [6]

In 19th century, evolution of steel took part in rise of buildings and other structures like
bridges. This evolution took more than 100 years and the race to rise for buildings is still
going on. Crystal Palace (1851-Londra) was the first unique steel framed building [1]. This
building also considered as the first prefabricated steel building [1]. First implementations
of steel frame were with the use of load bearing walls on the fagade but in time, lighter
steel buildings were built without load bearing walls. Another factor accelerated the rise of
the buildings and remove limitations of the height was the invention of safe elevator.
Elevators made available to easily use higher floors and this way, the rent of higher floors

increased while the rent of lower floors decreasing [7].

The first skyscraper of the world according to Council on Tall Buildings & Urban Habitat
is Home Insurance Building (1885-Chicago (Figure 2.2)) [8,9]. This building was
constructed with masonry facade with steel beams inside of the building [1]. The first steel
framed building with no load bearing wall was Il. Leiter Building (1889-Chicago (Figure
2.2)) [1,10].

Concrete entered the building sector with the invention of Portland cement [1] by Joseph
Aspdin in 1824 [11]. Joseph Monier, a French gardener used iron to reinforce concrete
[12]. Rue Franklin Apartment (1903-Paris) is considered as the first reinforced concrete
framed building [1]. Same year, Ingalls Building was built in America as the first
reinforced concrete high-rise building with 16 story and 64 m height [1].
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Figure 2.2. Home Insurance Building [9] and II. Leiter Building [10]

Consequently, 19th century was the first step to industrialization and technological
improvements for high-rise buildings. At the end of the century, invention of safe elevator,
air conditioning systems and fire protection systems made available to build higher and
safer buildings [13].

High-rise office buildings came to the fore in this period with invention of elevators and
improvements on fire protection [1]. Woolworth Building (1913-New York) [14], Chrysler
Building (1930-New York) [15] and Empire State Building (1931-New York) [16] are
some high-rise buildings that was built in this period. High-rise buildings continued to rise

at an increasing rate [1].

Office buildings and residential buildings dominated the building market especially after
the World War 11 [1]. In this period, thanks to the developments in reinforced concrete, it
became possible to construct 20-storey houses with the wall thickness used in a 2-storey
masonry building [1]. Highpoint I, one of the most striking residential buildings of this
period, is seen by many architects and critics as the most successful residential building of
its period [17]. Also in this period, the need to build multi-story buildings fast, has
accelerated the construction of prefabricated and cast-in-place buildings [1].
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Figure 2.3. Woolworth Building [14], Chrysler Building [15] and Empire State Building
[16]

The development of high-rise buildings continued with the demand for open office spaces,
large space requirements and the advantages of reinforced concrete and steel. Lake Shore
Drive Apartments (1952-Chicago), which are considered the first examples of modern

framed buildings, are one of the office buildings in this period [18].

After the World War 11, construction techniques were developed with the investigation of
the characteristics of reinforced concrete [1]. The 65-storey Marina City Towers (1968-
Chicago), which emerged as a result of the effort to create 24-hour living spaces, are
mixed-use structures that reflect the monolithic structure of concrete [19]. Bertrand
Goldberg had the opportunity to emphasize the concept of “city within the city” even more
with River City (1986-Chicago).

World Trade Center (1973-New York (Figure 2.4)) has taken the throne of the Empire
State Building, the tallest building in the world since 1931 [20]. However, it’s reign did not
last long and within a year, Sears Tower (Figure 2.4) took the title [20].



Figure 2.4. World Trade Center [20] and Sears Tower [21]

Figure 2.5 shows the tallest 10 buildings in the world by “Height to Architectural Top”
which is the most widely accepted ranking [22]. Some other rankings are “Height to
Highest Occupied Floor” and “Height to Tip”. Currently Burj Khalifa is the tallest in all 3
lists. Today, although the race of high-rise buildings is interrupted by the economic effects
of the COVID-19 pandemic, there are many tall buildings that are under construction [23]
and are in the design phase [24].

The biggest difference of high-rise buildings from low-rise buildings is increasing lateral
forces (wind and earthquake forces) as the structure rises. These forces require
differentiation in structural system as the building rises. This requirement has led engineers
to develop structural systems in order to build higher buildings.[1] Structural systems that
ensure the stability of structures have evolved from the traditional masonry system to
frame systems with the effective use of reinforced concrete [1]. Rigid frames system that
consist of beams and columns is the simplest approach to design a tall building [25]. In
order to increase the resistance of the building to lateral forces, braced frame system is
created with the diagonals added to the building structure [1]. Shear walls have been used
to reduce the shear forces that occur as the building rises [25]. Tubular systems have

emerged with the placement of the columns outside the building as a result of the need for
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wide openings in the building and the delicate integration with the facade. Mentioned
systems are illustrated below.
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Figure 2.5. Highest 10 building in the world according to CTBUH [22] height to
architectural top criteria (graphic is prepared by the author)
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Figure 2.6. Structural systems of high-rise buildings (graphic is prepared by the author)
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2.1.2. Definition of high-rise buildings in codes and regulations

Any building that is likely to be affected by lateral forces such as earthquake or wind can
be defined as a high-rise building [26]. But the definition of high-rise building varies
between codes in different countries. NFPA 101 — Life Safety Code is one of the most
widely accepted one in terms of evacuation and fire. It defines high-rise as buildings with
an occupiable floor higher than 23 m (75 ft) [27]. International Building Code describes
high-rise as buildings with an occupied floor 23 m (75 ft) higher than the lowest fire
vehicle access [28].

Except these two widely accepted codes, some countries have their own standards like
China which contains %87 of skyscrapers globally [29]. According to fire code in China,
residential buildings higher than 27 m and other buildings higher than 24 m considered
high-rise [30]. In Australia, buildings exceeding an effective height of 25 m and in India all
buildings higher than 15 m are considered as high-rise buildings [31,32]. Hong Kong uses
a similar standard. Buildings exceed 30 m are stated as high-rise and others under 30 m as
low-rise buildings [33]. Zoning Regulation in Turkey describes 2 types of buildings;
buildings higher than 21.5 m are high-rise and ones higher than 51.5 m are ultra-high-rise
buildings [34].

Netherland differs from other countries in terms of its high-rise definition. Building code
in Netherland (Bouwbesluit) define high-rise as buildings higher than 70 m [35]. Japan has
a more specified classification of buildings. As can be seen in Table 2.1, all buildings
divided into 4 groups based on their heights: small buildings, medium sized buildings,
large sized buildings, and high-rise buildings (above 60 m). While first three of them are
subject of a similar approach (statically), high-rise buildings require special study
according to the code [36]. Singapore prefers a definition for super high-rise buildings and

buildings above 40 story is considered super-high-rise [37].

As indicated above, there is not a consensus on the definition of high-rise buildings.
Emporis aimed to create global standards with the goal to ease exchange of information.
They defined low-rise, as buildings under 35 m. According to Emporis, 35-100 m
buildings are high-rise and buildings above 100 m are skyscrapers [38]. Information given

above summarized in Table 2.1. As can be seen, the general approach to define high-rise is
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by number of floors or building height according to the maximum height capacity of a

standard fire fighting vehicle [26].

Table 2.1. Definition of high-rise buildings in codes, regulations, and standards

Code, Regulation, Low-rise High-rise Ultra- Description
Standard High-rise
NFPA 101 (2018) [27] 23 m (75 ft) Section 3.3.37.7
IBC (2018) [28] 23 m (75 ft) Section 403
China National Standard of 27m Section 2.1.1
the People’s Republic of (residential) 24
China-Code for Fire m (other)
Protection Design of
Buildings (2014) [29]
Hong Kong Codes of Practice <30m >30m Part 3
for Minimum Fire Service
Installations and Equipment
and Inspection, Testing and
Maintenance of Installations
and Equipment (2012) [33]
Holland Bouwbesluit (2003) 70m Part 3
[35]
Singapore Fire Code (2013) 40 story
[37] (Super
High-rise)
Australia Automatic fire 25m AS 2118.1
sprinkler systems (2018) [31]
Emporis Standards [38] <35m 35-100 m >100 m
(Skyscraper)
India National Building Code 15m Volume 1 Section
of India (2016) [32] 2.38
Turkey Zoning Regulation 215<515m >51.5m First Section:
(2017) [34] aaaaa
Japan The Building Standard 1-2 floors 60 m
Law Enforcement Order [36] small buildings
<3 floors (wooden)
13 m (masonry)
<2 floors (other
buildings)
medium sized buildings
13 m (wooden)
>4 floors (steel)
20 m (reinforced concrete
or steel reinforced
concrete)
large sized buildings
Council on Tall Buildings <14 story 50- 300-600 m
and Urban Habitat [22] 300 m (Tall (Supertall)
Building) <600 m

(Mega tall)
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Table 2.2. High-rise definition criteria in Earthquake Regulation of Turkey[40]

Bina Yiikseklik Siniflan ve Deprem Tasarim Simiflarina Gore
Bina Tanimlanan Bina Ytkseklik Araliklan [m]
Yikseklik Simfi =
DTS= 1,1a,2,2a DTS= 3,3a DTS= 4.4a

BYS= 1 H,>70 H,>91 H, >105
BYS= 2 56<H <70 70<H_ <91 | 91<H_ <105
BYS= 3 42<H, <56 56<H <70 | 56<H, <91
BYS= 4 28< H, <42 42<H, <56
BYS= 5 17.5<H <28 28<H, <42
BYS= 6 10.5<H, <175 17.5<H, <28
BYS= 7 T<H, <105 10.5<H, <175
BYS= 8 H, <7 H, <105

According to the regulations and standards of different countries, the high-rise building
definitions are given above. It is expected that these definitions differ between countries.
However, in some cases, more than one high-rise building definition can be seen within the
country. An example of this is seen in Turkey. The definition of high-rise building is seen
in the zoning regulation [34], fire regulation [39] and earthquake regulation [40]. While
there are definitions of high-rise and ultra-high-rise buildings in the zoning regulation, only
high-rise buildings are defined in the fire regulation. In addition, the definition of high-rise
buildings in the earthquake regulation (given in Table 2.2) is different from zoning and fire
regulations (21.5 m is the limit). Having more than one definition of high-rise buildings

cause confusion.

2.1.3. Development of elevators

Elevators (“Lifts” in British English [41]) have become an inevitable part of buildings,
especially for high-rise buildings. Although various simple types of elevators have been
used since ancient times, safe elevators widely used today developed in 1854. Elisha
Graves Otis promoted his invention of safe elevators at the Exhibition of the Industry of
All Nations in New York City [42]. In 1857, the first passenger elevator was installed in a
building by Otis. Steam powered passenger or freight elevators were already in use, but the
innovation Otis brought was the safety. The invention of him made available the lift car to
stop in the event if the rope broke [42]. In 1860’s elevators with different speeds were
started to be established in Europe and in 1870 Equitable Life Building was the first
multistory office building with an elevator [42].
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In 1880, the first electric elevator was built by a German electrical engineer Werner von
Siemens and Schuyler Wheeler’s electric elevator design was patented in 1883 [43]. In
1867 Paris World Fair, hydraulic elevator was presented, and this system has widely
accepted in Europe rather than Otis’s model [42]. But until 1890’s the use of elevators in
Europe was very limited but US on the other hand, it was prevalent to make elevator shafts
in the core of the buildings [42]. In the 20th century, most of the elevators were controlled
by a staff called “elevator operators”. A few weeks after World War 2, over 15.000
operators went on strike in New York for better working conditions. The effect of the

strike on the economy was untenable and government settled the strike [44].

Elevators made high-rise buildings viable and usable [45]. In time, elevator traffic
engineering has emerged. They design and calculate occupant load and passenger flow
traffic of high-rise buildings that require complex calculations [45]. They are responsible
for designing a traffic system that is capable of transporting passengers in minimum time
with minimum cost. In addition, the building core should be used in a minimum way in
order not to reduce the net area that can be used in the building. User requirements and
designed system has its own parameters and there should be a balance between them. The
design tool mentioned here could be calculation or simulation [45].

Some of the components of an elevator system can be listed as; elevator shaft, the
counterweights, the landing doors, ancillary equipment and lobby space [45]. Elevator
shaft is the vertical space that elevator cars move in through the core of the building.
Counterweights balance the lift car’s weight and ease the movement. Lobby space is
needed in every floor that the elevator goes to for occupants to wait elevator cars [45]. This

area is a loss for tenant because it decreases net usable area.

2.1.4. Classification of elevators

Elevators are divided into different classes according to their operating principles. This
distinction in classification is also seen in the design of elevators and the equipment used.
Elevators are divided into 3 classes according to the general classification used by
designers and manufacturers [46]. These are electric lifts, hydraulic lifts, and pneumatic
lifts.
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Hydraulic elevators

The type of elevator to be used in the building should be selected according to the purpose
of use. Oils are generally used in hydraulic systems. Elevators with hydraulic systems are
generally suitable for heavy work. Because they can generate a significant amount of force.
Also, they can work silently, and this may be an appropriate solution for some buildings
where silence is desired [47]. However, the initial investment costs of hydraulic systems
can be high. Contamination may occur as there may be oil leakage from pistons, therefore,

they need regular maintenance.

Pneumatic elevators

Pneumatic elevators operate on the principle of compressing air at atmospheric pressure
with the help of mechanical systems. However, this system cannot produce as much force
as in the hydraulic system. They cannot compete with hydraulic systems in terms of
providing long service life. These systems allow elevators that can move quickly. This
system can be used where speed is more important than power. In addition, pneumatic
systems are more economical than the other two elevator systems. There may be problems
in working in very hot and very cold weather. Therefore, the temperature of the area to be

used becomes important. [48]

Electric elevators

Although it cannot compete with pneumatic elevators, it can be said that electric elevators
can move fast. One of the best special features about these elevators is their precision.
Also, they work with only electricity, so they are clean and there is no leakage risk. These
elevators cannot generate high forces and may not be suitable for places where heavy work

is required. Cost/power ratio is higher than other elevators. [48]
2.1.5. Parameters of elevators
Elevators should be designed in such a way that the projected occupant load of the building

can be brought to the desired floor of the building in a reasonable time. In order to achieve

this, there are some parameters that should be considered during the design phase.
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Distribution floor (or terminal) is the main gathering floor of the elevator. For most
buildings, the ground floor is the distribution floor. In most simulations and calculations, it
is assumed that the elevator is initially at the distribution floor (ground floor). The pickup
floor is the floor where the elevator receives people in the building. Every elevator has at
least one pickup floor. People on the pickup floors are transported to the distribution floor
and leave the building. The person capacity of the lift is determined according to the
nominal load carrying capacity of the lift. In addition, the elevator cabin should be

designed wide enough to meet this load.

Maximum speed is the highest value the speed of the elevator gets. It is expressed in
meters/second (m/s). Acceleration is defined as the change in elevator speed per second. It
is expressed in meters per square second (m/s?). Another parameter used in elevator design
is jerk. It is defined as the change of elevator acceleration per second. It is expressed in
meters/cubic second (m/s*). Elevators generally work with top/down priority. This means
that when the elevator is on the ground floor, it lists the calls it receives from top to bottom
and stops in this order. It serves by gathering people from the top call to the bottom call.
Open/close times are the time to open the door of the elevator when it reaches a floor and
the time to close the door before leaving that floor. Elevators with an advanced opening
system enable the elevator door to be opened before reaching the floor in order to prevent
loss of time. [43]

Round trip time (RTT) is the time that take an elevator that is on the ground floor moving
upper floors and returning to the same floor after leaving the person at the desired floor
[45]. RTT is desired to be as short as possible in order to ensure optimum traffic control in
the building. To achieve this, the speed or acceleration of the elevator can be increased. In
addition, increasing the number of elevators and dividing the building floors into certain

zones are among the options.

People generally do not want to wait for the elevator more than 30 seconds in office
buildings and 90 seconds in residential buildings [45]. Therefore, different traffic planning
algorithms can be used according to up peak and down peak times. RTT is expected to be

less than 2-3 minutes. Elements of Round Trip Time is shown in Figure 2.7.
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Figure 2.7. The elements of round trip time [45]

The human body feels discomfort in movements above a certain acceleration due to the
movement of internal organs. Although this acceleration is not a definite value, the
elevators used in daily life remain within this value. People cannot understand the speed of
the elevator while in the car, but the acceleration is decisive in terms of comfort. Elevators
that can move faster than 15 m/s were built [43]. However, more than 1.5 m/s? acceleration

is generally not allowed [45].

The movement speed of the elevator will undoubtedly reduce the round trip time [49]. But
by increasing the speed from 10 m/s to 20 m/s, only a few seconds will be gained. In this
case, the speed of movement, which significantly increases the cost of the elevator, must

find an optimum balance. Figure 2.8 shows a recommendation of optimum elevator speeds.
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Max. no. of floors served Recommended elevator speed

60 floors

10.0 m/sec

55 floors

9.0 rnfsec‘

50 floors

o]

45 floors

7.0 m/sec

40 floors

6.0 rn/sec‘

35 floors

5.0 m/sec

30 floors

4.0 m/sec |

25 floors

3.5 m/sec

20 floors

3.0 misec

15 floors

2.5 misec

10 floors

5 floors

Figure 2.8. Recommended elevator speeds [50]

2.1.6. Capacity calculations of elevators

The buffer zone of a person should be considered in the cabin capacity calculation. The
size of the buffer zone is smaller in Asia / Pacific countries than European people [45].
While 0.4 person/m? is a desirable density, 1 person/m? is comfortable, 2 person/m? is
dense, 3 person/m? is crowding and 4 person/m? is considered crowded for waiting areas

[45,51].

Stairs permit higher densities than flat surfaces but walking speed is lower on stairs [51].
For example, while an average person needs 2.3 m? when walking on a flat surface, on a
stair 0.7 m? is enough [51]. On a stair, it can be said that the speed is halved compared to
that on a flat surface, however, the speed on the stairs varies depending on the density of
the stair, the walking speed of the slowest walking person, and the inclination of the stairs

[51]. Stairway handling capacity is about 83% of corridor capacity [51].

Elevator design calculations differ between countries, codes, and standards. The designers
need to consider the specification of that country while designing the building. Building
type is another factor in the way of designing elevator traffic. Office buildings has
maximum traffic load in the morning before working hours [46]. As the number of tenants
in the office building increases, it is expected that this heavy traffic in the morning hours
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will spread over a longer period of time [46]. Traffic density can also be seen between
meals and after work. A rule of thumb that can be used for office buildings is given below.
1 elevator for 3 floors is good,

» 1 elevator for 4 floors is fair and

+ 1 elevator for 5 floors considered poor design [46].

Hotel buildings need separate elevators for staff and customers. Elevator design

considerations for residential buildings are highly similar with hotels [46].

There are 3 main traffic types in the building: incoming traffic, outgoing traffic and inter
floor traffic. General rule of thumb is to split them into %45-%45-%10 or %40-%40-%20
respectively [45]. After that assumption, up peak and down peak traffic should be
calculated. Up peak traffic is when incoming passengers is the dominant traffic and down
peak traffic occurs when outgoing passengers is the dominant traffic [45]. Traffic survey
may be conducted when necessary and results may be a good simulation input [45]. Figure

2.9 shows a representative office building traffic.
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Figure 2.9. Traffic load of an office building [51]

As the number of floors to ascend or descend increases, the rate of using elevators
increases. This situation is shown in Table 2.3. In addition, the number of floors on which
people will ascend or descend and the ratio of elevators/escalators used also vary. As the
number of floors up/down increases, the use of escalators decreases. This situation is
shown in Table 2.4.
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Table 2.3. Stair usage rates [45]

Floors travelled Usage up Usage down
1 80% 90%
2 50% 80%
3 20% 50%
4 10% 20%
5 5% 5%
6 0% 0%

Table 2.4. Lift and escalator usage rates [45]

Floors travelled Escalator Lift

1 90% 10%
2 75% 25%
3 50% 50%
4 25% 75%
5 10% 90%

2.2. Building Evacuation

Some emergencies in the built environment require buildings to be evacuated. Effective
evacuation of buildings can be achieved by closely monitoring the academic literature in
this regard and applying the design principles to the buildings. Human behavior in building
evacuation, design factors to be considered for effective evacuation, approaches to
evacuation calculations, evacuation problems of high rise buildings, and elevator use in

evacuation of high buildings are given in detail in the following subsections.

2.2.1. Human behavior in evacuation

Understanding the human behavior has a crucial role in providing an effective evacuation
[52]. Although there are a lot of researches on human behavior during emergencies, there
are still blind spots and misinformation (e.g., contrary to popular belief, the researches
showed that the human behavior during an emergency is not dominantly consist of panic

[53].)

Human behavior comes after the decision making. The decision-making during an accident
happens by two ways; automatic system and reflective system. While automatic system

provide fast decisions like taking the daily commute, reflective system provide slow but
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controlled decisions [53]. Some factors affecting human decision-making during
emergency situations are given below.

During emergency situations, occupants’ decisions affected by risk perception. Risk
perception is directly proportional to willingness to act [54]. The more threatened one
feels, the more willing he/she is to act. On the contrary, “normalcy bias” lead occupants to

underestimate the threat and generally makes it longer to start the evacuation [53].

Data extracted from evacuations indicate that occupants firstly tend to investigate the
alarm if it is false or not. After understanding there is something unusual, people generally
contact with family or close friends and before beginning to evacuate, they take personal
belongings. These behaviors generally make it longer to evacuate and have an important

effect on evacuation time. [55]

While evacuating the building, human factor affects evacuation time. Researches showed
that the leading person determines or limits the walking speed of occupants behind that
person. This situation is called platoon effect. Platoon effect is the slowing effect

composed by a person with slower velocity than occupants behind that person [56].

When drills and evacuations are analyzed, it is observed that occupants generally tend to
evacuate the building via stair that they last used or most used [26]. This situation occurs
especially on occupants who are not familiar to the building. 51% of the evacuees of WTC
attack indicated they never used stairs of the building before [57]. This means that these
people did not know where the stairs are. Researches show that the past experiences
important to motivate occupants to move [58], the importance of drills and education can

be seen.

Lastly the panic behavior has a negative effect on evacuation. An experiment conducted to
investigate the phenomena called “faster is slower” [59]. This experiment conducted with
mice shows the effect of panic during evacuation. It is observed that when occupants are

panicked and frazzled, evacuation time extends.
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2.2.2. Design considerations of building evacuation

Planning safe buildings in terms of evacuation, require some considerations. Defining
occupant load and exit capacity at the design stage of the buildings, make it easier to plan

emergency evacuation strategy for the building. Mentioned design considerations avert
difficulties after the building is constructed.

Occupant load calculation for building evacuation

Occupant load is defined by NFPA as the total number of occupants that may be in the
building at any given time [27]. Defining occupant load makes it easier to lead occupants
to safe areas with correct strategy. Occupant load factor is given in NFPA 101 (Table
7.3.1.2) [27] and in International Building Code (IBC) (Table 1004.5) to indicate the
occupant load for different occupancies [28]. Turkey’s Regulation on Fire Protection

defines occupant load factors in Appendix 5/A [39].

Exit capacity calculation for building evacuation

Number of people that can pass through a given opening in 1 minute is defined as exit
capacity. Turkey’s Regulation on Fire Protection defines exit capacity as number of people
that can pass in 50 cm. in 1 minute and indicate exit capacities for different occupancies in
Appendix 5/B [39]. In NFPA 101, capacity factors are given in Table 7.3.3.1 [27].
International Building Code shows exit capacities in section 1005 [28]. Exit capacity can
be seen as an indicator that the time required for occupants to evacuate the building and it

may be helpful to design exit widths of the building.

Stair use for building evacuation and merging effect

In accordance with the approach “In case of fire, use only stairs”, some integrated
strategies have been proposed and the general approach to this topic is evolving to the idea

of integrated strategies are more effective [60].

Stairs are generally considered most common egress component during emergencies. But

evacuation by stairs is different than flat areas [61]. Although buildings with low number
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of floors are easier to descent to reach exits, it may be tiring to evacuate high-rise buildings
via stairs. This is called fatigue effect and it can be said that fatigue effect needs to be

researched deeper [62].

Designers must consider occupant load during design stage of the building to avoid
congestion. Number of stairs, stair widths, location of stairs must be decided in accordance
with occupant load. Locating floor exits on the opposite side of the incoming stair reduces

the merging effect which will improve the evacuation efficiency [63].

Merging effect is observed on stairs where floor exits are connected as can be seen in
Figure 2.10. Occupants of current floor who enter stairwell and occupants in stairwell who
come from upper floors merge at stair door. According to researches, occupants coming
from upstairs generally do not want to let occupants from current floor to get in the stair
[57]. Generally, 3 different merging behavior are indicated on high-rise buildings. These
are occupants coming from upper floors may override occupants entering the stair,
occupants entering the stair may override occupants coming from upper floors and finally
neither of them may override and they split evenly [64]. Merging effect is observed more
on floors that have more occupants and local speed is higher after these floors [56].
Because of the stagnancy at floor exit, there is more room to move which lead occupants to
move faster for a while. Researches show that floors should be linked to stairs on the
opposite side of the incoming stairs to lighten the merging effect [63]. According to

experimental studies, merge ratio should be 50: 50 for the most effective evacuation [65].
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Figure 2.10. Merging effect on stairs (graphic is prepared by the author)

Elevator use for building evacuation

The idea of making elevators available to use during evacuation comes from early 1980’s
[57]. Advantages of the use of elevators during evacuation process can be listed as; moving
faster than smoke, ease of evacuation for old, sick, disabled and the habit of using elevator
during normal life [29]. Researches on effective use of elevator for evacuation purpose
show that it is more effective to evacuate higher floors than lower floors [66,67].
According to Proulx, the use of elevators during evacuation must be allowed [55]. There
are a lot of successful evacuations by elevators [68]. In World Trade Center 2 (South
Tower), the use of elevators during evacuation after WTC 1 was hit, made it available to
survive thousands of people [69]. One of the emergencies that successfully evacuated with
the use of elevators is the Hiroshima Motomachi High Apartment Fire in Japan [70].
Another example given is that in a fire in an apartment in Ontario, Canada, 74% of people

were able to reach the ground floor using elevator [71].

Refuge floors for building evacuation

Refuge floors defined as floors that are isolated from the effects of smoke and fire with at
least 2 rooms separated by smokeproof components [27]. The occupants (especially sick,
old, and disabled) are expected to go to refuge floors and wait to be rescued. After 9/11
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incident, the idea of waiting to be rescued in refuge floors has changed [72] because the
building (WTC2) was collapsed less than one hour which was not enough to rescue
occupants may be in the refuge floors. But there is a wide consensus for disabled, sick
,pregnant and old occupants should use refuge floors to be safely rescued [73]. Some
countries obligated the refuge floor for high-rise buildings. For example, according to
Chinese Building Regulation, buildings higher than 100 m. must have refuge floor [66] and
every refuge floor should service 15 floors max. [73]. According to Persian Gulf
Cooperation Council, at least a refuge floor is required in every 20 floors [73]. India has
required a refuge floor every 4-5 floors or every 15 meters. Korea required one refuge
floor for every 30 floors, and stated that these floors could be shared with mechanical

floors [73]. There is no legal obligation on refuge floors in Turkey.

2.3. Approaches to Evacuation Calculations

Although there are some back-of-the-envelope (hand) calculations to assess evacuation,
performance-based approach is becoming more widespread [74]. For example, SBR
Regulation in Netherland requires occupants to reach safe areas 1 minute after alarm and
for clearance time, it adds 90 seconds for every segment higher than 50 meters [60]. These
calculations used to clarify the egress time for buildings generally. However, calculation of
egress times with performance-based calculations, allow safer solutions for different

buildings.

2.3.1. Evacuation timeline

Certain emergency situations that people experience lead researchers to study on effective
evacuation of the buildings. Experiences on this field show that evacuation timeline is
related to egress strategies and human behavior. Evacuation timeline is an important part
of the subject of evacuation of buildings. Numerous drills and accidents lead researchers to
classify different components of evacuation process. Although different researchers
[65,75-82] investigated the timeline of evacuation process with different levels of detail,
general approach to this subject is to divide evacuation process into pre-evacuation time

and evacuation time [83].
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Pre-evacuation time defines the time interval between the alarm and the first movement to
evacuate the building [76,79]. Pre-evacuation time can be very effective on evacuation
timeline. Because especially for low density buildings pre-evacuation time may take longer
than evacuation (movement) time, [76,79]. This is because for this type of buildings, it
may be harder for occupants to communicate with other occupants who do not aware of the
emergency. Two components of pre-evacuation time are recognition time and response
time [80]. The time from the sounding of the alarm until the emergency is diagnosed is
called recognition time. The time from the decision to evacuate until the movement is
started as response time [80]. Pre-movement time is related to human behavior, therefore it
is the most unpredictable phase of the evacuation process [79]. Since pre-evacuation time
is hard to calculate, some researchers [79] built a database consist of fire incidents and

drills so that the database can be used on evacuation simulations as an input.

Movement phase stands for the time interval between the first movement to evacuate and
the last person to reach the exit [84]. This phase has a more physical characteristic since it
involves occupants’ movement. Engineers mainly researched the fundamental factors
associated with movement time since they are calculable elements. Factors affecting
movement time can be listed as; characteristics of stairs (bottlenecks), physical
characteristics of occupants, fatigue, grouping effect, merging effect, counterflow and

congestion [56].

Movement time and pre-evacuation time constitute total evacuation time (TET) [76].
RSET (Required Safe Egress Time) and ASET (Available Safe Egress Time) is two main
definition to evaluate the safe egress for buildings. ASET stands for the time interval
between the ignition and the establishment of conditions that human body cannot tolerate
[85]. RSET is the time required for all occupants to reach safe area [86]. RSET constitute
of detection phase, notification phase, pre-evacuation phase and evacuation phase [86].
Being RSET is shorter than ASET is an important check point. Otherwise, occupants may

hurt during evacuation process. Mentioned terminology can be seen in Figure 2.11.
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Figure 2.11. Evacuation timeline [87]

2.3.2. Manual calculations of evacuation

SFPE is a flow model defined by Society of Fire Protection Engineers [88]. In this model,
the walking speed of the occupants are determined by occupant density of the room.
Occupants use the shortest path to the exit and individuals can pass through each other. It
can be said that this model is basically admit occupants as a fluid and make the

calculations in this way.

NIST has developed Egress Estimator which is a simple tool to calculate evacuation time
of a building using both elevators and stairs. As can be seen in the Figure 2.12, a certain
fraction of occupants that use elevators can be defined. After putting in the required
parameters, the program gives an estimated evacuation time that can be used as a

preliminary data.
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Figure 2.12. Egress Estimator [89]
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2.3.3. Software calculations of evacuation

With the advancement in technology and wide spreading the use of performance-based
calculations, computational models are beginning to take a wider place in our lives.
Evacuation models generally designed for optimization, simulation and risk assessment
[90]. This section mainly evaluated the simulation use of computational models.
Simulation models, beside other advantages, make it easier for users to evaluate the
effective evacuation of buildings. Since evacuation drills may not be available or safe for

some buildings, modelling and simulating the evacuation is easier, cheaper, and safer.

Simulation models according to structure

Evacuation simulation models according to their modeling structure is given in the

following three subsections.

Coarse Network Models

Egress models use 3 different strategies to evaluate the evacuation of buildings. One of
these models is Coarse Network Model which is the most basic and oldest one. This model
divides the building into rooms, corridors, and stairs to model the evacuation process. This
evacuation model aims to calculate the evacuation time by moving the occupants from
each division to the next. The biggest advantage of this model is that it can get fast results.
For this reason, it is still used in studies requiring many trials. It is used to draw general

conclusions about a building or to provide input for more detailed studies. [74]

Fine Network Models

Fine Network Models divide floor plan into grids. These grids are selected with a width
representing the human body (usually 40-45 cm squares). Each building occupant is placed
in a grid and their movements are modeled on these grids. Two occupants cannot be on the
same grid at the same time. This model is more developed than the coarse network model
and will give more accurate results. However, fine network model will demand more

processor power and give slower results than the coarse network model. [74]
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Continuous Network Models

Continuous Network Models allows occupants to move between starting point to exit point
with the flexibility of more complex routes [74]. It finds the optimum way for building
occupants to reach the closest and fastest exit and makes the necessary calculations.
Although this model is a newer and more advanced model than the other two models, it
requires high processing power and gives slower results. It gives more realistic results
because it can better reflect human behaviors and movements to the simulation. With
technological developments and increase of computer performances, the use of continuous

network models and number of continuous network models increased [58].

Simulation models according to occupant perception

Macroscopic Models

Two simulation models classified in terms of occupant perception are macroscopic and
microscopic models. Macroscopic models consider occupants as a group of people with
same characteristics [91]. Control volume model and Takahashi models are some examples
of macroscopic models that calculate the evacuation process with fluid dynamics.

Microscopic Models

Microscopic models are able to assign individual behaviors to occupants. Thus, the
evacuation of people with different characters in a crowded group can be simulated. They
are used to see the impact of the disabled, female / male distribution, child, or elderly

population on the evacuation process.

Evacuation simulation programs are divided into 3 groups in terms of modeling method.
These are behavioral models, movement models and partial behavioral models. By contrast
with movement models, behavioral models are capable of assigning behaviors to
occupants. [74]. Since there are large number of models may lead users to have difficulties
to select the right model, Ronchi and Nilsson assessed the verification and validation of
evacuation models for an easy use and selection of evacuation models [92].
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2.4. High-rise buildings’ evacuation problems

Evacuation of high-rise buildings is more important than low-rise buildings since they
generally consist more people. And the fact that Istanbul is the 4th city with the most
skyscrapers in the world shows the importance that should be given to this issue in Turkey
[83]. Evacuation of high-rise buildings is different from low-rise buildings. Some of the
differences and specific requirements for evacuation of high-rise buildings can be listed as;
increasing the merge effect with increased number of floors, increasing required
evacuation time, the use of refuge floors, occupants being tend to use elevators because of
habits [72]. The chimney effect and stack effect are some factors make it harder to fight
high-rise building fires [29,93]. There are numerous researches conducted to find an
optimal solution of evacuation of high-rise buildings. One of the solutions offer that
although evacuation from top to bottom floors extend the evacuation time, it makes

evacuation more safely since congestion does not occur [94].

2.4.1. Egress strategies for high-rise building evacuation

The main purpose of egress strategies is to provide the safest evacuation for occupants to
reach the exit. This purpose requires different approaches for different occupant types and
building types. 4 egress strategy widely accepted are; simultaneous full building

evacuation, protect-in-place, relocation and phased (or partial) evacuation [75].
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Figure 2.13. Egress strategies (graphics are prepared by the author)

Simultaneous full evacuation which is considered the most common one is a strategy that

purpose to evacuate whole building with same alarm [13]. Protect-in-place strategy can be
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used for incidents that full evacuation may take too much time. In this strategy, fire

fighters may be able to focus on extinguishing instead of evacuating the building [82].

Relocation strategy is used to move occupants from hazardous areas to safe areas like

refuge room or other safe areas [75]. Lastly, phased evacuation may occur in 2 ways;

compartmenting in same floor and compartmenting in different floors [82]. Mentioned

egress strategies are illustrated in Figure 2.13.
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2.4.2. Codes and regulations on elevator use for evacuation purpose

IBC recently allowed evacuation via preserved elevators [71]. This situation reflected to
some countries’ regulations. For example, evacuation elevators are compulsory for
buildings higher than 24 m. in Singapore [14] and, fire elevator is compulsory for
residential buildings higher than 32 m. in China [72]. Despite this, some countries do not
allow elevator use for evacuation purpose. For example, Hong Kong Code of Practice on
Building Works for Elevators and Escalators does not allow use of elevators for evacuation
[73]. In Japan, emergency elevator is regulated in accordance with the height of the
building [69]. Building Decree of Netherland permits fire department elevators to evacuate
occupants and to carry fire fighters on condition that the elevator is designed against fire
conditions [12]. Also, according to a report [95], published by NIST (The Use of Elevators
for Evacuation in Fire Emergencies in International Buildings), following codes have
specified that elevators may be used for evacuation from high-rise buildings:

« American Society of Mechanical Engineering Safety Code for Elevators and Escalators
(ASME A17.1-2010),

+ ICC International Building Code (IBC) -2012,

* NFPA 101-2012, Life Safety Code,

« NFPA 5000-2012,

« Building Construction and Safety Code,

» European Standards EN 81-73 2006 (Safety rules for the construction and installation of
lifts - Particular applications for passenger and goods passenger lifts),

« British Standard (BS 9999:2008- Code of practice for fire safety in the design,
management and use of buildings),

« Singapore Fire Safety Code -2013,

« Life Safety of National Building Code of India (IS SP 7 2005).

ISO/TR 25743:2010 [96] standard (Lifts (elevators)-Study of the Use of Lifts for
Evacuation During an Emergency) that was published by BSI Standards Publication aims
to highlight the main risks associated with elevators for the evacuation of building
occupants. For emergencies like fire, flood, earthquake, explosion, gas leakage, numerous
decision charts are given. One of the charts is given below as an example. These charts
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provide a detailed guidance in different emergencies whether the elevator should be used
for evacuation purpose or not. These decisions are to be made by Building Management.
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Figure 2.14. A section from ISO/TR 25743:2010 standard [96]

2.5. Elevator Related Studies for Evacuation

In the following three subsections, selected studies from the literature on elevator

evacuation are reviewed.

2.5.1. Studies on normal and emergency evacuation of buildings

The reason for the preparation of this chapter is to compile studies comparing normal
evacuation and emergency evacuation situations and to point out the background story of

the normal evacuation.

Human factors associated with the selection of lifts/elevators or stairs in emergency and

normal usage conditions (2012-Article) [97]

In the study, it is said that the elevator is used or considered to be used for evacuation

purposes in countries such as Australia, China, Malaysia, UK, and USA. A high-rise fire
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(in Hiroshima in 1996) which 47% of the building occupants used elevator and 7% of the
building occupants exit the building by using both elevators and stairs is given as an
example where elevator evacuation was used in special cases in the past. In this case,
elevators was not planned as a part of the evacuation procedure but used by occupants as a
faster evacuation. It is mentioned that in high-rise buildings, some people may not want to
wait for elevators to evacuate but choose to start descending via stairs unless it is told

otherwise. Thus, it is pointed out that evacuation management should be done well.

It is mentioned that the use of elevators in normal evacuation is related to the use of
elevators in emergency evacuation. So, understanding elevators usage behavior in normal
evacuation is considered essential. In the study, it was determined that building occupants
are at a distance from using elevators for evacuation purposes because of the warnings
made by authorities. It is mentioned that only a sign that shows “elevators can be used
during that evacuation” may not be enough to change the occupants’ ideas that have been

settled for many years.

Human exit choice in crowded built environments: investigating underlying behavioral

differences between normal egress and emergency evacuations (2016-Article) [98]

In this study, egress behavior of the occupants are investigated for both normal and
emergency evacuation scenarios in Australia’s busiest rail station that accommodate about
100.000 passengers daily. Interviews were conducted with 105 people within the scope of
the study. It has been investigated which criteria are effective in people's decision to exit
and whether these criteria differ in normal and emergency evacuation situations. By
investigating the normal evacuation situation, it is aimed to decide how to manage the
crowd management of such buildings with high occupant load, especially with the
increasing number of occupant on some special days. It is aimed to ensure with the right
management, people can continue on their way without any blockage or congestion. This
perspective is considered very important within the scope of the thesis. As a result, in
people deciding which exit to use, it was observed that the closest exit was chosen for

normal evacuation, but crowded exits were avoided in emergency evacuation.
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2.5.2. Studies on fractional use of elevators in evacuation

In this section, studies on the fractional use of elevators during evacuation of buildings are
compiled. In the given studies, occupants on each floor of the building used the elevator at
a certain fraction, while the remaining occupants used the stairs. In this way, the optimum
evacuation of the building was tried to be measured. The reason for the preparation of this
chapter is that a similar method is used in this thesis study, and it is intended to point out

the background of the method used.

Combined stairwell and elevator use during building evacuation (2013-Report-National
Institute of Standards and Technology) [69]

This technical note is prepared to analyze the use of combined elevator and stairwell use
during a fire emergency using Egress Simulator which is modeled by National Institutes of
Standards and Technology. Stairwell evacuation, elevator evacuation and combined use of
elevator and stairs are modeled with different evacuation strategies like full evacuation,
phased evacuation, and zoned evacuation, to determine an optimal fraction of the
occupants that should be using each evacuation component. As a result, a fraction of
people using elevator is found for the most effective evacuation as given below.
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Figure 2.15. Optimum fraction of people using elevator according to the study [69]

Results of the study indicates that the total egress time, increases as a quadratic of the

number of floors. Changing the speed and acceleration of the elevator has a small effect on
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the evacuation time of the building (this effect increases on the upper floors). Separating
the elevators of the building into zones contributes positively to the evacuation process by
ensuring effective use of the system. This study is found valuable in terms of measuring

evacuation efficiency over the fraction of use of elevators and stairs.

Cellular automaton modeling approach for optimum ultra high-rise building evacuation
design (2012-Article) [72]

In this article, where phased evacuation and total evacuation strategies were compared,
optimum elevator usage for evacuation of ultra-high-rise buildings is analyzed using
cellular automaton model. In the study, the optimum elevator usage was investigated by
changing the elevator usage fraction in 0.2 intervals. As can be seen in the Figure 2.16
(left), the results indicate that the clearance time for the floors above the 40th floor is
barely affected by stair user percentage. In contrast, stair user percentage did play an
important role in affecting the evacuation process for other floors. The figure on the right
shows that the optimum stair use percentage of the building occupants is %60 which
means the shortest evacuation time was achieved when 60% of building occupants used the
stairs and remaining used the elevators. The study is valuable as it shows that the effect of
the elevator usage fraction on clearance time of the upper floors is less than on the lower

floors.

5500 1 @

5000 + 1

4500 -

Floor

pe
)
Y

9

0

T T T T T T 1
1000 2000 3000 4000 5000 6000 7000

Clearance time/timestep

3500 +

4000 - \
\ /

Total clearance time/timestep
—

3000

T
0.0

T
0.2

T T T
0.4 0.6 0.8 1.0

Percentage of stair user

Figure 2.16. Optimum fraction of people using stairs according to the study [72]
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Collaborative evacuation strategy of ultra-tall towers among stairs and elevators (2016-

Avrticle) [29]

In this proceeding, the building is divided in 3 part: floors 1-27 (low-rise), floors 30-48

(mid-rise), floors 50-66 (high-rise), and 3 different cases modeled.

« First case is stairs only evacuation.

 In second case, low-rise occupants uses stairs. 40% of mid-rise occupants use elevators
and remaining mid-rise occupants use stairs. 70% of high-rise occupants use elevators
and remaining high-rise occupants use stairs.

« In third case, low-rise occupants uses stairs. 30% of mid-rise occupants use elevators
and remaining mid-rise occupants use stairs. 60% of high-rise occupants use elevators

and remaining high-rise occupants use stairs.

Sl 16

P 160

Refuge floors

il

Elevators

119

Figure 2.17. Modeled high-rise building in the study [29]
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Table 2.5. The effect of different fraction of occupants using elevators on the
evacuation time [29]
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According to the data obtained, the third case gave the shortest evacuation time. It can be
said that the method chosen in the study is inadequate. The result are far from finding the
optimum evacuation time of the building and will give the most effective evacuation time

out of the 3 cases identified.

2.5.3. Studies on the analysis of elevator usage with miscellaneous methods

In this section, studies on the use of elevators in evacuation of buildings are compiled. This
section aims to give a general evaluation of the methods used to analyze the effect of the
elevator on evacuation. Thus, it is aimed to show the needs of the use of elevators for

evacuation and its place in the literature.

Passenger traffic flow simulation in tall buildings (2000-Article-KONE) [99]

In the study, a mega tall building is analyzed. It is aimed to analyze how fast can the upper
part of the building can be evacuated. It has been observed that 4000 occupants on the
highest 35 floors of the building can be evacuated by elevators in 31.5 minutes. It has been
indicated that a 20-50 story building can be evacuated in 30 minutes via elevators and 15-
30 minutes is an acceptable range for these buildings. In the study, to show the effect of
elevator on evacuation duration, stair flow rate is given. It has stated that in a 1 m wide
stair 60 people can descent in 1 min. This way an 88-story building with 120 occupants on

each floor take 176 minutes to be evacuated. Although the information provided is
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valuable, the study is outdated. Nowadays, elevators can work much faster and more

effectively.

Assessment of total evacuation systems for tall buildings (2013-Report-The Fire Protection
Research Foundation) [65]

This report focuses on the effect of different evacuation components like stairs, elevators,
sky-bridges. A model case is given with 7 strategies as given below. The model building

has 50 floors that split into 3 sections: low-rise, mid-rise, high-rise as illustrated below.

« Strategy 1: Two Stairs Only

« Strategy 2: Three Stairs Only

+ Strategy 3: Two Stairs and Occupant Evacuation Elevators (E1-E24)

» Strategy 4: Occupant Evacuation Elevators (E1-E24) Only

« Strategy 5: Two Stairs, Occupant Evacuation Elevators (E1-E24) and Service Elevators
(sE1-sE2)

 Strategy 6: Two Stairs ,Occupant Evacuation Elevators (E1-E8, E17-E24) and Mid Rise
Elevators as Express Elevators

« Strategy 7: Two Stairs, Occupant Evacuation Elevators (E1-E24) and Two Sky-bridges

30m
>
3
High-rise
//
Sky-bridge 2 Floor 33, transfer floor 2
50 floors, Mid-rise
207 m A7
L A
Sky-bridge 1 Floor 18, transfer floor 1
Low-rise
//
2

Figure 2.18. Floors of the model building in the study [65]

The study was found interesting in terms of using the terms Evacuation Elevators, Fire

Service Access Elevators, Service Elevators and making this distinction.
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.‘ Low Rise

Figure 2.19. Elevator layout of the building in the study [65]

As a result, it has seen that scenarios 4 (Occupant Evacuation Elevators Only) and 7 (Two
Stairs, Occupant Evacuation Elevators and Two Sky-bridges) give the most effective
evacuation time. In addition, it has been reported that the results obtained may vary

depending on the accepted maximum elevator waiting time in the simulation program.

Lifts used during evacuation (2013-Non Mandatory Document - Australia) [100]

This non-mandatory document was prepared by Australian Building Codes Board to
provide a guidance to evacuate buildings (especially high-rise buildings) using elevators. It
is stated that any means of egress carry risks. Like stairs, elevators will not be risk free
during evacuations. In the event of an emergency, building occupants (especially visitors)
want to leave the building by the same means they entered. This situation may lead people
to the elevator first. An extensive training program is advised to manage the evacuation.

These trainings will be a guide for people to understand;

« who may use the lifts?
« how may lifts be used?

« are the lifts to be used in conjunction with refuges?

A building may have three types of elevators; passenger elevators, emergency elevators
and evacuation elevators. Evacuation elevators are used to evacuate the building and these
elevators are equipped with safety measurements like air tightness, fire endurance, water
resistance. If people to be evacuated via elevators, elevator lobbies should be isolated with
fire-proof separators and occupants on every floor should be managed by wardens that
designated before. These lobbies may be used as refuges so people may get in the lobbies

and wait for the elevators safely. In the scenario when elevators are assigned for only some
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occupants (not all occupants) make the warden’s role difficult. Warden’s roles are to
decide who should use the elevator first, what should be done when elevator is overloaded,
contacting other floors so in case of breakdowns of elevators occupants may be leaded to
stairs. The same is valid for stairs. If one of the stairs is blocked for any reason, occupants
should be led to other means of egress. Also, operational approaches are proposed on the
elevator’s working principle when the alarm begins. Fire, smoke and water management
systems and related standards are given. Negative pressure regime is suggested for fire
floors and positive pressure regime for other spaces. Power supply for elevators,
emergency control center and communication systems are suggested. This document has
been found valuable in terms of showing that the use of elevators has a wide place in
regulations and the flexible framework that some authority and jurisdiction offer to

elevator use during evacuation.

The use of elevators for evacuation in fire emergencies in international buildings (2014-

Report-National Institute of Standards and Technology) [95]

This technical note is published by National Institute of Standards and Technology (NIST)
to provide an overview of the elevator use for evacuation of high-rise buildings for
especially mobility impaired occupants. In the study, 6 high-rise building across the world
(Burj Khalifa, Canary Wharf, Eureka Tower, Petronas Twin Towers, Shanghai World
Finance Center and Taipei 101) are introduced in terms of means of egress, evacuation
procedures, fire safety measurements. Of these buildings, Burj Khalifa and Eureka Tower
and Shanghai World Finance Center are designed in a way that allows elevator evacuation
for fire emergencies. In the evacuation plan of Canary Wharf, evacuation by elevator is
allowed for emergencies other than fire. The emergency evacuation plan of the Petronas
Twin Towers was changed after the 9/11 incident. Before the incident, the use of elevators
was not included in the evacuation procedure ,considering the possibility of usage of sky
bridge, and continuing the evacuation from the other tower. After the incident, evacuation
with the use of an elevator was added to the evacuation procedure of the building.
Emergency/service elevators are used in emergency situations in Taipei 101 building,
while passenger elevators are not used. The study also refers to human behavior during
evacuation via elevators. The study was found valuable in terms of showing the existence
of elevator use in the evacuation procedures of high-rise buildings that widely known in

the world, and the changes after the September 11 attack.
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Investigation of combined stairs elevators evacuation strateqies for high-rise buildings
based on simulation (2015-Article) [101]

This study is about the use of elevators and stairs together during evacuation of high
buildings. An analysis was made on a 28-storey building. In the study, the optimum
elevator usage of the building has been investigated.

The model building is a hypothetical building, and all floors are the same (elevators serve
to each floor and the occupant load of each floor is the same). The article mentions that in
order to analyze the elevator usage of the floors, each floor of the building must be the
same, otherwise the result may be misleading. In the model building, it has been observed
that the most effective evacuation can be achieved with the use of elevators in the last 2
floors, and the use of stairs on the other floors. The study was found interesting in that it
proposes an evacuation method for the buildings. This method can be used in such

buildings that consists of floors that are evacuated by the same elevators on each floor.

Table 2.6. Evacuation times in cases [101]

Occupant evacuation times in cases Al, A2 and A3 (Unit: s).
0 13 12-13 11-13 10-13 9-13 8-13 7-13 6-13 5-13 4-13 3-13 2-13
Case Al 279 262 261 393 513 627 735 839 936 1037 1114 1219 1291
Case A2 782 710 653 687 870 1061 1259 1419 1603 1763 1929 2036 2201
Case A3 1107 1026 930 1060 1373 1688 1970 2271 2553 2806 3035 3289 3481
.
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State-of-the-art high-rise building emergency evacuation behavior (2021-Article) [71]

In this review study on the evacuation of high buildings, the positive and negative aspects
of vertical evacuation components like stairs and elevators, are given. It is inevitable that
the stairs will be blocked as a result of the use of the stairs by all the occupants of the
building. In addition, the stairs are difficult to use for the elderly, disabled, sick and
children. Also, there is fatigue effect when going down from high-rise buildings. On the

other side, the use of an elevator is a component that can accelerate the evacuation,
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although it is not allowed by most authorities for emergency evacuation. The compilation

for human speed on stairs is valuable.

It is mentioned that the use of elevators for evacuation purposes has become widespread in
recent years and that institutions such as International Code Council and National Fire
Protection association allow the use of elevators for evacuation purposes. It is also said that
there have been many successful elevator evacuations in the past. The most prominent of
these is the WTC attack. After the WTC 1 building was hit, thousands of people in the
WTC2 building were able to save their lives by using elevators. It is mentioned that the
opening and closing times of the elevators take much longer than the occupant’s entering
the elevator so the main attention should be given to the opening and closing time. It is
recommended that the refuge floors be used not only as places for the elderly or patients to
wait to be rescued, but also as rest stops for healthy people to evacuate the building. This
review article is valuable in terms of providing comprehensive information on many

current issues on the evacuation of high-rise buildings.

Event driven modeling of elevator assisted evacuation in ultra high-rise buildings (2017-

Article) [102]

In this study, which was carried out on a model building with 60 floors and 2 refuge floors,
elevator assisted evacuation was analyzed. The model set up propose that elevators will
switch to emergency mode when an emergency occurs in the building. Switching to
emergency mode, the elevator firstly carries the passengers in it to the ground floor. It then
only takes calls from the refuge floors into account. It is proposed that the people in the
building should go down to the refuge floors and continue downwards with the elevator or
by the stairs. In this way, it is aimed to shorten the evacuation time with the effective use
of the elevators.
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Figure 2.20. Representative emergency mode for elevators [102]

The study is found valuable because of the proposed model of evacuation using the
elevator through the refuge floor, which is one of the most logical proposals for evacuation
of high-rise buildings by elevators.

Performance evaluation of refuge floors in combination with egress components in high-
rise buildings (2018-Avrticle) [73]

In this study, 12 different scenarios are analyzed with 3 main evacuation components:
stairs, elevators, and refuge floors. As a result, it has been observed that 1 refuge floor, 6

evacuation elevators and 3 stairs provide the most effective evacuation in those scenarios.

The study analyzed elements such as the location of stairs, the number and working
principle of elevators, and the planning principles of refuge floors in the design of high-rise
buildings. According to the results found on the building modeled within the scope of the
study, the optimum evacuation time was obtained by planning 1 refuge floor, 6 evacuation

elevators and 3 stairs for a 40-storey building.
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First Scenario Second Scenario Third Scenario
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Figure 2.21. Three scenarios modeled within the study [73]

Modelling and finding optimal evacuation strateqy for tall buildings (2019-Article) [103]

In the study, the optimum evacuation strategy was investigated by modeling a 56-storey
building with 2 refuge floors and one evacuation elevator on each of these refuge floors.
According to the model, building occupants will first descend from the floor they are on to
the refuge floor by stairs and then they choose to continue by elevator or stairs. The results
indicate that evacuation of 5400 occupants (100 occupants on each floor) takes about 1

hour.
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Figure 2.22. Modeled building [103]
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The study was found valuable in terms of the proposal for elevator evacuation over the
refuge floors, which is a logical model that can be used in elevator assisted evacuation of
high-rise.
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3. MODELING PROCEDURES

This section consists of the introduction of modeling procedures of 2 case buildings (Is
Tower and Mersin Metropol) selected within the scope of the study. Simulation study was
carried out on these buildings. Two case buildings were modeled within Pathfinder
software. This model has a microscopic perspective. In other words, it allows the building
occupants to be modeled with separate parameters and can calculate the paths of these
occupants separately. Interface of the program is given below in Figure 3.1. As can be seen
in the image, the buildings were modeled in 3D with floors, elevators, stairs, and

occupants.

ion Results Help
X st QL-B
QEooh D RO RsQVEES k4% QA +RBE
Floor C 9

[ Auto sort egress companents
[ Automaticaly create floors
Floor heght: 3.0m

@LEEESEDD Sw e

019 EED=

Figure 3.1. Interface of Pathfinder software

Both buildings’ plan s are publicly published in [104] as scanned documents. The plans
were redrawn in the CAD environment by the author. Building floors are modeled
according to the plans of the building. Figure 3.2 shows the floor plans of the building.
Each floor is attached to another floor with either a stair or elevator. Each occupant is
defined to a floor. Exits of the building are defined according to the building plans. Once
the simulation is started, the software is directing each occupant to the exits with closest

and fastest path.
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Figure 3.2. Floors of Is Tower and Mersin Metropol Building respectively

Since Pathfinder software is a microscopic simulation model, the program is able to assign
a different behavior, walking speed, acceleration, and 3D models to each individual. In the
modeling procedure of the thesis, each individual is considered same as the purpose of the
thesis is not to analyze individual behavior during evacuation. Occupants are defined with
1.19 m/s walking speed (can be seen in Figure 3.3). This value is the default walking speed
of the program, and the value is backed up with academic researches. More detail on this

can be found on verification and validation documents [105] of the program.

The occupants of the buildings can be programmed to use or not use some evacuation
components like stairs, elevators, escalators, ramps as can be seen in the Figure 3.4. This
feature has been used extensively in the modeling of the 5 scenarios. For example, in
scenario 1, "Use Stairs" option was selected as "All" because all building occupants were
evacuated by stairs. And "Use Elevators" option is selected as "None". Thus, all occupants
were evacuated using the stairs. In scenario 2, 25% of the occupants on each floor are
programmed to use the elevators and the remaining 75% to use the stairs. Which occupants
will use the stairs and which occupants will use the elevator is provided by the occupant
profiles that created as can be seen in Figure 3.4. Occupants defined to use the elevator and

occupants defined to use stairs are randomly distributed to each floor.



Edit Profiles
TR |
v
New...
Add From Library...
Rename...

Name: Default

Description:

3DModel:  BMan0001, BMan0002, BMan0003, BMan0012, BWom0001, BWom0002, BWom0011, CMan0001, C
Collor: | ]

Characteristics Movement Door Choice Output Advanced

Priority Level: |0
Speed: Constant v 1,19m/s
Shape: Cylnder v

Diameter: |Constant | 45,58 cm
Height: | Constant | 1,8288m
Reduce diameter to resolve congestion
Reduction Factor: 0,7
[[] Reduce diameter to move through narrow geometry

Minimum Diameter 33,0am

Reset to Defaults...

o | [5] cons

Figure 3.3.
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Figure 3.4. Occupants’ movement properties
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Occupant properties in the ribbon menu of the software is given in Figure 3.5. As can be

seen, characteristics of each occupant like profile or behavior can be defined separately.
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Figure 3.5. Occupant properties in the ribbon menu
Table 3.1. Five different scenarios modeled within the scope of the thesis
Scenario 1 Scenario 2 I Scenario 3 | Scenario 4 Scenario 5
Evacuation Type Stairwell Combined Stairwell and Elevator Evacuation Elevator
Evacuation Evacuation
Fraction of Occupants %0 %25 %50 %75 %100
Using Elevators
Fraction of Occupants %100 %75 %50 %25 %0
Using Stairs
Given in Section 4 6 5

5 scenarios are modeled for both case buildings. The modeled scenarios can be seen in
Table 3.1. Is Tower and Mersin Metropol Building are introduced in detail with building
parameters, stairwell parameters, elevator parameters and building population in sections
3.1and 3.2.

3.1. Is Tower

In the following four subsections, the parameters used in the modeling of Is Tower are

given.

3.1.1. Building parameters of Is Tower

Is Towers are located in the Levent district of Besiktas/Istanbul province. It was the
Turkey's tallest building till 2011. 3 high-rise buildings placed in the complex are Tower 1,
Tower 2, and Tower 3. This thesis focuses on Tower 1 only. In this thesis, “Is Tower” is

used for “Is Tower 17

The floor plans of the building are given in Figure 3.6 - Figure 3.13. The building has 43
floors above the ground floor. In addition, there are 6 basement floors under the ground
floor. In the building, the 1% basement floor, ground floor and 1% floors constitute a large
complex that unites 3 towers. This part of the building was excluded from the study. The

entrance of the building is on the 1% basement floor. There are 2 main, and 2 side entrance
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of the building as can be seen in Figure 3.6. The entire building is used as an office. The
standard floor height in the building is 3.6 m.
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Figure 3.7. First and second floor plans of is Tower

As can be seen in Figure 3.6 and Figure 3.7, 1% basement floor, ground floor and 1% floors
are connected to Tower 2 and Tower 3. Mechanical floors are located on 4,5,39,40,41

floors.
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Figure 3.8.Third to fifth floor plans of is Tower
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Figure 3.9. Sixth to nineteenth floor plans of Is Tower
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Figure 3.10. Twentieth to thirty-fifth floor plans of is Tower
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Figure 3.11. Thirty-sixth and thirty seventh floor plans of is Tower

38. KAT

Figure 3.13. Forty-second and forty-third floor plans of Is Tower

3.1.2. Stairwell parameters of is Tower

As can be seen in the Figure 3.14, there are 2 stairwells in the building. These two stairs
are symmetrical copies of each other. The floor height (3.6 m) is divided into 24 steps. In
this case, the riser height is 15 cm, and the tread length is 30 cm. It can be said that the

stair steps are designed for a comfortable use. The stair width is 145 cm. Stair parameters
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of Is Tower can be seen in Figure 3.15. The doors of the stairwells are 90 cm wide. In the
building, the elevator lobby is also used as the entrance to the stairwell. While the stair that
shares elevator lobby (left stair in the Figure 3.14), has a 360 cm corridor width, the other
stair has only a 120 cm corridor. This makes one of the stairs hard to reach in the crowd

and it creates an ineffective evacuation environment.
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Figure 3.14. Core plan of is Tower (19. floor)

As can be seen in Figure 3.15, each staircase can be named separately, and the riser height
and tread depth can be determined. A certain person capacity can be determined for the
stair. stair capacity is left as the default. Each stair can be operated in one direction. Thus,
reverse flow can be prevented. This feature was not used in the thesis. In addition, separate

occupant profiles for each stair can be used.

Riser: |15,0cm Width: 145,0 cm [ Refuge Area

Stair133 color: [ = One-way:  <disabled> v
Tread: (30,0 cm Top Door: Edit Speed Modifies Always 1.0

Visible Opacity: |100,0 % - Additional Info
Length: |3,802959 m Bottom Door: Edit [] Capacity: s

Figure 3.15. Stair properties of Is Tower

3.1.3. Elevator parameters of Is Tower

Elevators of the building are separated for lower floors and upper floors in the building.

Figure 3.16 shows elevator distribution of the building. Both elevator groups (blue and
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orange) can be used for the 1% basement floor, ground floor and 1% floors. The elevators
shown in blue, serve up to the 19th floor, while the elevators shown in orange serve from
the 19" floor to the 38th floor. The elevators shown in green are available from the 39"

floor to the 43™ floor. Elevators are grouped as given in Figure 3.17 and Table 3.2.
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Figure 3.16. Elevator layout of Is Tower

Figure 3.16 (middle) shows 12 elevators in the building. As can be seen in Table 3.2 there
are 5 groups of elevators in the building. R-1, R-2, R-3 elevators are named as R-L group.
R-4, R-5, R-6 elevators are named as R-R group. L-1, L-2, L-3 elevators are named as L-L
group. L-4, L-5, L-6 elevators are named as L-R group. Sky-1, Sky-2, Sky-3 elevators
shown in green in Figure 3.16 are named as Sky-L group. As can be seen in Table 3.2,
there are a total of 16 elevators in the building. Elevators in a group operate in relation to
each other. When a call is made to an elevator group from any floor, the system sends the
elevator that is closest or that is already moving in that direction. As can be seen in Figure
3.17, person capacity of the elevators are 11 person. Open and close delays are 3 seconds.
Discharge floor and initial floors are 1% basement floor (entrance floor). Occupants touch

the call button in a distance of 0.5 m.
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Figure 3.17. Elevator properties of Is Tower in ribbon menu

Table 3.2 shows parameters assigned to the elevators in the building. These parameters are
acceleration (m/s?), maximum velocity (m/s), open + close time (s), capacity (person),

open delay (s) and close delay, (s).

Table 3.2. Elevator parameters of Is Tower

Group Node Sky L LL LR RL RR

Elevators SkyL-1 [SkylL-2 |[SkyL-3 [SkyR-1 |[L-1 L-2 L-3 L-4 L-5 L-6 R-1 R-2 R-3 R-4 R-5 R-6
Acceleration 12m/s® [1,2m/s? [1,2m/s* [1,2m/s? |1,2m/s* |1,2m/s? [1,2m/s® |1,2m/s> [1,2m/s® |1,2m/s* [1,2m/s® [1,2m/s* |1,2m/s® [12m/s* |1,2m/s*> |1,2m/s?
Max. Velocity 25m/s [25m/s [25m/s [25m/s |[60m/s |60m/s |60m/s |60m/s [60m/s [60m/s |60m/s |60m/s |60m/s |60m/s |60m/s |60m/s
Open+Close Time | 7,0 s 70s 70s 70s 4,0s 40s 40s 40s 40s 4,0s 4,0s 4,0s 4,0s 4,0s 4,0s 4,0s
Capacity 15 person |15 person |15 person|11 person|11 person|11 person|11 person|11 person|11 person|11 person|11 person|11 person|11 person|11 person|11 person|11 person
Open Delay 50s 50s 50s 50s 30s 30s 30s 30s 30s 30s 30s 30s 30s 30s 30s 30s
Close Delay 50s 50s 50s 50s 3,0s 30s 3,0s 3,0s 30s 30s 3,0s 30s 30s 3,0s 30s 30s

3.1.4. Building population of is Tower

Occupant load calculation of the building according to NFPA 101, IBC (International
Building Code) and Turkey’s Regulation on Fire Protection is given in Table 3.3. As can
be seen in the table, 5900 people according to Turkey’s Regulation on Fire Protection and
4223 people according to IBC and NFPA 101 are calculated. The building is modeled
according to NFPA results. In this scenario, 4223 people were loaded into the building in

the simulation.

Table 3.3. Occupant load calculation of is Tower

Gross Round Round Round
Floors Area Occupant Occupant | Occupant
(m?) Load Load Load
(BYKHY) (NFPA) (IBC)
1. Basement Floor 2549,2 255 183 183
Ground Floor 2684,9 269 192 192
1. Floor 2684,9 269 192 192
2. Floor 1801,5 181 129 129
3. Floor 1635,0 164 117 117
4. Floor Mechanical Floors
5. Floor
6. Floor 1404,0 141 101 101
34. Floor 1404,0 141 101 101
35. Floor 1330,0 133 95 95
36. Floor 1231,0 124 88 88
37. Floor 1108,5 111 80 80
38. Floor 1108,5 111 80 80
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Table 3.3. (continued) Occupant load calculation of Is Tower

39. Floor

40. Floor Mechanical Floors

41. Floor

42. Floor 961,0 97 69 69

43. Floor 961,0 97 69 69
Total Occupant Load | 5900 4223 4223

3.2. Mersin Metropol Building

In the following four subsections, the parameters used in the modeling of Mersin Metropol

Building are given.

3.2.1. Building parameters of Mersin Metropol Building

Mersin Metropol Building was designed by Cengiz Bektas as Turkey's tallest building and
remain so until 2000. The floor plans of the building are given in Figure 18-Figure 23. The
building has 47 floors above the ground floor. In addition, there are 2 basement floors
under the ground floor. The building was designed with a commercial complex. This
complex has 6 floors above the ground floor. Commercial complex and the high-rise
building are connected at some points. These transitions were modeled as an exit of Mersin
Metropol Building since the occupants can leave the high-rise buildings from these points.
Only the high-rise part of the building was modeled. The entrance of the building is on the
ground floor as can be seen in Figure 3.18. In addition, destination floors can be reached
through the elevators separated by these lobbies. And standard floor height in the building

is 3.4 m.

Figure 3.18. Ground floor plan of Mersin Metropol Building
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Figure 3.20. Third to twenty-ninetieth floor plans of Mersin Metropol Building
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Figure 3.21. Thirty-first to forty-second and forty-fifth floor plans of Mersin Metropol

Building




59

43. KAT PLANI 44. KAT PLANI

Figure 3.22. Forty-third and forty-fourth floor plans of Mersin Metropol Building
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Figure 3.23. Forty-sixth and forty-seventh floor plans of Mersin Metropol Building

As can be seen from the images the ground floor of the building consists of the lobby,
reception, and shops. The hotel management and lobby gallery are located on the 1% floor.
There are meeting rooms on the 2nd floor. Mechanical floors are located on the 5,30,46,47.
floors. The building's 3,4 and 7-29. floors are office floors. 31-46. floors are reserved for
the hotel. The hotel's sauna, Turkish bath and fitness room are located on the 31% floor.

And a night club is placed on the 46" floor.

3.2.2. Stairwell parameters of Mersin Metropol Building

As can be seen in the Figure 3.24, there are 2 stairwells in the building. These two stairs
are symmetrical copies of each other. The floor height (3.4 m) is divided into 20 steps. In
this case, the riser height is 17 cm, and the tread length is 30 cm. The stair width is 125 cm.

It can be said that Is Tower has more comfortable stairs than Mersin Metropol Building in
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terms of tread length and riser height. Also, stair width of the Mersin Metropol is narrower.
The doors of the stairwells are 105 cm wide. In the building, the elevator lobbies and
stairwell entrances are separated which is a positive factor because it may prevent

congestion. Stair properties of Mersin Metropol Building is given in Figure 3.25.
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Figure 3.24. Core plan of Mersin Metropol Building (19. floor)
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Figure 3.25. Stair properties of Mersin Metropol Building

3.2.3. Elevator parameters of Mersin Metropol Building

Elevators of the building are separated for hotel floors and office floors in the building.
Figure 3.26 shows elevator distribution of the building. Both elevator groups (blue and
orange) can be used for ground floor, 5. floor and 30. floors. The elevators shown in blue
serve up to the 30. floor, while the elevators shown in orange serve from the 30. floor to
the 46. floors.

Figure 3.26 shows 12 elevators in the building. The elevators shown in orange serve the
hotel floors, while the elevators shown in blue serve the office floors. As can be seen in
Table 3.4, there are 4 groups of elevators in the building. R-1, R-2, R-3 elevators are
named as R-L group. R-4, R-5, R-6 elevators are named as R-R group. L-1, L-2, L-3
elevators are named as L-L group. L-4, L-5, L-6 elevators are named as L-R group.
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Figure 3.26. Elevator layout of Mersin Metropol Building
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Figure 3.27. Elevator properties of Mersin Metropol Building

Figure 3.27 shows elevator parameters of Mersin Metropol Buildings in ribbon menu of

Pathfinder software. Elevators have a capacity of 11 person and open/close delay of 3

seconds. Discharge and initial floors of Mersin Metropol Building is ground floor.

Elevators have a top-down priority. This means elevators collect all calls and starts to

respond to them starting from the top.

Table 3.4. Elevator parameters of Mersin Metropol Building

Group Node LL LR RL RR

Elevators L-1 L-2 L-3 L-4 L-5 L-6 R-1 R-2 R-3 R-4 R-5 R-6
Acceleration 1,2m/s? |1,2m/s? [1,2m/s? |1,2m/s® |1,2m/s? [1,2m/s? |1,2m/s?* [1,2m/s? |1,2m/s®> [1,2m/s? |1,2m/s® |1,2 m/s?
Max. Velocity 60m/s |[6,0m/s |60m/s |60m/s [60m/s |60m/s |[60m/s |60m/s [60m/s |60m/s [6,0m/s [60m/s
Open+Close Time (4,0 s 4,0s 4,0s 4,0s 4,0s 4,0s 4,0s 4,0s 40s 40s 40s 4,0s
Capacity 11 person |11 person|11 person|11 person|11 person|11 person |11 person |11 person|11 person|11 person|11 person|11 person
Open Delay 3,0s 30s 3,0s 30s 3,0s 3,0s 30s 3,0s 30s 3,0s 30s 3,0s
Close Delay 30s 3,0s 30s 30s 30s 30s 3,0s 30s 3,0s 30s 3,0s 30s




62

3.2.4. Building population of Mersin Metropol Building

Occupant load calculation of the building according to NFPA 101, IBC and Turkey’s
Regulation on Fire Protection is given in Table 3.5. As can be seen in the table, 5533
people according to Turkey’s Regulation on Fire Protection and 4752 people according to
IBC and NFPA 101 are calculated. The building is modeled according to NFPA results. In
this case, 4752 people were loaded into the building in the simulation. As seen in Table

5.3, certain floors of the building have much higher occupant load. These floors are 31.

(Turkish bath, sauna, fitness room etc.) and 46. floors (night club).

Table 3.5. Occupant load calculation of Mersin Metropol Building

Gross Occupant | Occupant | Occupant
Floors Function Area Load Load Load
(m?) (BYKHY) (NFPA) (IBC)
Ground Eloor Reception 628,21 210 62 62
Shops 628,21 126 113 113
1. Floor Office 757,66 76 55 55
2. Floor Meeting Rooms 255 255 255
3. Floor .
Office 1256,42 126 90 90

4. Floor
5. Floor Mechanical Floor
6. Floor

.. Office 1256,42 126 90 90
29. Floor
30. Floor Mechanical Floor
31. Floor Turkish Bath, Sauna... 252 274 274
32. Floor

Hotel 1256,42 63 68 68
45. Floor
46. Floor Night Club 455,50 456 701 701
47. Floor Mechanical Floor

Total Occupant Load | 5533 | 4752 | 4752
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4. RESULTS AND DISCUSSION

The simulation data obtained after modeling Is Tower and Mersin Metropol Building on
the Pathfinder program based on the inputs given in section 3 will be examined in this
section. Figure 4.1 gives the simulation results of Is Tower. As can be seen in the figure, as
a result of the modeling of Is Tower with the occupant load determined by NFPA 101,

evacuation time of the building varies from 27 minutes to 52 minutes in 5 scenarios

modeled.
Evacuation Time of is Tower (min)
Scenario 1 (100% S) | ] 33
Scenario 2 (25% E-75%S) | 1 27
Scenario 3 (50% E - 50% S) | ] 28
Scenario 4 (75% E - 25% S) | ] 45
Scenario 5 (100% E) | ] 52

0 10 20 30 40 50 60
E: Elevators S: Stairs

Figure 4.1. Evacuation time of Is Tower

As can be seen in Figure 4.1, the most effective elevator usage fraction in the evacuation of
Is Tower is 0.25. In other words, the most effective evacuation was achieved by evacuating
25% of the building occupants by elevator and the remaining 75% by stairs. In addition,
for Is Tower, it is seen that the evacuation time is shorter in Scenario 1, where only stairs
are used, compared to Scenario 5, where only elevators are used. In this case, it is seen that
the stairs in the building provide more effective evacuation than the elevators, that is, the

handling capacity of the stairs is higher than the handling capacity of the elevators.

Figure 4.2 gives the simulation results of Mersin Metropol Building. As can be seen in the
figure, as a result of the modeling of Mersin Metropol Building with the occupant load
determined by NFPA 101, the evacuation time of the building varies from 29 minutes to 49

minutes in 5 scenarios modeled.
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Evacuation Time of Mersin Metropol Building (min)

Scenario 1 (100% S) | 1 49
Scenario 2 (25% E-75% S) | ] 41
Scenario 3 (50% E -50%S) | ] 29
Scenario 4 (75% E - 25% S) | ] 32
Scenario 5 (100% E) | ] 39
0 10 20 30 40 50 60

E: Elevators S: Stairs

Figure 4.2. Evacuation time of Mersin Metropol Building

As can be seen in Figure 4.2, the most effective elevator usage fraction in the evacuation of
Mersin Metropol Building is 0.50. In other words, the most effective evacuation was
achieved by evacuating 50% of the building occupants by elevator and the remaining 50%
by stairs. In addition, for Mersin Metropol Building, it is seen that the evacuation time is
shorter in Scenario 5, where only elevators are used, compared to Scenario 1, where only
stairs are used. In this case, it is seen that the elevators in the building provide more
effective evacuation than the stairs, that is, the handling capacity of the elevators is higher
than the handling capacity of the stairs. The data obtained as a result of the simulations of
5 scenarios modeled and the reasons behind these results are given in detail in the
following subsections 4.1, 4.2, and 4.3.

4.1. Stairwell Evacuation Simulation for Two Cases (Scenario 1 (%100S))

The two case buildings are modeled in Pathfinder program and calculated occupant load is
defined. Figure 4.3 shows front and side views of the modeled buildings. Mechanical
floors as can be seen in the figure, are empty. The Turkish bath, sauna floor (31% floor),
and nightclub floor (46" floor) in Mersin Metropol Building stand out with their high
occupant load. In Is Tower, on the other hand, a more homogeneous distribution of

occupants is observed between floors.
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Figure 4.3. Models of is Tower and Mersin Metropol Buildings
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In Figure 4.4, a floor plan (20-34" floors) of Is Tower is seen on the building model. The

blue lines on the plan show the paths occupants follow during the evacuation. As can be

seen in the figure, the two stairs of the building can be reached by two corridors of

different widths. The right one is designed wider (360 cm) since it reaches both elevators

and stairs. However, the other corridor is narrower (120 cm) as it only leads to the

stairwell. In this case,

it becomes difficult to reach the stair on the left. Therefore, the

program directs more occupants to the stair on the right, as more people can enter the stair

on the right in a shorter time. This situation causes the stairs on the left to be not used

effectively enough, thus; the building cannot be evacuated effectively.
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Figure 4.4. Occupant paths of Is Tower

Figure 4.5 is a perspective from the Is Tower building model. The occupant load in the
building has been calculated separately for NFPA, IBC and Turkey's Regulation on Fire
Protection. In the model of the building, the internationally valid NFPA calculation was
used. The defined occupant load (4223 people) made according to the NFPA calculation
seems to be too much for an office. In addition, the occupant load increases even more in
the calculation made according to Turkey's Regulation on Fire Protection (5900 people).

A floor plan from the model of Mersin Metropol Building is given in Figure 4.6. The blue
lines in the figure show the path followed by the building occupants during the evacuation.
When the plans of Mersin Metropol Building and Is Tower are compared, the first
difference encountered is the width of the corridors leading to the stairwells. These
corridors are planned wider in Mersin Metropol Building. Therefore, it is possible to reach
the stairwell more easily. However, although the corridor leading to the stairs of the
Mersin Metropolitan Building (250 cm) is wider than the corridor of the Is Tower (120
cm), the stair width of the Mersin Metropolitan Building (125 cm) is planned narrower
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than Is Tower (145 cm). In this case, even if the stairs can be reached more easily, the

stairwell will have less handling capacity for people in Mersin Metropol Building.

Figure 4.5. A perspective from the model of Is Tower

Figure 4.7 shows a perspective from the model of Mersin Metropol Building. The occupant
load in the building has been calculated separately for NFPA, IBC and Turkey's Regulation
on Fire Protection. In the model of the building, the internationally valid NFPA calculation
was used. The defined occupant load (4752 people) made according to the NFPA
calculation seems to be too much for this building. In addition, the occupant load increases
even more in the calculation made according to Turkey's Regulation on Fire Protection
(5533 people).

As a result of the simulation studies of the buildings given above, evacuation times and
graphics for scenario 1 are given below. Figure 4.8 shows the number of occupants in the
building/evacuation time of Mersin Metropol Building and Is Tower. In the graph below, it
can be seen that the evacuation time of Mersin Metropol Building is 49 minutes while

evacuation time of Is Tower is 33 minutes.



Figure 4.6. Occupant paths of Mersin Metropol Building
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Figure 4.7. A perspective from the model of Mersin Metropol Building

A longer evacuation time for Mersin Metropol Building is expected because of higher
occupant load. Bu if the graphic is read, it can be seen that there are elbow points where
evacuation speed is changing. The first elbow point for both buildings is seen in the first 5
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minutes. This elbow point is formed when people on the ground floor evacuate the
building quickly in the first few minutes. For a long time thereafter, the evacuation curve
remains constant. In this area, the evacuation of people in the building continues at the
same speed for a long time, since the evacuation of the building is limited to the width of

the stairs. In this region, the slope of the evacuation curve shows us the evacuation rate.

When the Constant Area 1 lines in the Figure 4.8 are compared for both buildings, it is
observed that Is Tower evacuated more people in the same time period. In other words, the
evacuation speed of Is Tower is higher in this area. The reason behind this situation may be
that the width of the stairs in Is Tower is wider. The second elbow points in the figure are
observed when one of the stairs of the building is emptied. After this point, the related
building continues to be evacuated by only one staircase. Since the slope of the evacuation
line of the Is Tower is steeper in the Constant Area 2, it is seen that Is Tower provides a
faster evacuation in this process as well. However, the evacuation speed of the building is

slower than in the Constant Area 1, as the evacuation continues only via one stair.

The second elbow point seen in the figure is more positive to be seen in the last moments
of the building evacuation than in the first moments of the building evacuation. Because
after this point, the evacuation efficiency of the building decreases. For Is Tower, the
second elbow point is seen in the middle part of the evacuation, while it is seen in the last
moments of the of Mersin Metropol Building. In addition, if the graph is analyzed again,
approximately 1200 people in the Is Tower were evacuated with a single stair, while the
last remaining 250 people in the Mersin Metropol Building were evacuated with a single
stair. To summarize, although Is Tower can be evacuated faster by wider stairs, occupants
cannot be evenly distributed between the stairs because one corridor that have access to

left stair is narrower.

Although the normal evacuation of buildings is analyzed in this thesis, how many minutes
that it takes for occupants to enter the safe area is an important criteria for safe evacuation.
Figure 4.9 and Figure 4.10 show the moment when all occupants of Is Tower and Mersin
Metropol Building enter the safe area (stairwell is considered safe for smoke, fire). While
all occupants can enter the stairwell at the 8" minute in Is Tower, it takes 24 minutes for all
occupants to enter the stairwell in Mersin Metropol Building. The reason behind this

situation can be explained by the following two reasons. First of all, since the stairs of the
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Is Tower are wider, the occupant capacity of the stairs is higher. In addition, since the

landings of Is Tower are wider than the Mersin Metropol Building, the capacity becomes

higher.

Scenario 1

Mersin Metropol Building

Ii Tower

5
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Time (min)
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Figure 4.8. Simulation results of scenario 1

Figure 4.9. All occupants of is Tower are in safe area in 8. minute
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The second reason is the non-homogeneous occupant distribution between the floors of the

Mersin Metropol Building. As mentioned before, there is a much higher occupant load on

the 31 and 46" floors of the Mersin Metropol Building. In this case, it takes much longer

for all occupants to enter the stairwell than at the is Tower.
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Figure 4.10. All occupants of Mersin Metropol are in safe area in 24. minute

4.2. Elevator Evacuation Simulation for Two Cases (Scenario 5 (%100E))

Scenario 5, which is the scenario where all occupants use only the elevator, is analyzed in
this section. In this scenario, stairs are not used in both buildings, the building is only
evacuated by elevators. The graph showing the results of scenario 5 (humber of people in

the building/evacuation time) is given below.

Unlike Scenario 1, fluctuations are seen in the graph below. These fluctuations occur as a
result of individuals exiting the building from each elevator reaching the ground floor.
Except for fluctuations, analyzes similar to Scenario 1 can be made. For both cases, during
the first few minutes of the building evacuation, ground floor users evacuated the building
easily and quickly. At this stage, an elbow point formed in both cases. It is observed that
the evacuation speed slows down after the First Elbow Points and continues at the same
speed for a long time. If Constant Area 1 lines are examined for both buildings, the
evacuation speed of the buildings can be compared. The slope of these lines will give the
rate of evacuation of buildings at this stage. When the slopes of the lines are compared, it

is observed that the line of Mersin Metropolitan Building is slightly steeper.
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Scenario 5
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Figure 4.11. Simulation results of scenario 5

As can be seen in Figure 4.12, elevators in both buildings are separated for upper floors
and lower floors. The reason why Constant Area 2 in Is Tower takes longer time is that the
elevator distribution of Mersin Metropol Building is more efficient. Because, if the
building floors are divided into two equal number of floors, the lower half will be
evacuated quickly, while the upper part will take longer, since the Round Trip Time will
take longer for upper floors. Since the elevators serving the upper half of the Mersin

Metropol Building serve fewer floors than the elevators serving the lower half, a more

effective evacuation has been achieved.
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Figure 4.12. Elevator distribution for both buildings
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4.3. Combined Stairwell and Elevator Evacuation Simulation for Two Cases
(Scenarios 2 (%755+%25E), 3(%50S+%50E), and 4(%25S+%75E))

In scenario 2, 75% of the building occupants on each floor use the stairs while the
remaining 25% use the elevators to evacuate the building. In Scenario 2, the graph
showing the simulation results (number of occupants remaining in the building/evacuation
time) is given below. In order to better understand the graph, elbow points and constant

areas between these points are shown on the right.

Scenario 2 Scenario 2
5000 5000
Mersin Metropol Building Mersin Metropol Building
o 4500 1 | ' o 4500 First Elbow 1 | |
[ =4 < "

| Third Elbow |

/ Points |

g4
5 10 15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45
Time (min) Time (min)

Figure 4.13. Simulation results of scenario 2

The first elbow point for both buildings is seen in the first 5 minutes when people on the
ground floor evacuate the building quickly in the first few minutes. Afterwards, Constant
Area 1 is observed up to the second elbow points. At the second elbow point of Is Tower,
it is observed that the left staircase of the building is emptied and the elevator serving the
lower floors of the building empties these floors. After this point, the evacuation of Is
Tower is provided by the stairs on the right and the elevator serving the upper floors of the
building. At the second elbow point of Is Tower, the elevator serving the upper floors of
the building also completes the evacuation. Thus, only occupants using the right staircase
remained in the building. The fact that the left staircase of the building empties quickly but
the staircase on the right empties later, is related to the planning of the building. As can be

seen in Figure 4.3, the last two floors of Is Tower are connected to the lower floors by only
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the right staircase. Occupants on these floors create more occupant load by using the stairs
on the right. Also, in the upper half of the building, the right staircase is accessed by a
wider corridor than that of the left staircase. Therefore, on these floors, the program
canalize more people to the stair on the right. This crowd on the right stair, at the top of the

building, is another factor affecting the late evacuation of the right stair.

When the simulation results of the Mersin Metropol Building are examined, it is seen that
there are three Constant Areas and two Elbow Points in the evacuation of this building. At
the second elbow point, it is seen that the elevators serving both the upper and lower floors
of the building are emptied. After this point, only occupants using the stairs remained in
the building. At the third elbow point, the stair on the right is emptied. From this point on,
only those using the stairs on the left remained in the building. The reason behind this
situation is that there is only one corridor on the nightclub floor, as can be seen in Figure
4.14. Thus, the occupants on the floor cannot be evenly distributed on the two stairs and

there is a congestion on the left staircase.

Figure 4.14. Occupants waiting elevators blocking the hall in Mersin Metropol Building
(night club floor-scenario 2)
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Figure 4.15. Simulation results of scenario 3

The graph showing the simulation results for scenario 3 is given above. When the graph is
examined, it is seen that there are two elbow points in Mersin Metropol Building and three
in Is Tower. As mentioned earlier, the first elbow points for both buildings is seen in the
first 5 minutes when people on the ground floor evacuate the building quickly in the first
few minutes. On the second elbow point of Is Tower, the stairs on the left and the elevator
serving the lower floors of the building are emptied. At the third elbow point, the stair on
the right is emptied. From this point on, only the occupants using the elevators serving the
upper floors of the building remained in the building. When the results of Mersin Metropol
Building are examined, it is seen that, at the second elbow point, the stairs on the right and
the elevators serving the lower floors of the building are emptied. From this point on, the
building evacuation continues only via the stairs on the left and the elevators serving the
upper floors of the building. The reason why the left stair empties later is the planning of
the nightclub floor, as discussed in Scenario 2. As a result, the evacuation time of Is Tower

is 28 minutes and that of Mersin Metropol Building is 29 minutes.
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Figure 4.16. Simulation results of scenario 3

In Scenario 4, the occupants of both buildings evacuated the building by 25% using the
stairs and the remaining 75% using the elevator, to be divided separately on each floor.
When the graph showing the simulation results of scenario 4 above is examined, three
elbow points and three constant areas are seen in the evacuation of both buildings. At the
second elbow point of Is Tower, it is observed that both stairs of the building are emptied.
After this point, only occupants using the elevator remained in the building. At the third
elbow point, it is seen that the elevators serving the lower floors are emptied. From this
point on, only people using the elevators serving the upper floors remained in the building.
If the results of Mersin Metropol Building are examined, it is seen that both stairs of the
building are emptied at the second elbow point. After this point, the evacuation of the
building continues only through the elevators. At the third elbow point, it is observed that
the elevators serving the lower floors of the building are emptied. After this point, the
evacuation continues only with the elevators serving the upper floors of the building. In
scenario 4, it is observed that the evacuation of the stairs ends faster than the elevators in
both buildings.

Although definitions of high-rise buildings vary between countries and standards,
definitions are generally concentrated around 20-30 meters limit. As the height of the
building increases, the evacuation of the building becomes more difficult. With the
increasing number of floors, the fatigue effect occurs. In addition, it is difficult for the

elderly, disabled, sick, pregnant and children to descend from high floors by stairs. The use
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of elevators as a solution to this problem has been discussed for many years. Today, the
use of elevators is recommended by many experts and standards and the evacuation plans
of the world's important high-rise buildings are planned to include the elevator. One of the
suggested methods on the use of elevators in the evacuation of high-rise buildings is the
use of refuge floors. Refuge floors are recommended to be located approximately every
10-15 floors in the building and these floors can be arranged together with mechanical
floors. This value is determined as a result of studies on how many floors can people get
tired after descending. Some countries (e.g., China) have issued detailed regulations and
restrictions on refuge floors in high-rise buildings. There is no such regulation in Turkey
and there is no refuge floors in Is Tower and Mersin Metropol Building. In Figure 4.17,

mechanical floors of the two case buildings is shown in red.
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Figure 4.17. Mechanical floors (Is Tower and Mersin Metropol Building respectively)

The refuge floor should divide the building into approximately equal floors for the most
useful design. For a 45-storey building, the most appropriate refuge floor design might be

the 15" and 30" floors. Thus, people above the 30" floor can first descend to the 30" floor,
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rest in the safe area here, and continue to descend to the next refuge floor. However, as can
be seen in Figure 4.17, the mechanical floors of the two case buildings were not designed
in this way. As can be seen in the figure, mechanical floors of is Tower are placed into the
top and bottom of the building. As such, mechanical floors of the building are not suitable
for use as refuge floors. The mechanical floors of the Mersin Metropol Building are more
suitable for use as a refuge floors than the mechanical floors of the Is Tower. However,
when descending from the refuge floor on the 30" floor to the 5" floor, a distance of 25

floors will be extremely tiring for people.

The architectural plan of the building is highly effective in evacuation efficiency. The plan
scheme of the building should facilitate access, especially to the evacuation components
like stairs, elevators, or refuge floors. As mentioned in section 3.1, one of the corridors
leading to 2 stairs in Is Tower is quite narrow compared to the other. This situation
prevents the use of capacity in the other stair. Thus, effective evacuation cannot be
achieved. In Is Tower, the width of the corridor appears as an element that limits and
restricts the use of stairs. However, in terms of the width of the stairs, Is Tower has a more
positive plan compared to the Mersin Metropol Building. In addition, the stair landings in
Is Tower are wider than in the other building. Thus, the handling capacity of the stairs is

bigger than the Mersin Metropol Building’s stairs.

One of the situations observed during the simulation studies is that the occupants of stairs
and elevators blocking each other. This situation causes the people who are directed to the
elevator or the stairs to be unable to go to the direction they want due to insufficient
corridor width or the lack of alternative ways, thus delaying the evacuation. In particular,
the elevator lobby appears to be a limiting element in this regard. When elevator lobbies
with opposing elevators are designed as a corridor at the same time, people waiting for
elevators block this corridor. In order to prevent this situation, elevator and stair lobbies
should be designed in separate places and in such a way that they do not interfere with

each other.

In high-rise buildings, the building is usually divided into certain parts and these parts are
served by separate elevators. Thus, it is aimed to ensure more effective use of elevators.
However, while the building is being divided, the load of the occupants using the elevators

should also be considered. As can be seen in Figure 4.12, is Tower is divided into two
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almost equal parts. In Mersin Metropolitan Building, on the other hand, while the upper
part consists of fewer floors, the lower part includes more floors. In this case, it should not
be neglected that the Round Trip Time of elevators serving the upper floors will be longer.
In other words, in a building that is divided into two equal parts, the elevators serving the

lower part will empty faster and effective evacuation cannot be achieved.

Distribution of building occupants to building floors has an important role in the
evacuation of high-rise buildings. Floors with high occupant load should be planned as
close to the ground floor as possible. Thus, these floors can be evacuated easily. This
situation can be seen in the nightclub and sauna floors of Mersin Metropol Building. The
building has a homogeneous distribution of occupants, except for two floors. Nightclub
and sauna (Turkish bath, fitness centers) floors have a very high occupant load compared
to other floors. The sauna is on the 31 floor and the nightclub is on the 46" floor. It is a
very dangerous situation to have the place with the highest occupant load on the top floor
of a high-rise building. From this point of view, Is Tower has a better design in terms of

evacuation since it has a more homogeneous occupant distribution between floors.

The homogeneous occupant load distribution between floors in the building also allows
building occupants to enter the safe area (stairwells) as soon as possible. While in Is
Tower, all occupants can enter the staircase in 8 minutes, in the Mersin Metropolitan
Building, they can barely enter in 24 minutes. Because the nightclub on the last floor has a

very high occupant load and it takes a lot more for occupants to enter the stairwells.

In sections 3.1.4 and 3.2.4, the occupant load of Is Tower and Mersin Metropol Buildings
has been calculated. As a result of the calculation, the occupant load of Is Tower was
calculated as 4223 people according to NFPA and 5900 people according to Turkey's
Regulation on Fire Protection. The occupant load of Mersin Metropol Building was
calculated as 4752 people according to NFPA and 5533 people according to Turkey's
Regulation on Fire Protection. Simulations are conducted based on NFPA occupant load
factor. Even in this state, it is observed that the buildings are overloaded. It is out of the
question that these buildings are actually loaded that much. But Turkey's Regulation on
Fire Protection has taken this even further. Turkey's Regulation on Fire Protection requires
calculations for occupant load even more than the widely accepted NFPA requirements,

which is a controversial issue.
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5. CONCLUSION

This thesis aimed to analyze the use of elevators in the normal evacuation of high-rise
buildings. Normal evacuation analysis focus on measuring the evacuation efficiency of the
building by excluding the emergency conditions and panic environment. In this context,
analysis were carried out on two selected case buildings (Is Tower and Mersin Metropol
Building). The fact that the building parameters, number of floors, the number of elevators
and stairs, were being similar was effective in the selection of two buildings. The occupant
loads of the buildings are defined according to the NFPA occupant load factor. Simulation
method was used in the thesis and simulations were carried out with Pathfinder program,
which is widely used in the literature. The evacuation efficiency of the two selected

buildings was analyzed over the evacuation components.

In order to observe the effect of the elevator on the evacuation of the buildings, 5 scenarios
were created for both case buildings. In these scenarios, Scenario 1 aims to analyze the
complete use of stairs in the building, and Scenario 5 aims to analyze the use of elevators
only. The remaining three scenarios (Scenario 2, 3 and 4) analyze the use of elevators and
stairs by building occupants in 25% increments. The aim here was to analyze in which
fraction of preassigned quartiles of building occupants should use elevators for the most
effective evacuation. In addition, it was aimed to analyze which criteria should be
considered in the design of high-rise buildings in order to shorten the evacuation times. At

the end of the analysis, following research answers are obtained.

e RA 1: To reach the most effective evacuation (in preassigned quartiles of the building
occupants), 25% of the occupants of Is Tower and 50% of the occupants of Mersin
Metropol Building should use the elevators. Remaining occupants should use the stairs.
In other words, for is Tower, one quarter of each floor’s occupants using the elevator
provide the most effective evacuation. Which of these fractions provides the fastest
evacuation depends on the building's stair and elevator efficiency. While stairs work as
a more efficient evacuation component in Is Tower, elevators work more efficiently in
Mersin Metropol Building. In this case, the scenario in which the stairs are heavily used
in Is Tower (Scenario 2 (75% stairs-25% elevator)-27 minutes) provided the fastest
evacuation among 5 scenarios. For Mersin Metropol Building, the scenario where
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elevators are used more than in Is Tower (Scenario 3 (50% stairs-50% elevator)-29
minutes) provided the most efficient evacuation among 5 scenarios.

RA 2: If the use of stairs and elevators is compared with the use of stairs only, it is
observed that the evacuation time of the Is Tower is shortened by approximately 18%
and the evacuation time of the Mersin Metropol Building is shortened by approximately
40%. When using only stairs, the evacuation time of Is Tower was 33 minutes. When
25% of the occupants on each floor were evacuated by elevator and the rest by stairs,
the building was evacuated in 27 minutes. When using only stairs, the evacuation time
of Mersin Metropol Building was 49 minutes. The building was evacuated in 29
minutes when 50% of the occupants of each floor were evacuated by elevator and the
rest used stairs. The reason for the significant reduction in the evacuation time with the
combined use of elevators and stairs in Mersin Metropol Building, compared to the
scenario where only the stairs are used, is that the elevators work more efficiently than
the stairs. This is due to the narrow stairways of the building and the fact that the
elevator lobbies are designed separately from the corridors. Thus, people using elevators
were not affected by people passing through the corridors. In addition to, elevators can
operate more effectively. However, in Is Tower, the elevator lobby is located in the
corridor and people passing through the corridor prevent the effective use of the
elevators.

RA 3: Design factors affecting evacuation time are, stair width, corridor width, width of
elevator lobby, distribution of elevators to the floors, distribution of occupant load to
the floors and the use of elevator lobbies as corridors. The effective use of the
evacuation components of the building is important to achieve the most effective
evacuation. If one of the stairs in the building is emptied first and the other is emptied
later, one of the stairs cannot be used effectively. This situation was observed in both Is
Tower and Mersin Metropol Building. This situation has been observed in all scenarios
where the stairs were used as a means of egress in Is Tower. The left stair was emptied
faster than the right stair. This is because, people on the highest two floors of the
building can only use the stairs on the right. Thus, the occupant load of this stair
increases. Another reason is that the corridor leading to the right staircase is wider than
the corridor leading to the left staircase. Thus, more people can reach the right staircase
and a more crowded environment is created on this stair. In this case, the stair on the
right was emptied later than the stair on the left. In Mersin Metropol Building, the

occupant load of the stairs on the left is greater than the one on the right. This is because
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the elevator lobby is used as a corridor in the nightclub on the last floor of the building.
The people on this floor are not evenly distributed between the right and left stairs.
Because the elevator lobby is the only passage between two stairs and people waiting
for the elevator block the elevator lobby and prevent the transition of people who want
to reach the stairs. So, separate design of stair and elevator lobbies is vital for effective

evacuation.

The key factor affecting this shortened evacuation time is the building plan scheme. Stair
and landing widths have an important role in determining the handling capacity of the
stairs and enabling people to enter to the safe area as soon as possible. Also, the width of
the corridors providing access to the stairs should not be designed in a way that limit the

use of stairs.

Occupant load is another significant factor in terms of evacuation. Places with high
occupant load should be planned on the lower floors of the building as much as possible.
Thus, it can be ensured that the high occupant load is evacuated as soon as possible.
Planning the nightclub, which is the place with the highest occupant load in the Mersin
Metropol Building, on the last floor of the building, makes the evacuation of the building
to take longer. In Is Tower, where a more homogeneous distribution of occupant load
between floors is achieved, it is possible to enter to the safe area in a shorter time

compared to Mersin Metropol Building.

High-rise buildings are usually divided into 2-3 vertical sections and the elevators of these
sections are planned separately. This is important for the elevators to work more
effectively. In order to achieve the most effective evacuation, which floors the elevators
will serve should be planned carefully. However, in the planning of these sections, the
occupant load of the floors and the Round Trip Time of the elevators should be considered.
Is Tower is divided into two almost equal parts and elevators serving the lower and upper
floors are separated. Mersin Metropol Building, on the other hand, is divided into 2 parts as
approximately 1/3 (upper part - hotel section) and 2/3 of the building (lower part - office
section). In Is Tower, the elevator serving the lower section emptied those floor before the
elevators serving the upper section in all scenarios that elevators are used as a means of
egress. A more proportional distribution is observed in Mersin Metropol Building. This is

because when the building is divided into two equal parts, although the number of people



84

that must be evacuated at the top and bottom is approximately the same, the elevators at
the top have more distance to travel. Thus, the evacuation at the top is completed later.
Consequently, the RTT of the elevators should also be taken into account when separating

the elevators for the upper and lower sections.

Compliance with the design criteria mentioned in the planning of high-rise buildings will
ensure effective evacuation of the building. In order to provide effective evacuation, both
stairs and elevators of the building should serve with maximum efficiency. For this reason,
the evacuation efficiency of the building will be at the highest level in a scenario which all
the stairs and elevators working with maximum capacity until the end of the evacuation
and they are all emptied at the same time. Achieving this situation will be possible by

designing the above-mentioned design criteria.

5.1. Limitations of the Study

Limitations of the thesis are handled in this section. Modeling related and software related

limitations can be named.

e The two case building were modeled according to the plans accessed on the internet.
These plans were publicly available and scanned versions of original plans. The
buildings may not have been built according to the plans or they may have been
modified later. Both buildings are part of a complex. While modeling the buildings,
only the tower parts were included in the study, and the rest of the complex was
excluded. In addition, the basement floors of the buildings are also excluded. While
defining the building occupants, parameters such as gender, age, health status were
excluded from the study. In addition, pre-evacuation time and human behavior are also

excluded from the study.

e The simulation studies carried out within the scope of the thesis were carried out
through the Pathfinder program. Since the program is a package program, it has

embedded assumptions. These assumptions are likely to affect the results.
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5.2. Future Research

The data sets on elevators are far behind compared to the use of stairs. Human behavior in
the use of elevators in an emergency needs to be researched further. Development of
emergency modes for elevators to be used during evacuation is required. These modes may
use a faster velocity by ignoring comfort conditions to the acceptable limit and purpose to
evacuate the building faster. Experiments on the use of elevators and validations for

evacuation elevators also need to be researched deeper.
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