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ABSTRACT

San Francisco is rapidly growing financial and economic center of the region with
increasing demand of the office area. This document contains the design of reinforced
concrete moment frame office building in a high seismic hazardous region of San
Francisco, California, USA. The project is named Sky City and performed by Trust
Construction Company. Sky City is a 12 story high rise building with one underground
parking floor, with the internal area of 15649 m?, located on the land area of 10,000 m? in
the Financial District of San Francisco.

This document contains a detailed information of the global architectural design of the
building based on the IBC with attached technical drawings of the first floor, typical floor,
underground parking, site layout plans with indicated traffic flow and conceptual views,

developed in accordance with CAD standards.

The architectural design part is followed by the structural part. Based on the ASCE/SEI 7-
10 code, structural design loads and load combinations applied to the building including
dead, live, wind, and seismic loads were calculated. After that, to ensure structural stability
of the building the behavior of the moment frame under the applied loads and load
combinations was examined followed by the drift check. Finally, based on SAP 2000
software analysis final dimensions of reinforced concrete structural members were

determined guided by the ACI 318-14 code with attached technical drawings.

The elaboration of seismic resistant substructure of Sky City is contained in geotechnical
part. It contains the detailed study of the site’s soil specifications including ground water
level, soil-bearing capacity and settlement. Foundation type was determined based on this
data with the following structural design of piles and pile caps. In order to ensure the
stability of the structure ground acceleration and liquefaction risk assessment is introduced

as well.

Materials, labor, and equipment preliminary cost estimations, Gantt chart of future
construction works with detailed scheduling, and risk management of the project are
included in the scope of construction management plan. In addition, the main stages of
construction works are included as well.

Finally, Trust Construction Company provides summary of the performed works including

some recommendations.
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ACI — American Concrete Institute
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ASD - Allowable Stress Design
ASTM — American Society for Testing and Materials
CAD - Computer-aided Drafting
C&C- Component and Cladding elements
CBC - California Building Code
Ch. — chapter
EPA — Environmental Protection Agency
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HVAC - Heating, Ventilation, and Air Conditioning
IBC — International Building Code
ICC - International Code Council
IMC — International Mechanical Code
IPC — International Plumbing Code
LEED - Leadership in Energy and Environmental Design
MWEFRS - Main Wind-Force Resisting System
OSHA — Occupational and Safety Health Administration
SD - Strength Design
Sec. — section

SEI — Structural Engineering Institute
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GLOSSARY OF TERMS

= cross-sectional area of a member measured to the outside edges of transverse
reinforcement

= area enclosed by outside cross section perimeter of concrete

= gross area of concrete section

= beam cross-sectional area

= column cross-sectional area

= cross-sectional area of minor beam

= cross-sectional area of major beam

= effective cross-sectional area within a joint in a plane parallel to the plane of
the reinforcement generating shear in the joint

= total area of longitudinal reinforcement to resist torsion

= minimum area of longitudinal reinforcement to resist torsion

= cross-sectional area of the steel

= tributary area

= peak horizontal acceleration at the ground surface

= gross area enclosed by torsional shear flow path

= area enclosed by centerline of the outermost closed transverse torsional
reinforcement

= pile tip area

= area of prestressed longitudinal tension reinforcement

= area of nonprestressed longitudinal tension reinforcement

= minimum flexural reinforcement area

= total cross-sectional area of transverse reinforcement, including crossties,
within spacing s and perpendicular to dimension by

= total area of nonprestressed longitudinal reinforcement including bars or steel
shapes

= area of one leg of a closed stirrup, hoop, or tie resisting torsion within

spacing s

= shear reinforcement area

= minimum shear reinforcement area

= width of that part of cross section containing the closed stirrups resisting

torsion

= web width or diameter of circular section

= critical section dimension measured in direction of span

= critical section dimension measured in direction perpendicular to by

= pile width

= width of a group pile

= B/2 for foundation center, B for foundation corner

= clear cover of reinforcement

= undrained cohesive strength of the soil

= correction factor for diameter of borehole

= compression index

= deflection amplification factor

= deflection amplification factor

= correction factor for hammer energy ratio

= normalization factor of Ny, to a reference overburden stress

= external pressure coefficient

= correction factor for the length of rod
= Cycle Resistance Ratio for earthquakes with magnitude of 7.5
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Cs = seismic response coefficient

CSR = Cyclic Stress Ratio

Csw = correction for samples with or without liners

Cswell = swell index

o = approximate period parameters for moment resisting frame type

off = upper limit coefficient for calculated period

Cux = vertical distribution factor

Ca = secondary consolidation index

D = distance from extreme compression fiber to centroid of longitudinal tension
reinforcement

dagg = maximum size of coarse aggregate

dp = diameter of bar

D = effect of dead loads

Dfiooring = dead loads of the flooring

Dsiab =dead loads of the slab

€p = void ration at the end of primary consolidation

€0 = initial void ratio

E = seismic loads

Ee = modulus of elasticity for concrete beam

Ecs = modulus of elasticity for concrete slab

Es = average modulus of elasticity

Eg = modulus of elasticity of soil at the pile point

E, = modulus of elasticity

F = unit friction at depth z

fo = specified compressive strength of concrete

foe = concrete compressive strength due to effective prestress forces

fou = tensile strength of prestressing reinforcement

fr = modulus of rupture of concrete

fs = tensile stress in reinforcement at service loads, excluding prestressing
reinforcement

fee = effective strength of prestressed reinforcement

fy = compressive stress in reinforcement under factored loads

fy = specified yield strength for nonprestressed reinforcement

fy’ = specified yield strength for nonprestressed reinforcement

fit = yield strength of transverse reinforcement

Fa - site coefficient

Fo = seismic force

Frea = site coefficient

FS = factor of ssfety

Fx = lateral vertical force at any level

Fv = site coefficient

G = Gust Effect Factor

hn = structural height of the building

hi = the proportion of the structure height assigned to level i

h; = roof height including parapet

hy; = the height above grade of level i

hx = the proportion of the structure height assigned to level x

H = thickness, depth, or height of the member

H = thickness of clay layer

H = horizontal load on a pile
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= horizontal load on a pile cap, unfactored in x-x direction

= horizontal load on a pile cap, unfactored in y-y direction

= importance factor

= moment of inertia of beam

= moment of inertia of cracked section transformed to concrete

= effective moment of inertia for calculation of inertia

= depth factor

= moment of inertia of gross concrete section about centroidal axis, neglecting
reinforcement

= moment of inertia of slab

= shape factor

= influence factor ~ 0.85

= influence factor

= Yy* about x-x axis

= Y'x? about y-y axis

= exponent related structure period

= wind directionality factor

= velocity pressure exposure coefficient

= velocity pressure exposure coefficient

= Topographic factor

= length, measured from joint face along axis of member, over which special

transverse reinforcement must be provided

= beam span length

= additional embedment length beyond centerline of support or point of
inflection

= development length in tension of deformed bar

= development length in compression of deformed

= development length in tension of deformed

= straight extension at the end of a standard hook

= clear span in the long direction

= effect of service live load

= pile length

= effective length

= the building length at level i parallel to the wind direction

= distance over which special transverse reinforcement is required

= effect of service live load of roof

= short span length

= mean value live load

= maximum moment in member due to service loads at stage deflection

= cracking moment

= nominal flexural strength

= nominal flexural strength of beam including slab

= nominal flexural strength of column framing into joint

= factored slab moment resisted by column
= Magnitude Scaling Factor

= factored moment

= moment magnitude

= moment about x-x on pile group

= total bending moment in x-x axis of a pile
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M., = bending moment in x-x axis due to loads on piles

M, = bending moment in x-x axis due to pile reaction

M, = yield resistance of the pile section-

Myy = bending moment in y-y axis due to pile reaction

M,,, = moment about y-y on pile group

My, = bending moment in y-y axis due to loads on piles

My, = bending moment in y-y axis due to pile reaction

n = number of piles in a group

ng = approximate natural frequency

n, = fundamental natural frequency

N = number or quantity

N; = bearing capacity factor

Nfjoor = load applied to the floor

Nm = standard resistance of penetration

Ny = bearing capacity factor

Ny = factored axial force

(N1)so = SPT blow cunt

P = pile cross section perimeter

Pep = perimeter of cross section of concrete

Ph = perimeter of centerline of outermost closed transverse torsional reinforcement

P = axial load on a pile

P = design wind pressure

PL = leeward face design pressure

PLx = leeward face design pressure acting in the x principal axis

PLy = leeward face design pressure acting in the y principal axis

Pn = nominal axial compressive strength of member

Pn,max = maximum nominal axial compressive strength

Po = nominal axial strength

Py = factored axial force; to be taken as positive for compression and negative for
tension

Pw = windward face design pressure

Pwx = windward face design pressure acting in the x principal axis

Pwy = windward face design pressure acting in the y principal axis

PGA = mapped MCEg peak ground acceleration

PGAy = MCEg peak ground acceleration adjusted for Site Class effects

(Gan) = CPT resistance

qn = velocity pressure

do = unit point resistance

q = velocity pressure

Twp = point load per unit area

Qa = maximum load bearing capacity

Qu = ultimate bearing capacity

Qp = point bearing capacity at the tip of the pile

Qs = skin frictional resistance of the pile

Qup = load at the tip of pile

Qws = load by frictional resistance

rq = stress reduction coefficient

R = response modification coefficient

RL = |oad effect of rain
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So

S

S

Sc
Se
Se1)
Se2)
Se(3)
Sps
Sp1
Sh
Se
Sax
Swms

Sm1
SSC

Ss
St
S1

= center-to-center spacing of transverse reinforcement within the length ¢,

= longitudinal spacing of reinforcement

= load effect of snow

= primary consolidation settlement

= elastic settlement of a pile

= elastic settlement of pile

= elastic settlement of pile due load at the tip

= elastic settlement of pile due to load along pile shaft

= design spectral acceleration parameters for short periods

= design spectral acceleration parameters at a period of 1 s

= nominal moment, shear, axial, torsional, or bearing strength

= elastic settlement

= maximum settlement

= MCEg spectral response acceleration parameter for short periods

= MCEg spectral response acceleration parameter at 1 s

= secondary consolidation settlement

= the mapped MCEg spectral response acceleration parameter at short

= total settlement

= the mapped MCEg spectral response acceleration parameter at a period of 1 s

= thickness of flange

= initial consolidation time

= final consolidation time

= fundamental period of the building

= approximate fundamental period of the structure

= cracking torsional moment

= long-period transition period of the structure

= nominal torsional moment strength

= reference period

= threshold torsional moment

= factored torsional moment

= strength of a member or cross section required to resist factored loads or
related internal moments and force

= basic wind speed

= mean rate of occurrence of transient load

= concrete strength in correspondence with nominal two-way strength

= maximum factored two-way shear stress

= seismic base share

= nominal shear strength

= volume of concrete/nominal shear strength by concrete for prestressed

concrete

= nominal shear strength

= volume of steel/nominal shear strength by shear reinforcement

= unit weight

= the proportion of the seismic weight assigned to level i

= the proportion of the seismic weight assigned to level x

= wind loads/effective seismic weight of the structure

= approximate period parameters for moment resisting frame type

= distance from centroidal axis of gross section, neglecting reinforcement, to
tension face

= angle defining the orientation of reinforcement

XiX



Of

Olfm
B

Bo

Ye
Vi

Ys
Oxe
AL

ASmax

Ao

Ao’

&t

Hs

= flexural thickness ratio for beams

= average flexural thickness ration for beams

= the ratio of clear span in the direction from long to short span

= ratio of area of reinforcement cut off to total area of tension reinforcement at
section

= partial safety factor of concrete

= factor for determination of fraction of Mg,

= partial safety factor of steel

= location deflection by elastic analysis

= incremental length of pile over which p and f are constant

= maximum differential settlement

= net applied pressure on the foundation

= effective net pressure

= net tensile strain in extreme layer of longitudinal tension reinforcement at
nominal strength, excluding strains due to effective prestress, creep,
shrinkage, and temperature

= Poisson’s ratio of soil

= angle between axis of strut, compression diagonal, or compression field and
the tension chord of the members

= modification factor

= multiplayer used for additional deflection due to long-term effects

= Poisson’s ratio of soil

= compression factor

= time-dependent factor for sustained load

= ratio of As to bd

= ratio of As’ to bd

= ratio of volume of spiral reinforcement to total volume of core confined by

the spiral, measured out-to-out of spirals

= strength reduction factor

= duration of average sustained load occupancy

= effective preconsolidation pressure

= standard deviations of single transient loads

= standard deviations of single transient loads

= total vertical overburden stress

= effective vertical overburden stress

= effective overburden pressure

= overstrength factor
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1. INTRODUCTION

1.1 Project Overview
The mission of Trust Construction company is to develop architectural, structural, and

geotechnical design, estimate the preliminary cost of the project, and implement the
construction management process for a 12-story office building in San Francisco, which is
a seismic hazardous region. The project is called the Sky City. Its facade made of the
highest quality glass panels reflecting the blue creates the effect of the building floating in
the air, and at the same time, simple lines of a rectangular shape of the Sky City allow the
building to be in harmony with the urban landscape of San Francisco’s downtown. The
moment structural frame of the building made of high quality reinforced concrete and a

deep pile foundation make the design safe and secure for the seismic endangered area.

A various engineering solutions implemented in the design contribute to the facility’s
functionality, its structural safety, and reliability. Firstly, architectural design of the
building was accomplished guided by the IBC. The plan of the building, its structural
height, elevation system, interior elements, finishing, HVAC systems were designed and
followed by the design of the site layout and parking area. Based on regulations set by the
IBC the design meets fire code by means of implementing sophisticated fire alarm and
detection systems together with using the noncombustible structural materials and interior

finishes.

In order to proceed with design of structural members, first, it was required to identify
structural loads and their combinations in accordance with the ASCE/SEI 7-10 code. By
determining dead, live, wind, and seismic loads applied to the structural frame, the first
trial sizes of structural members were identified and checked for stability in SAP 2000
software. As a result of software simulations the final structural design including
reinforcement detailing, based on ACI 318-14 code, was performed for columns, beams,
and slabs, all technical drawings are attached to this report. In addition, the reliability of
the software was checked by hand calculations. With known reinforcement detailing,

earthquake stability check was performed on SAP 2000.

As it was mentioned before, in zone of high seismicity it is essential to design stable and
secure substructure. Therefore, based on a thorough research of local geological
conditions, precast deep pile foundation design was developed and reflected in detailed

technical drawings attached to this report.
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In order to deliver the project in the most efficient way with consideration of local market
conditions and effective management of resources, including materials, labor, and time,

construction management planning was elaborated.

Advanced technologies and approaches adopted in construction of high-rise buildings used
in the design of Sky City will contribute to its sustainable operation taking into the
conditions of seismic endangered area. All aforementioned created in the Sky City a
perfect and safe working environment and will make it one of the most remarkable

structures in the area.

1.2 Project Organization

1.2.1 Capstone |
In the scope of Capstone | the detailed preliminary design of the building and thorough

literature review of codes, construction regulations, standards, methods, and techniques is
performed and included in this document. In addition, the team members have learned
software required for successful completion of the project. However, the main part of the
Capstone | includes the development of architectural part, including design of the site
layout, the building typical and the first floor plans, two facade elevation views and
conceptual drawing, and finally, all non-structural interior and exterior materials must be
defined. These activities will allow developing structural, geotechnical, and construction
management parts of the project with further project delivery in the scope of the Capstone
Il.

1.2.1 Capstone Il
In the scope of Capstone Il the final design of Sky City is delivered. Firstly, architectural

design and drawings are elaborated. Then, structural and geotechnical parts are completed
based on literature review and work performed in Capstone I. Structural loads calculations
are followed by structural analysis including both software and hand calculations, as a
main output of structural part in Capstone Il detailed technical drawings of columns,
beams, joints, and slabs are delivered. Geotechnical part is completely accomplished in
Capstone 1l. Finally, the total cost of the project is estimated based on the final design and
the main stages of construction process are added to construction management part. As a

result of Capstone | and 11, the project is accomplished and is ready for implementation.

1.2.2 Roles and Responsibilities
Roles are assigned to members of the team to provide structure for team activities and to

authorize individual members to conduct designated activities on behalf of the team. Roles

1.2



are assigned after internal team elections and for period of the Capstone project duration
(18 August 2016 — 30 May 2017). Individual was assigned to role based on experience and

personal willingness.

1. Project Manager - Tanat Abildinov
e Direct responsibilities include:
Successful initiation, planning, monitoring, controlling and closure of the project.
e Technical responsibilities include:
Working on technical CAD drawings, 3D modelling on SketchUp software,
developing structural members’ design.
2. Construction Manager and Financial Director — Alen Kulchmanov
e Direct responsibilities include:
Operation of the construction project from conception to the completion, planning,
direction, and budgeting construction activities.
e Technical responsibilities include:
Working on technical CAD drawings, cost estimation of the project, conducting
feasibility analysis and risk assessment, working on structural member’s design
3. Geotechnical engineer — Alina Irsainova
e Responsibilities include:
Study of engineering behavior of soils (soil-bearing capacity and settlement),
groundwater elevation, foundation design, assessment of risks posed by site
conditions, earthquakes hazards, landslides and soil liquefaction, and working on
structural member’s design.
4. Structural Engineer — Altynay Bekmurat
¢ Responsibilities include:
Verification of design’s ability to withstand external pressures and applied loads, its
structural reliability and safety, developing software simulation of the building
behavior under applied loads, and working on structural member’s design.
5. Architect and Structural Engineer — Altynay Izimova
e Structural engineer responsibilities include:
Working on structural members design to sustain applied load combinations, design
columns, beams, and slabs dimensions by selecting the most suitable columns
distribution to fulfil the purpose of the facility.

e Architect responsibilities include:
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1.3
13.1

1.3.2

Working on detailed architectural design of the project including the global design,
interior design, floor plans, site layout, and choice of construction materials, and

working on structural member’s design.

Codes, Standards, and Regulations Adopted in the Design

Primary Codes and Standards
2015 I1BC developed by the ICC is a widely adopted set of model building rules and

regulations addressing public safety and health issues. In this project, the IBC
dedicated the building occupancy type and construction type, as well as
implementation of fire systems, ensuring accessibility of the building and structural
stability.

CAD standard provided regulations for technical drawings of structural elements to
fulfil the U.S. project plans presentation requirements.

ASCE/SEI 7-10. This code is developed by the Structural Engineering Institute of
the ASCE. The code was referred in order to estimate minimum design loads
applied to the structure: dead, live, wind, seismic loads, and loads combination
methods.

ACI 318-14. The code dictates requirements for design, and detailing of structural
concrete buildings to ensure strength, serviceability, and ability to sustain applied
load combinations. Structural members, systems, and connections design were
developed based on the ACI 318-14.

2016 CBC is developed by the collaborative efforts of the Department of Housing,
Community Development and California Building Standards Commission. This
code is the basis for the design and construction of buildings in California. Provides

detailed information and minimum requirements for foundation design.

Secondary Codes and Standards
LEED is an international certification system developed by the U.S. Green

Building Council to rate green buildings based on a set of standards for the
construction, maintenance, operation, and design in general. In this project, the
design team took an initiative to create site and outdoor space in accordance with
the LEED requirements, since this project is not aimed at gaining green building
certification.

2004 ADAAG is based on the ADA standards aimed to create a convenience and

accessible environment for people with any kinds of disabilities. The design refers
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to the guide to meet the accessibility requirements, including the specifications for
the minimum accessible area of common paths, elevators, lavatory rooms,
stairways, as well as provision of accessible parking spaces.

. 2015 IMC developed by the ICC contains regulations related to the safety of
HVAC systems. In the design the requirements for building ventilation system were
adopted from the IMC.

. 2016 IPC published by the ICC sets the standards for function and design of
plumbing systems. Plumbing facilities and the roof drainage system were

developed based on the IPC.
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2. ARCHITECTURAL DESIGN

2.1  Site and Location

The land under the project implementation is 100 m by 100 m square area in the busy
downtown Financial District of San Francisco. The site is located in north-east of the city
and restricted by Drumm, Washington, Davis and Clay streets (see Figure 2.1.1). This

location was chosen because of following reasons:

e The site is in the middle of the financial and business center of the city and it best
fits the purpose of the office building;

e The office will be surrounded by other high-rise buildings, so it will harmonize
with the urban landscape of the area;

e The location has well developed traffic infrastructure, including main roadways

and subway station located nearby. Therefore, transportation provision to the
building may not pose a problem.
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Figure 2.1.1. Site location (Google Earth, 2016).
2.2  Global Design
The building plan area was set by the owner to be approximately 2500 m?. Based on this
requirement, and site and location peculiarities the preliminary global design was
developed. In this process, a number of alternatives for global design and floor plans were
considered before the final design was developed and confirmed. Figures 2.2.1 illustrates
hand sketches and floor plan hand drawings considered for final design. These alternatives
were rejected because of various reasons. For example, site area limitations, not fulfilment

of the aesthetical appearance requirements, complexity of structural composition.
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Figure 2.2.1. Sketches of global design alternatives and typical floor plan development.

The choice of the final rectangular shape (see Figure 2.2.2) can be justified based on the
following list of advantages in comparison with other alternatives:

Rooms in the building can be packed as close as possible causing the most
efficient use of floor area (Steadman, 2006), making the rectangular shape
attractive from the material usage point of view.

Simplicity of structural design, and consequently, simplicity of further
construction.

Furniture and other internal fittings are easy and convenient to adjust and fit
comparing to non-orthogonal shapes requiring more expenditures for furnishing
Historically the most frequently used shape of the building (Steadman, 2006).
Fulfils the urban landscape of the Financial District of San Francisco (see Figure
2.1.1).
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Figure 2.2.2. Sky City final global design.

2.3  General Building Information

2.3.1 Building Height and Net Internal Area
The structural height of the Sky City is 50.5 m. A typical floor plan was developed based

on the requirements set by Chapter 10 of the IBC (see section 2.8.1 of this document).
Consequently, taking into account all requirement for means of egress, the typical floor
design with the gross floor area of 54 m x 42 m = 2268 m? was elaborated. Therefore, the
net gross area of the building is 13 x 2268 m? = 29,484 m?. The net internal area of each
typical floor is a gross internal area reduced by the columns, common space, lobbies,
stairways, hoistways, machinery rooms and restrooms. The net internal area of the ground
floor in office building is considered to be 30 % of the gross floor area, meaning 2268 m? x
0.3 = 680 m? (IBC). Regarding a typical floor, the net internal area is 60 % of the gross
floor area for a typical floor: 2268 m? x 0.6 = 1361 m? (IBC). Considering 11 typical floors
and one ground floor, the Sky City has the net internal area equal to (11 x 1361 m?) + 680
m®= 15649 m’,

2.3.2 Occupancy Type and Construction Type
Firstly, the occupancy and construction types should be defined in order to apply further

the IBC. The use of the building is office facility 12 stories high; therefore, it is high-rise
building of Group B occupancy (IBC, Ch. 3). Materials used in construction will be all of
noncombustible materials, therefore according to Table 601 (see Table A.1) in the IBC the
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construction type of the facility is Type I-A. This means that all building elements listed in
Table 601 should have a required fire-resistance rating starting from 1.5 hours for roof
construction and associated secondary members to 3 hours for primary structural frame,
and bearing exterior and interior walls (IBC, Ch. 6, sec. 601). However, the code allows
using combustible decorative and interior finishes over the noncombustible structural
elements (IBC, Ch. 6, sec. 603). For high-rise buildings, code requires a combination of
passive and active emergency measures. Passive measure are applicable directly to
structural members, whereas active measures include the installation of automatic sprinkler
system, smoke detectors, emergency voice/alarm system, and ensuring to have an

appropriate fire-resistance rating of construction materials.

2.3.3 Fire Alarm and Detection Systems

The code requires the installation of different fire, heat and smoke detection systems only
if a building is not equipped with sprinklers. Since, sprinklers are a type of fire detectors
and are heat-actuated. According to the IBC section 903.2.11.3, buildings with floor
occupancy more than 30 and about 17 m high above the lowest level of fire-department
vehicle access, in other words any building higher than a mid-rise structure has to be
equipped with automatic sprinkler system. In addition, the IBC requires the presence of
manual alarm boxes not farther than 1.5m from every exit door and the distance to the next
box should not exceed 61 m (IBC, Ch. 9, sec. 907.4.2). The building is equipped with
visual alarms in order to notify people with hearing disabilities about the emergency
situation, wall-mounted visual alarms are located within appropriate limits, namely on the
height of 2 m above the floor level (IBC, Ch. 9, sec. 907.5.2.3). In addition, audible alarms
are installed around the floors, and according to the code, they provide adequate level of
loudness of 15 decibels (IBC, Ch. 9, sec. 907.5.2.1).

2.3.4 Fire Resistant Non-Structural Construction Materials
Secondary members (non-structural) should be chosen based on finishing and interior

materials requirements. Secondary members are members that are not part of the primary
structural frame, such as structural members without direct connection to the columns,
bracing members, or floor and roof members without connection to the columns (IBC, Ch.
2, sec. 202). When choosing thermal- and sound-insulating materials it is important to use
the ones with a smoke-developed index of not more than 450 and a flame-spread index
under 25, since the majority of these materials are made of combustible materials such as

paper facings (IBC, Ch. 7, sec. 720). Only roof insulation can be made of combustible
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materials and could not meet the requirement mentioned before, if covered with satisfied
roof coverings (ibid).

Finishing materials are classified according to their smoke generation and fire spread
properties (ASTM E 84, 2016). Based on tests conducted and registered in the ASTM E 84
protocol the surface burning characteristics of different building materials were determined
(2016). Red oak is a standard material against which all other materials were compared on
their smoke generation and flame spread properties. Based on the empirical data all
materials are assigned to a specific class A, B or C also having a flame-spread and smoke-
developed index, such that the lower the index the slower flame is spread and the less
smoke is generated (see Table A.2). Based on occupancy the required classes of finish
materials should be specified. In addition, the class depends on sprinklered and
unsprinklered systems implementation. The final step in decision-making is to be in
accordance with the section 803.9 of the IBC, which states that the highest flame resistant
materials are required for exit passages, interior exit stairways, as well as in interior exit
ramps and egress paths. Meaning the higher standards for egress areas are required than for

general occupied spaces.

2.3.5 Ceiling
Ceiling is designed in a conventional way, namely it is composed of a 7 mm thick gypsum

board followed by a suspended steel channel system with a mechanical duct allowance,
and finally the acoustic fiber tile covers the entire system. Suspended ceiling were
implemented in the design because they are widely used, they hide exposed structural and
mechanical components and at the same time provide easy access to the latter. In addition,
acoustic fiber tiles have good sound insulation properties, look aesthetically pleasant and
fit in the office environment. The total depth of the system is 0.76 m, and its dead load is
calculated in Table 2.3.1 based data provided by Ch. C3 ASCE 7-10.

Table 2.3.1: Design dead loads of ceiling (ASCE 7-10, Ch. C3)

Component Dead Load (kN/m?)
Gypsum board 0.053
Suspended  steel  channel 0.096
system
Mechanical duct allowance 0.192
Acoustical fiber tile 0.048
Total Dead Load 0.389
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2.3.6 Partition Walls
According to Table A.2, the non-bearing interior partition walls may have a zero fire-

resistance rating. Therefore, it was decided to use wood frame filled by the fiberglass
insulation and covered with gypsum lath. Wood studs about 5 cm by 10 cm (2 in by 4 in)
will be placed every 0.4 m (16 in), and covered with 12 mm (0.5 in) gypsum lath, resulting
the interior partition width to be 0.125 m and additional 25 mm of wall finishing should be
considered (see Figure 2.3.1). Finally, the total width of the interior partition walls is 0.150

m.

0.150 m finishes gypsum lath

o+— wood stud
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Figure 2.3.1. The cross-section of the interior partition wall.

The dead load of the interior partition walls are calculated in Table 2.3.2.

Table 2.3.2: Design dead loads of partition walls (ASCE 7-10, Ch. C3)

Component Dead Load (kN/m?)
Wood Stud 2x4 at every 16 in 0.081
Gypsum Lath % in 0.096
Fiberglass Insulation 0.03
Total Dead Load 0.207

2.3.7 Interior floor finishes
According to the IBC section 804, interior floors are divided into two classes depending on

their fire resistance properties, such as materials with higher flame resistance lie to Class I
and less flame resistant ones to Class Il, accordingly. Interior floor finishes are chosen
based on occupancy of the space, type of construction, and sprinkler system. For type I-A
sprinklered building with critical radiant flux occupancy enclosures floors in stairways and
ramps, corridors, and exit passageways can be covered with Class Il materials (IBC, Ch. 8,
sec. 805).

In the design, a fiberglass insulation material 50 mm thick will be placed over the concrete
slab, followed by a 13 mm layer of gypsum plaster, which increases fire-resistant
properties (IBC, Ch. 6, sec. 602). The top layer for typical floors and office areas is

carpeting finishing (8 mm thick). Carpeting was chosen, because of its relatively low cost
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comparing to wooden panels or marble tils, noise reduction properties, convenience in
maintenance, availability, and durability. However, the main point is that in the last three
decades in the USA carpeting industry there was no any documented incidents when carpet
contributed to a fire (The Carpet and Rug Institute, 2015). In lobby areas and on the ground
floor ceramic tiles (20 mm thick) on mortar bed (12.7 mm) will be placed over the layer of
insulation material (10 mm thick). Therefore, the total thickness of floor finishing will be
71 mm and 82.7 mm for a typical office area and the ground floor respectively (see Figure
2.3.2 and 2.3.3).
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Fgure 2.3.2. A typical floor cross- Fure 2.3.3. A typical floor cross-
section. section. The ground floor and lobby areas
floor cross-section.

The total dead load of floors was calculated for specified types of floor finishing materials
and the slab thickness of 150 mm made of concrete with density 2500 kg/m® (see Table
2.3.3and 2.3.4).

Table 2.3.3: Design dead loads of Table 2.3.4: Design dead loads of flooring
flooring for typical floor (ASCE 7-10, for lobbies and the ground floor (ASCE 7-
Ch. C3) 10, Ch. C3)
Component Dead Load Component Dead Load
(kN/m?) (KN/m?)
Concrete Slab 3.75 Concrete Slab 3.75
Fiberglass Insulation 0.03 Fiberglass Insulation 0.03
Gypsum Plaster 0.22 Ceramic Tiles on mortar 0.77
bed
Carpeting 0.05 Total Dead Load 4.55
Total Dead Load 4.05

2.4 Fire Proofing of Structural Members
According to the Table A.1 in a Type I-A buildings primary structural frame should have

3-hour fire-resistance rating. Therefore, it was decided to use the plaster layer to cover
columns, beams, and interior egress and hoistways walls in order to increase the fire-

resistance and decrease the overall assembly thickness. Plaster applied over concrete may
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substitute 12.7 mm of concrete cover if columns and beams concrete layer is maintained at
25.4 mm (IBC, Ch. 7, sec. 719). Furthermore, plaster systems have good aesthetic
appearance and are used widely as durable interior finishing material. To provide a 3-hour
fire rating it will be enough to use a 13 mm thick plaster layer with the dead load 0.22
KN/m?,

2.5  Exterior Glazing
The exterior walls of the building are made of a non-load-bearing glass unit masonry. The

extensive glazing will contribute to the pleasant aesthetical appearance of the design and
allows light into the building, consequently reducing the cost of lighting especially in
winter period when the daylight hours are short. In the design of exterior glass masonry
units, the IBC refers to the Building Code Requirements for Masonry Structures (Masonry
Society, 2012). The Code puts limitations on the height of the exterior glass panels and
area of each individual unit based on the design wind pressure according to Figure 2.5.1.
The maximum factored design wind pressure equal to 1761 N/m? was found by performing
the preliminary calculations (see sec. 3.2.4 this document). Consequently, the maximum
allowable area of a single panel was determined to be 11.88 m? (Figure 2.5.1). Therefore,

2.5 by 3.5 m panels with surface area of 8.75 m? can be used in the design with confidence.
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Figure 2.5.1. Factored design wind pressure for glass unit masonry (Masonry Society,
2012).
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It is suggested to use a 25 mm thick insulating glass panel VE24-2M by the local Viracon
glass - manufacturing company, for detailed performance data of this product refer to
Table A.3 and see Figure 2.5.2. This type of panels has been already used in a number of
projects in San Francisco and demonstrated durability and reliability in the local climate
conditions (Viracon, 2016). The dead load of 25 mm glass plate is 0.632 kN/m? (ASCE 7-
10, Ch. C3).

‘ Interior:

2 plies of 1/4” [6mm) glass
Exterior:

laminated together with
1/4" (6mm) glass ply 7

1/2" (13.2mm)

Figure 2.5.2. 25 mm insulating VE24-2M glass panel (Viracon, 2016).

2.6 Means of Egress
Chapter 10 of the International Building Code indicates the standards for means of egress,

which is “a continuous and unobstructed way of egress travel from any accessible point in
a building of facility to a public way” (IBC, Ch. 10). The standards for means of egress are
directly related to the occupancy type of the area and occupant load factor from the IBC
section 1004.1. In the design process, all types of occupancies of the building were taken
into account in order to provide adequate width of exit paths. It is important to consider the
maximum occupancy occurring when each area is occupied simultaneously. Thoroughly
developed means of egress is a pledge of safety and a fundamental of the IBC; therefore,
the concept of egress should be deeply understood and applied on the early stages of the
design development. Means of egress increase in size with increasing number of occupants
in the area, so that the largest exit paths occur at the exit to the outdoor space, namely out
of the building. Based on the regulations for means of egress, floor plans of the building,
width of egress paths, height of ceiling in different spaces around the building, and other

important design considerations were thoroughly developed.
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2.6.1 Egress Exits
According to the section 1015.1 of the IBC for Group B office building the number of exits

and exit access doorways from any space with occupancy more than 50 people but less
than 500 should be at least two. Sky City is equipped with three emergency exit stairways,
two nearby elevator shafts and two at the opposite corners of the building. The first floor
and parking floor should be equipped with at least three exits, since the number of
occupants will be between 500-1000. In the Sky City, it is four exits on the 1* and parking

floors.

2.6.2 Egress Doors
Egress doors are to have a 2032 mm in height and 914 mm in width (IBC, Ch. 10, sec.

1008). In the design, the egress doors are 920 mm in width. In the Sky City’ doors are
readily distinguishable from the surrounding interior; the pass to the door should always
stay clear and not obscured. Other interior doors height should have a minimum clearance
of 1981 mm (IBC, Ch. 10, sec. 1003.3.1).

2.6.3 Ceiling Heights

Means of egress paths has to have a ceiling height not less than 2286 mm (IBC, Ch. 10,
sec. 1003.2). In the design, a structural height of the typical floor is 4 m and clear height
from floor finishing to ceiling finishing is 3 m in typical floor, and 4 m on the first floor.
Egress paths above and below mezzanine should be at least 2134 mm. In case of any
protruding objects on the ceiling, the clear height should remain not less than 2032 mm,
and only the half area of the ceiling area can be restricted by protruding objects (IBC, Ch.
10, sec. 1003.3.1).

2.6.4 Stairways
Elevators, escalators and moving walks cannot be a part of a means of egress (IBC, Ch. 10,

sec. 1003.7). Therefore, only stairs are a part of the emergency pathways in the design.

There is no limitation on the length of the interior stairways because they have enough fire
protection by being constructed of at least one-hour fire-rated construction level and can be
any length and have any number of stories. In the design, the height of one stairway

connecting typical floors is 2 m and its horizontal length is 3.13 m.

The stair risers must be in a range between 102 - 178 mm. In addition, the clear minimum
depth of the stairs should be no less than 280 mm (IBC, Ch. 10, sec. 1009.7). In the design,
the high and depth of stair raisers is 150 mm and 313 mm respectively and there are 10
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stair risers per one stairway. The width of egress stairways are to be at least 1118 mm
(IBC, Ch. 10, sec. 1009.4). Minimum height above the stairs should not be less than 2032
mm at any point (IBC, Ch. 10, sec. 1009.5).

Egress landing should be at the top and bottom of any stairway and are to be a minimum
1118 mm in length or no less than stairways or the door, whichever is greater (IBC, Ch. 10,

sec. 1008.1.5). The width of egress landing in the design is 1120 mm.

2.6.5 Handrails
According to the IBC and ADAAG, handrails have to be 114 mm apart from the wall and

965 mm above the floor level (IBC, Ch. 10, sec. 1003.3.3).

2.6.6 Guards and Sills
Guards in a means of egress are to be 1067 mm in height to enclose the edges of the means

of egresses to preclude the accidental fall from the upper level to the lower ones.

Sills at a height more than 1829 mm above the finish grade, the windowsill should be at
least 915 mm above the floor finishing level. Moreover, for sills that are lower than 1829
mm above the finish grade there is no the minimum requirement in height (IBC, Ch. 10,
sec. 1013.8).

2.6.7 Egress Travel Distance
Common-path-of-egress travel as a portion of exit access from any occupied point in a

building to an exit for Group B building with sprinkler system should be no more than 30.5
m (IBC, Ch. 10). Sky City’s floor plans meet this requirement, in Figure 2.8.1 this distance
is indicated in green color to be 28 m.

The allowable exit-access travel distance with sprinkler system for Group B occupancy is
91.4 m from the most distant location on the floor (IBC, Ch. 10, sec. 1016.1). In Figure
2.8.1 this distance is indicated in red color to be less than 91.4 m, namely 74 m from the

most distant room to the closest egress stairways.

2.7  Accessibility
All spaces in the building are designed in accordance with Chapter 11 of the IBC covering

the standards required for developing universal design to provide people with all types of
disabilities a full access to facilities (IBC, Ch. 11).

In parking area, if the number of total parking spaces is between 500 to 1000, 2% of the
total number of parking slots must be accessible (IBC, Ch. 11, sec.1106). The width of
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accessible parking place should be at least 2440 mm, it was taken to be 2.5 m, and the
width of the adjacent access aisle must be not less than 1525 mm, therefore the total width

of one accessible parking space should be 4 m (IBC, Ch. 11, sec. 1106.1).

Restrooms also were designed to meet the standards of accessibility, therefore the area of a
bathroom has to have a clear space minimum 2 m? with free access to the water closet and

the lavatory, in addition at least 5% of sinks must be accessible as well (ICC A117.1).

2.8 Building Capacity and Design Decisions Based on Capacity and Occupancy

2.8.1 Building Capacity Calculation
As mentioned before, the typical floor design with the gross floor area of 54 m x 42 m =

2268 m? was elaborated, and based on requirements set by Chapter 10 of the IBC the
capacity of one typical floor was determined as 71 people. Therefore, the total capacity of
the building is 71 people/floor x 11 floors = 781 people.
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Figure 2.8.1. Typical floor plan.

The number of workers per square meter was checked to satisfy the IBC. Since the net
internal area of a typical floor was determined as 1361 m?, according to Miller in the
average office building in San Francisco there should be about 18.9 m? of the net usable
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area per worker, meaning that the maximum number of occupant per floor can be
1361m%/18.9 m? = 72 person (2012). Therefore, the floor design might be considered
suitable for 71 workers, and the further design was developed based on this number of

occupants.

2.8.2 Plumbing Facilities
According to Table A.4, the minimum number of water closets in office buildings should

be one per 50 people, at least one lavatory per 80 people and one additional service sink
(IPC, Ch. 4). Therefore, each typical floor will have two separate restrooms one for males
and the other for females, with two water closets and two lavatories, one of each will be
accessible. The area of one water closet is 1.5 m by 1.3 m and accessible one is 1.6 m by
1.5 m, which is in accordance with accessibility requirement set by the IBC. In addition,

one drinking fountain will be installed on every typical floor, and four on the first floor.

2.8.3 Elevators
Number of elevators to serve this building with the net usable area of 15649 m? was

defined to be four. Since, one elevator is required per 45000 ft* or per 4180.64 m? of the
net usable area: 15649 m? / 4180.64 m? = 3.7, which was rounded to four (State of
California Department of Industrial Relations, 2016). All passenger elevators are
accessible and designed in accordance with the IBC section 1009. Moreover, if there are
four or more elevators in the same portion of the building, not more than two elevators can
share the same hoistway, consequently, two separate hoistways are required (IBC, Ch. 30,
sec. 3002.2).

OTIS elevators are installed in the building. Gen2 OTIS seismic resistant elevator system
was chosen as the most suitable and reliable product among OTIS elevators for 50.5 m
high building with 12 stops allowed (2016). Four elevators with the capacity of 10 people
(2500 Ib) and moving at a speed of 2 m/s are installed. Hoistway length and width are 6 m
by 2 m (to be precise 5.893 m by 1.902 m) respectively for two elevators (OTIS, 2016).
Detailed data on chosen model of elevator and alternatives considered is presented in the
Table A.5.

2.8.4 LEED certification level
The required level of LEED certification should be set by the owner and for higher

efficiency developed on early stages of the design to support the high-performance and

cost-efficiency. There were no specifications set by the owner of the Sky City. Therefore,
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design team took an initiative to develop site conditions in accordance with LEED
standards version updated in January 2017, namely location and transportation
development of newly constructed buildings. Specific certification requirements met in this

project are mentioned in sections 2.8.5, 2.8.6 and 2.13.1.

2.8.5 Car Parking Facilities

The net gross area of the building is 2,268 m? per floor by 12 floors is 27,216 m?. Office
building providing onsite customer services should have one parking space per 400 ft or
37.16 m>. Dividing 27216 m?/37.16 m? = 732 parking spaces (Mill Creek Municipal Code,
Ch. 17, 2016). The dimensions of one parking space are at least 2.8 m in width and 5.5 m
in length, and from accessibility requirements, the width of one accessible parking slot is 4
m. Based on this dimensions it was decided to provide 100 parking spaces in the base floor
of the building. Based on the IBC accessibility criterion for parking spaces, for every 76 to
100 parking spaces there should be four accessible ones. Therefore, in the base floor there

are 96 general and four accessible parking spaces.

Other required 632 parking slots were distributed on the site, creating off-site parking area.
Two percent out of 632 places, which is 12, are for disabled people, and other 620 are
general parking spaces. Off-site parking for office buildings should be in accessible
distance — not more than 100 feet or 30.5 m from the closest entrance to the building (Mill
Creek Municipal Code, Ch. 17, 2016). In addition, it is required to provide direct access to
a street from the parking excluding the possible interference with the right-of-way. Control
devices, such as clearly painted parking spaces, raised rails, a wheel stops for spaces
abutting pedestrian walkways which are less than 3 m in width are required for installation
(ibid). The maximum slope of 6 % in a parking facility is accepted. According to
landscaping standards, surface-parking facility should have one tree for every four parking
spaces; trees may be distributed around the perimeter or serve as borders from right-of-
way. For 620 parking spaces, there should be at least 155 trees planted on site.
Additionally, the area of parking facilities should be indicated properly by means of
fences, walls or, as said, vegetation (ibid). Moreover, in order to obtain points on site
development in LEED certification it is required to use natural vegetation to restore at least
30% of the portions of the site disturbed by construction. Another reason to increase the
amount of green space is its environmental benefits, which contribute to a chance of

obtaining the LEED certification. For example, vegetation reduces the amount of carbon

2.14



dioxide nascent from emissions. Moreover, natural greens improve storm water runoff,

flood protection, and control on site soil erosion (EPA, 2008).

For efficient management of the parking area, conventional car stall and aisle
specifications suggested by local Mill Creek Municipal Code were implemented (see Table
2.8.1 and Figure 2.8.2).

Table 2.8.1: Conventional car stall and aisle specifications (Mill Creek Municipal Code,
2016)

Parking Layout Dimensions One Way Two Way
Parking Parking
Parking Stall Curb Stall Aisle Section Aisle Section
Angle Width Length | Depth Width Width Width Width
See Diagram A B C D E F E F
Parallel: o 8 fiest 21 fest 8 fiest 12 fest 20 feet 22 fiest 30 feet
One Side o & fieet 21 feet 8 fieet 22 feet 35 feet 24 fieet 40 feet
Two Sides
Angular 20 85 249 145 1 40 20 45
30 85 17 16.9 1" 448 20 538
40 85 13.2 187 12 494 20 574
45 85 12 194 135 523 20 58.8
50 85 1.1 20 155 555 20 G0
G0 85 98 207 185 59.9 22 634
70 85 9 208 19.5 61.1 22 63.6
80 85 86 202 24 64.4 24 B4.4
Perpendicular a0 85 85 19 25 63 25 @3
Angular One-Way Acceptable Parking Designs Angular Two-Way
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Figure 2.8.2. Parking layout schemes (Mill Creek Municipal Code, Ch. 17, 2016).

2.8.6 Bicycle Spots Standards
In order to gain the points given by the LEED for neighborhood development location, it is

highly encouraged to provide bicycle-parking facilities on site to enhance the interest of
the public to the alternative forms of transportation systems, promote public health by
encouraging physical activity and reducing vehicle travel distance. It was decided to install
a locker-type bike parking facilities in the quantity of 20 spaces nearby every entrance

within 30.5 m of the building, meaning 80 spaces in total. In addition, it is important to
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ensure that bicycle parking slots do not impede traffic and pedestrians flows and have an
appropriate lighting for nighttime use (Mill Creek Municipal Code, Ch. 17, 2016).

2.9  Building Ventilation
Temperature control system should be installed to provide a temperature of 20 C at a point

0.914m above the floor level; this temperature must be maintained in the coldest day of the
year (IBC, Ch. 12, sec. 1204).

According to Chapter 4 of the IMC “the minimum openable area to the outdoors should be
4% of the floor area being ventilated” (2015). In this project, mechanical ventilation will
be installed by a method specified in the IMC, namely a method of supply air and return
exhaust air, so that the amount of supply air can replace amount of exhaust air (2015).
Enclosed parking area will be provided with automatic carbon dioxide and nitrogen
dioxide detectors installed according to their manufacturer’s recommendations. Office
spaces with occupant density about 5 people per 90 m?, or 20 m? per person do not have a
minimum exhaust airflow rate, but should have 0.06 CFM/FT2 (cubic foot per minute) of

area outdoor airflow rate in breathing zone (IMC, Table 403.3.1.1).

2.10 Lighting. Natural and Artificial Sources of Light
The net area made of glazed materials is to be 8% of room’s floor area (IBC, Ch. 12, sec.

1205). This is twice the requirement for ventilation area. Therefore, it means that the half
of the windows should be openable. The building is designed to have a simple rectangular
shape so that a majority of the office spaces are located by a perimeter of the floor, so that
almost all rooms have a natural source of light and ventilation. The minimum required
dimensions of the windows were calculated based on the floor area of the largest room of
the typical floor, since, all windows have to be the same size. The biggest room has an area
216 m> Therefore, the net area of windows is 220.7 x 0.08 = 17.3 m?. Whereas, exterior
glazed wall area is 18 m x 3 m = 54 m?, which is more than the required net area of
windows. Since according to design all exterior walls will be glazed, the requirements of

lighting as well as ventilation are completely satisfied in the design.

2.11 Roof
Roof is designed in accordance to the IBC Chapter 15. The roof deck is required to have a

roof-covering layer, parapet safety walls, drainage system including emergency overflow
drains in accordance with the IPC, and intake and exhaust vents (2016). The design shall

comply wind resistance requirements and be resistant to overturning. The IBC classifies
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roof assemblies by three classes A, B, and C. According to this classification, the Type | A
building should have class B roof assembly, which is required to withstand moderate fire
exposure (IBC, Ch.15, sec. 1505).

2.11.1 Roof Covering
Material of roof-covering is defined by the slope of the roof. In Sky City the roof is flat

with slope less than 2 %, therefore, standing-seam metal roof covering is used in the design
(IBC, Ch.15, sec. 1507). Aluminum covering 1.2 mm thick, which is twice the minimum
allowed 0.6 mm thickness, was chosen, because of its lightweight, corrosion resistance,
and low cost comparing to other metal coverings. Below the aluminum covering,
underlayment made of waterproof bituminous smooth surface membrane is installed,
followed by the insulation layer made of fibrous glass (see Figure 2.11.1). Finally, the dead
load of the roof assembly is calculated in Table 2.11.1.

Table 2.11.1: Design dead loads of roof assembly (ASCE 7-10, Ch. C3)

Component Dead Load (KN/m?)
Aluminum covering 1.2 mm 0.048
Bituminous smooth waterproof 0.072
Fibrous glass insulation 0.053

Total Dead Load 0.173

Aluminum Cowvering

Waterproof Bituminous
Membrane

Fibrous Glass Insulation

Concrete Slab

Ceiling

=

Figure 2.11.1. Roof layers.

2.11.2 Parapet Wall
According to the IBC, parapet walls should be properly covered with noncombustible

materials (IBC, Ch. 15, sec. 1503). OSHA sets requirements for parapet height to be at
least 1.1 m for fall protection (2010). In addition, roof vents, and other technical points
should be located no closer than 4.5 m to the roof edge, in order to ensure safety during
maintenance and servicing works (OSHA, 2010). Based on these requirements, 1.2 m high

parapet wall is installed at the edge of the roof (see Figure 2.11.2).
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Parapet

Roof

DENEEREE

Figure 2.11.2. Roof parapet wall (OSHA, 2010).

2.12  Architectural Height
As it was specified in section 2.6.3 of this report, the clear heights of the first and typical

floors are 3 m and 4 m, respectively. The dimensions of structural elements are specified in
the sec. 3.5.2 of this document. By taking into consideration the clear heights, thicknesses
of floor and ceiling finishes, and roof depth including parapet wall, the total architectural

height of the building is to be 50.5 m (detailed elevation view is attached to this report).

2.13  Site Design Layout

2.13.1 Pedestrian Friendly Path walks
Site design was developed to be in compliance with original topography and landscape.

Safe, convenient, continuous, and clearly marked pedestrian walkways were arranged
around the site to provide the access to the building from any point. According to Mill
Creek Municipal Code sidewalks should incorporate adequate pedestrian-scale lighting and
accent lighting (indicating entrances to the building) (2016). The aim of outer space design
was to create enduring and individual outer public space. Therefore, a number of fountains
and unorthodox sculptural compositions creating memorable and positive impression were
installed around the site. In order to avoid the effect of excessive occupation of the site by
automobiles it was decided to place the outdoor parking at the rear side and leave the space
in front of the main fagade for pedestrians and vegetation. As it was mentioned in section
2.8.4 of this document, natural vegetation will be planted around the perimeter of the site,

and the design will maximize the preservation of existing plants.

In order to gain the credits in LEED for sensistive land protection, the width of bicycle and
pedestrian pahtwalks is decided to be 3.5m with only 2.5m of impervious surface coverage.
In addition, according to LEED’s high-priority site section, site brownfield will be tested
for contamination and if needed remediation will be performed to satisfy national authority

requirements.
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2.13.2 Vehicular Entrances
Vehicular entrances are clearly indicated in order to be visible from the street. Convenient

and safe vehicle traffic around the site will be provided by installation of guiding signs.
Moreover, Mill Creek Municipal Code suggests to eschew the gated entrances (Ch. 17,
2016).

2.13.3 Additional Onsite Visual Elements
All building entrances should be visually indicated not only by means of accent lighting. It

is required to mark the primary building entrance with at least four distinguishing
architectural elements (Mill Creek Municipal Code, Ch. 17, 2016). In the design canopies,
distinctive paving in entry, decorative light features, and large scale glass sliding doors. A
canopy should have a minimum depth of 1.8 m and at least 2.4 m above the sidewalk level
(ibid). In addition, ground level of the office building should be visible by passing people
in order to attract attention to possible enterprises located on this floor. Therefore, in the
design the following elements are used to provide distinction: masonry accents, the color
and height of ground level windows differ from other floors.
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3. STRUCTURAL DESIGN LOADS
There are some basic requirements to consider carefully in the designing of structures and

its components in order to meet serviceability criteria, such as strength and stiffness. In
ASCE 7-10 it is indicated that the acceptable strength follows certain procedures like SD,

ASD, or performance-based procedures that are approved by AHJ.

3.1  Material Selection
At the beginning it is required to choose the main structural material, wood, steel and

reinforced concrete are the common materials used for this type of facility. Based on the
IBC fire safety regulations combustible materials, including wood, were not considered in
design due to low fire safety ratings. Consequently, two most common construction
materials for high-rise buildings steel and reinforced concrete were considered. So that,
these materials were compared based on five parameters listed below.
1. Cost

From the Table 3.1.1, it can be seen that the price per ton of structural steel (sections and
beams) in period from June 2015 until May 2016 insignificantly increased, while at the
same period the price of steel rebar had significant decrease. This trend and the fact that
concrete has stable and lower price, results on lower cost of reinforced concrete building
frame. Moreover, such a low growth in price of reinforced concrete in addition with the
fact that it is not required to wait for steel fabrication, since steel rebar is in wide supply,
decreases the possibility of construction delays. Finally, square meter estimation method
for cost estimation applied in the construction management part for three different
construction materials, and Table 5.1.2 shows that the building constructed of reinforced

concrete has the least overall cost.

Table 3.1.1: Structural steel prices in North America, US$/metric ton (Meps.com, 2016)

Month Structural Sections and Beam | Rebar
June-2015 746 623
August-2015 741 604
October-2015 700 563
December-2015 678 526
February-2016 680 520
March-2016 674 514
May-2016 747 568

2. Safety
According to the IBC fire requirements, concrete does not requires additional fireproofing

treatments, while steel needs addition of passive fire protection. Unlike reinforced
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concrete, without this protection steel can soften and fuse under high temperature.
Moreover, concrete may be considered as safer material in case of natural and manmade
disasters (Madsen, 2005).

3. Material availability
Concrete and its mix ingredients are in wide supply and availability in the market. In
contrast, steel structural members are often not available in the nearby locations.
Furthermore, based on statistics it is easier and more efficient to deliver the concrete mix
comparing to heavy steel structural members.

4. Construction Scheduling
In comparison with reinforcement assembling and concrete placement, steel structures
installation requires less time. The reason for this is that steel structures need to brace
members in appropriate position, which demands less time with skilled labor. Whilst
reinforced concrete structures require construction assembling the reinforcement,
formwork erection, concrete placement, and curing for enduring period.

5. Design Possibilities
The fact that steel has the highest strength-to-weight ratio among other construction
materials results on enormously long spans in structures and extremely wide area without
intermediate columns. While concrete allows making various architectural shapes, and
pleasing aesthetic view. Moreover using of cast-in-place reinforced concrete would

provide more rentable area because of shorter floor-to-floor heights (Madsen, 2005).

In order to choose the most relevant material, these five parameters are evaluated and it can
be seen that reinforced concrete frame has more advantages than steel frame. Therefore,
reinforced concrete was preferred, however it is required to develop strong structural
design and bring materials improvements in terms of stability and safety against seismic

forces.

3.1.1 Reinforcement bar sizes
In order to prepare reinforcement detailing for structural members, available reinforcement

bar sizes and properties should be learned. Rebar metric sizes of #8, #10, #13, #16, #19,
#22, #25, #29, #32, #36, # 40, and #43 are available in market. These rebar sizes can be
used for design of longitudinal and transverse reinforcements for slabs, columns, beams
and foundation elements. Moreover, lengths of reinforcement bars are critical for
identifying overlap areas in members. Rebar lengths that are offered by market are 3m, 6m,

9m, and 18m. Some sections of structural members experience more load than other
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regions; therefore, no overlapping should exist on these sections. Taking into account
critical sections of members and available reinforcement lengths, economic design of
reinforcement should be chosen. As for rebar grades, manufactured US grades are 40, 60
and 75. Grade types can be selected for design according to their properties such as yield

strength.

3.2  Load Combinations
Design strength of structures, components, and foundation should be larger than

combination of load factors. The structural design loads are considered for the design of
Sky City in the following combination:

a. 14D

b. 1.2D+ 1.6L + 0.5Lr

c. 1.2D+ 1.6Lr + (Lor 0.5W)

d. 1.2D+1.0W+ L+ 0.5Lr

e. 1.2D+ 1.0E+L

f. 0.9D+1.0W
g. 0.9D+1.0E
3.3 Dead Loads

The structure consists of different parts, the permanent or fixed ones i.e. the weights of the
final structure are classified as dead loads. Dead loads for design purposes are determined
by an actual weight of materials and structures, also by weight of fixed service equipment.
Dead load is uniformly distributed in the direction of long frame and as point loads in the
direction of short span, according to one-way slab loads distribution pattern. In the design
dead loads contain loads came from slabs, ceiling, flooring, glazing, and parapet wall.

For long span dead loads are illustrated in Table 3.3.1. Where the dead load of glazing was
converted into KN per square meter of floor area.

Table 3.3.1: Distributed dead loads by floors

Dead Load Dead Load of | Total Dead Load | Distributed Dead
by Floor Glazing by Floor Load by Floor
Floor (kN/m2) (KN/m2) (KN/m2) (KN/m)
Roof 4,90 0 4,90 14,69
Typical 4,4 0,2 4,65 13,96
First 4,4 0,3 4,71 14,12
Ground 4.4 0,0 4.44
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For short span, dead loads vary from station to station. In other words poind dead load is
equal at both ends of structural unit frame and is different at mid-point, according to one-
way slab loads distribution pattern. Dead loads for shorter span are illustrated in Table
3.3.2.

Table 3.3.2: Point dead loads

Station (m) DL (kN)

Major beam 36,0

Slab 67,5

Flooring 5,4

0 Ceiling 7,0

Glazing 3,9

Glazing 1* floor 4,8

Parapet wall 10,5
Total DL at Typical Floor 119,8
Total DL at First Floor 120,7
Total DL at Roof Level 126,4

Minor beam 15,0

Slab 67,5

Flooring 54

3 Ceiling 7,0

Glazing 3,9

Glazing 1* floor 4.8

Parapet wall 10,5
Total DL at Typical Floor 98,8
Total DL at First Floor 99,7
Total DL at Roof Level 105,4

Major beam 36,0

Slab 67,5

Flooring 54

6 Ceiling 7,0

Glazing 3,9

Glazing 1* floor 4.8

Parapet wall 10,5
Total DL at Typical Floor 119,8
Total DL at First Floor 120,7
Total DL at Roof Level 126,4

3.4  Live Loads
Live loads are associated with the use of the structure, the loads produced during

occupancy. By its nature, live loads are dynamic; therefore, the load reduction is permitted,

as all specified live load cannot be applied simultaneously. Crane loads are included in the
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calculations of the live loads. Among uniform load and the concentrated load, only one

will be applied at a time, the one that produces the greater load effects. By referring to the

commentary Ch. C4, sec.3 (ASCE 7-10) it is possible to obtain the values in addition to the

main loads that are tabulated in Table 3.4.1.

Table 3.4.1: Minimum uniformly distributed and concentrated live loads (Table 4-1, ASCE

7-10)
Occupancy or Use Distributed Live Concentrated Live
Load, kN/m_ Load, kN

Lobbies and First Floor Corridors 4.79 8.9
Offices 2.4 8.9
Corridors above First Floor 3.83 8.9
Handrails and Guardrails 0.73 0.89
Reading Rooms 2.87 4.45
Fixed Ladders with Rungs - 1.33
Rails af Fixed Ladders - 0.445
Roofs: Ordinary Flat Roofs 0.96 -

The design of office building should consider loads caused by partitions, although over the

course of a building's life span the location of interior partitions is likely to change. The

results of load surveys, the interval and recurrence of the peak transient loads are shown in

the Table 3.4.2.

Table 3.4.2: Typical live load statistics (Table C4-2, ASCE 7-10)

Transient Load | Temporal Constants | Mean Max
Occupanc Survey load Load KN/m?
y or Use mg O m; Ot Ts Ve Tr
kN/m2 kN/m2 kN/m2 kN/m2 | years| per year| years
Office 0.52 0.28 0.38 0.39 8 1 50 2.63

In most of the cases the mean of the maximum load is similar to the values of minimum

uniformly distributed live loads listed in the Table 3.2.3 and, in general, is a suitable design

value.

3.5 Wind Loads
Wind loads are calculated for buildings - MWFRS, and other structures - C&C elements.

There is a list of procedures to determine wind loads for MWFRS:

1. Directional procedure of two type for buildings of all heights, for building

appurtenances and other structures;

2. Envelope procedure for low-rise buildings (mean roof height<18 m);
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3. Wind tunnel procedure for all buildings.

General requirements for determining wind loads on MWFRS and C&C are the same. In
order to determine wind loads the following basic parameters are necessary to know: basic
wind speed (V), wind directionality factor (Kg), exposure category, topographic factor
(Ky%), gust effect factor, and enclosure classification. The office building is considered to be
main wind-force resisting system, which can be determined by using a method called a
directional procedure. It implies conversion of wind pressure to the type of load that used

to calculate overall weight of the structure.

Firstly, all parameters are determined in accordance with the design considerations.
Secondly, based on chosen procedure specified set of equations will be used. There are
seven steps to determine MWFRS wind loads. By performing these steps the wind pressure
— P is defined, and it acts on the building surface. Then, the load calculation should be
performed by multiplication of wind pressure by the wall area of the building or roof area
of the building projected onto a vertical plane - normal to the assumed wind direction.
More detailed procedure is described in beforementioned seven steps, which are presented
below:

Step 1. The risk category of building is determined using Table B.1. Sky City’s risk
category is identified as of category II.

Step 2. The basic wind speed can be found using Wind Hazard Map. The Figure B.1 shows
the map of the buildings and structures in Risk Category Il, wind heading from any
horizontal direction is assumed. Typical wind speed at the location of Sky City was
identified to be 110 mph or in Sl units v = 49.17 m/s (see Figure 3.5.1).

Search Results

Query Date: Fn Oct 28 2014 : .:"‘,..
Latitude: 37 7600 ?
Longitude: - 122 4600

ASCE 7.10 Windspeeds Ca Aote spacat "3
(3-sec peak gust in mph’); - - ~..\

Figure 3.5.1. Basic wind speed by location (Wind speed, 2016).

Step 3. Wind load parameters
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The wind directionality factor, Ky is found according to Table 26.6-1(Ch. 26, sec. 6).
Kg is equal to 0.85, as this value corresponds to the structure type called buildings.
Surface roughness is determined to be of class B for urban areas (Ch. 26, sec. 7). As
the mean roof height > 9.1m, exposure area includes the region where surface
roughness B prevails in the upwind direction for a distance greater than 792 m.
Therefore, exposure category is B.

Topographic factor, K, is associated with abrupt changes in the general topography
that might affect wind speed-up effects. The building design and its location imply K,
to be equal 1.0 as not all the specified conditions are met (Ch. 26, sec 8.1).

In order to identify the gust-effect factor, G, it is necessary to identify if the building is
dynamically sensitive or not. In order to determine whether the building is rigid or
flexible, it is required to calculate a fundamental natural frequency, n; (Ch 26, sec
9.2.1). There are two requirements for building height, it should be less than or equal
to 91m OR 4L,f¢. From Eq. 3.5.1 the effective length can be obtained.

_ YR hLiL
Lesr = ﬁ (3.5.1)

In the design of Sky City length remains the same at all levels; therefore, its effective
length is L.sr = 54m. The structural height of the building is h;=50.5 m, which
means the roof height including parapet is within the allowable range. This means that
approximate lower-bound natural frequency should be identified. For concrete
moment-resisting frame buildings:

n, = 43.5/h,*° (3.5.2)
In Eqg. 3.2.2 (Eqg. 26.9-3, ASCE 7-10) approximate natural frequency is calculated as
follows:

_ 43.5 _
50509
Fundamental frequency is less than 1 Hz for the building which is considered as

Ng 1.28

dynamically sensitive or flexible, otherwise it is rigid building. In the case of Sky City
n, = 1.28 > 1; therefore, G=0.85.

Enclosure classification is necessary for determining internal pressure coefficients.
The Sky City is considered as enclosed as rigid wall covers all the sides of the
building. This information is required for calculation of the external pressure

coefficient.
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Step 4. Velocity pressure exposure coefficient is determined for every level and for certain
exposure type and are illustrated in Table 3.5.1. These values are obtained by interpolation

of the numbers given in Table B.2.

Table 3.5.1: Velocity pressure exposure coefficient K, for every level

Level hi, m K,
1 5 0.59
2 9 0.70
3 13 0.77
4 17 0.84
5 21 0.89
6 25 0.93
7 29 0.97
8 33 1.01
9 37 1.04
10 41 1.08
11 45 1.10
12 49 1.13

Roof 50.5 1.14

Step 5. Velocity pressure is calculated by using the Eq. 3.5.3. Values obtained using this
equation are presented in Table 3.5.3.

q, = 0.613K,K, K, v? (3.5.3)
When g, is needed to found, Kj,is used instead of K,,.
Step 6. External pressure coefficient,C,, is different for walls and for roof. The structure is
exposed to the specific wind directions for which external pressure coefficients are pre-
defined. In order to develop the coefficients corresponding to certain wind direction, the
wind tunnel testing should be conducted on the prototypes. Also these results are employed
to find wind pressure by calculations as given in the Table 3.5.2.
Table 3.5.2: External pressure coefficients, C, (Figure 27.4-1, ASCE 7-10)

Surface L/B C, Use with
Windward Wall All values 0.8 q,
Leeward Wall 0-1 -0.5 qn

Step 7. Wind pressure, P, on the building surface is calculated by using Eq. 3.5.4 (eq.
27.4-1, ASCE 7-10).

P = qGC, — q;GCyy (3.5.4)
The second operator is considered for internal pressure, which will be cancelled out when

pressure is found, because of addition of pressures on windward and leeward sides.
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To find total wind pressure, Case 1 is used demonstrated in Figure 3.5.2.

Loy by

= T

Figure 3.5.2. Design wind load cases. Case 1 (Figure 27.4-8, ASCE 7-10).

Full design wind pressure acting on the projected area perpendicular to each principal axis
of the structure is considered separately along each principal axis. Design pressure acting
in the X, y principal axis Pwx, Pwy for windward face and P.x, Py for leeward face. As
shown in Figure 3.5.3, in the direction indicated the design wind pressure equals to the
difference between windward wall wind pressure and leeward wall wind pressure. Wind
pressure is uniformly distributed along leeward walls, whereas wind pressure experienced

by the windward wall is distributed in a non-linear pattern.

""""
)

X 2 2 270

Figure 3.5.3. Assumed wind external pressure distribution (Perry, 2007).

The calculation of constant wind pressure on leeward wall is shown in Table 3.5.3. At first,
using mean roof height, velocity exposure coefficient was found to be K;, = 1.14. Then, it
is used to find velocity pressure, q,=1608.4 N/m?. By using coefficient C, =-0.8 and Eq.
3.5.4, leeward wall wind pressure was found to be P,=-683.6 N/m?. Windward wall wind
pressure was found performing the same steps. Finally, design wind pressure was

estimated as shown in Table 3.5.3.
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Table 3.5.3: Design wind pressure calculation

Level h; K; gz Windward Leeward P (kPa) Frame Wind
(m) wall P (kPa) | wall P (kPa) Load (N/m) | load (kN)

1 5 0.59 | 744 505.68 -612 1117.68 6706.10 40.79
2 9 0.70 | 880 598.15 -612 1210.15 7260.93 14.92
3 13 0.77 | 977 664.42 -612 1276.42 7658.52 15.63
4 17 0.84 | 1055 717.35 -612 1329.35 7976.09 16.22
5 21 0.89 | 1121 761.99 -612 1373.99 8243.94 16.72
6 25 0.93 | 1178 800.91 -612 141291 8477.47 17.16
7 29 0.97 | 1229 835.60 -612 1447.60 8685.63 17.56
8 33 1.01 | 1275 867.03 -612 1479.03 8874.18 17.92
9 37 1.04 | 1317 895.84 -612 1507.84 9047.04 18.25
10 41 1.08 | 1357 922.50 -612 1534.50 9207.02 18.56
11 45 1.10 | 1393 947.37 -612 1559.37 9356.21 18.85
12 49 1.13 | 1428 970.70 -612 1582.70 9496.21 15.00

Roof | 50.5 | 1.14 | 1440 979.10 611.94 3671.63

3.6 Seismic Loads
Chapter 11 in ASCE 7-10 includes the criteria required to follow for the design of

structures experiencing seismic activity. Post-elastic energy dissipation in the building
affects seismic loads. Therefore, in order to avoid collapse due to earthquake, design and
construction criteria should satisfy larger post-elastic response than the total amount of

earthquake loads.

The application of construction methods and materials other than indicated in seismic
construction criteria is possible if it is authorized by jurisdictional representatives. These
methods and materials should have equal or higher qualities such as strength, durability,

and seismic resistance.

Site Coefficients and Risk-Targeted Maximum Considered Earthquake (MCEg) Spectral
Response Acceleration Parameters shall be determined for estimation of seismic loads.

The MCEg spectral response acceleration parameter for short periods can be defined as

follows:
Swis = FaSs (3.6.1)
The MCERr spectral response acceleration parameter at 1 s can be defined as follows:
Swi1=FS1 (3.6.2)

Ss is determined from Figure B.2, and S; is determined from Figure B.3. F, and F, are
determined from Tables B.3 and B.4, respectively. Using the ASCE 7-10 standard, Ss
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found to be equal to 1.5 g, while S; equals to 0.6 g for the selected location with the
coordinate of 37.795°N, 122.397°W.

As it was described before, soil of the selected location is classified as type D. Using the
Tables 1 and 2 for Site Class D, Ss > 1.25 and S; > 0.5, site coefficients, F,and F,, found to
be equal to 1.0 and 1.5 respectively. Consequently, Risk-Targeted Maximum Considered
Earthquake (MCER) Spectral Response Acceleration Parameters for short periods and at
1s:
Swms = 1.0*1.5g = 1.5¢
Sw1 = 1.5*0.69 = 0.99
Design spectral acceleration parameters for short periods and at 1s can be defined as
follows:
Sps = Sws (3.6.3)
Sp1 = §SM1 (3.6.4)
Applying the values for the MCER spectral response acceleration parameters:
Sps = =*1.50 = 1.0g
Sp1 = 2*0.99 = 0.69

Design Response Spectrum:

=

ciral Response Acceleration,Sa (g)

Spe

T T, 10 T,

Period, T (sec)

Figure 3.6.1. Design response spectrum (Figure 11.4-1, ASCE 7-10).

In order to determine design response spectrum, following should be defined:
To =0.2Sp;Sps = 0.2*0.69*1.0g = 0.12 s (3.6.5)
Ts =Sp1Sps = 0.6g*1.0g =0.6 s (3.6.6)
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T_ is defined from the Figure B.4. From the figure given, it can be observed that San

Francisco is in the area with T_ =12 s.

Importance factor is indicated as | and structures need to be ascribed by the factor with the
utilization of Table B.5. According to this table, seismic importance factor for risk
category Il is 1.00. The building needs to be ascribed by seismic design category. For the
structures with risk category of IV and mapped spectral response acceleration at 1 s, S; >
0.75, and seismic design category will be D category. For other structures, seismic design
category is defined by design spectral response acceleration parameters, Sps and Sp;. As
for the design mapped spectral response acceleration value is found to be equal to 0.6,
seismic design category may be defined by using Tables B.6 and B.7. Using the values of
design spectral acceleration parameters, Sps = 1.0 and Sp; = 0.6, seismic design category is
identified to be D.

According to ASCE 7-10, structures with seismic design category D should be investigated
in terms of possible geological and seismic hazards which include following:

e Slope instability

e Liquefaction

e Total and differential settlement

e Surface displacement.
The next step is identifying moment-resisting frame type and it is found by following
Chapter 12, ASCE 7-10. From the Table 12.2-1 (ASCE 7-10), Moment-resisting frame
type is determined by using Sps = 1.0 and Sp; = 0.6 values. It is identified to be special
reinforced concrete moment frame. Other parameters corresponding to the special
reinforced concrete moment frame are response modification coefficient, R = 8,
overstrength factor, Qg = 3 and deflection amplification factor, C2 = 5.5.
In order to determine approximate fundamental period of the building, approximate
fundamental period method is used:

T.=Cihy" (3.6.7)
Structural height of the building from ground level to the top is equals to be h, = 50.5 m.
Whereas approximate period parameters are C;= 0.0466 and x = 0.9 from Table B.8.
T.=0.0466*50.5°° = 1.59s

Upper limit of fundamental period of the structure, T, can be found by the following Eq.
3.2.12:
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Tmax = CyTa

(3.6.8)

Cy is determined from Table B.9. and equals to 1.4. Upper limit of Sky City’s fundamental

period:
Tmax = 1.4*1.59 =2.23 s

It is allowed to use approximate building period for analyses for fundamental period of the

building.

0,8 +

0,4 1

1.59; 0,377

0,2 +

Spectral Response Acceleration, Sa (g)

0 } } } } }
0 0,2 0,4 0,6 0,8 1
Period, T (s)

1,4

Figure 3.6.2. Design response spectrum for Sky City.

Figure 3.6.2 represents design response spectrum of the building. It can be determined by

inputting the fundamental period value and it is equal to 0.377 g representing the

maximum acceleration the building will experience during an earthquake.

The next step is to define seismic response coefficient and it can be found by the following

equation:

__ Sps
Cs =%

~|

Cs must not exceed:

S
Cs=% for T<T_
T

Sp1T;
Cs=—gfor T>T,

I

Seismic response coefficient:

(3.6.9)

(3.6.10)

(3.6.11)

(3.6.12)



0.6
As T > T, Cs must not exceed: Cs = . 23g8 =0.0336g<Cs=0.125¢

1.0

Cs must not be less than:

Cs = 0.044Spsl >0.01 (3.6.13)
Cs=0.044*%1.0%1.0=0.044 > 0.01. Cg =0.125g is higher than 0.044g but it exceeds the
maximum limit found by Eq. 3.6.14. Therefore, the upper limit of seismic response
coefficient of 0.044 g should be used.

0.5 0.5%0.6
Moreover, Cs must not be less than CS = — L= s— = 0.0375¢9 < 0.044 g.

I 1.0

Therefore, seismic response coefficient is Cs = 0.044g.

Next step is calculating seismic base share by applying equivalent lateral force procedure:

V=CsW (3.6.14)
Lateral vertical force can be defined by Eq. 3.6.15:
Fx=CwV (3.6.15)
For this equation C,x is determined by Eq. 3.6.16:
w,hX
Cvx = ——= 3.6.16
Troiwihf ( )
Lateral seismic force at any level:
_ thlpg
F, = Y (o4 (3.6.17)

k=1forT<0.5sand k=2 for T>2.5s, k = 1.525 by linear interpolation.
Following the steps described, seismic loads were obtained and are represented in Table
3.6.1.
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Table 3.6.1: Calculation of seismic loads

For Drift check For Load Calculation
. . Lateral Late rtdl . SI._eEg?;i:I L"?te rtdl
_ Effet.:tlve Exponent Vertical Seismic Seismic Seismic Seismic Force Seismic | Total
Level Height | Weight | Related | Distribution Base Force (Lon Force Base (Lon Force |[Shear of
(m) Portion |Structure | Waxltx Share, V g (Short Share, V 9 (Short | Level,
(kN) | Period, k Factor, Qx| =y | SPA P goam mx | k) | 5P [ span), Bx | v (k)
(kN) kN) Fx (kN)
(kN)
roof 49 175214 1.52 6496317.5 0.181 165.6 108.2 238.1 190.5 238.1
12 45 17330.0 1.52 5645238.4 0.157 143.9 94.0 206.9 165.5 445.0
11 41 17330.0 1.52 4900390.9 0.137 124.9 81.6 179.6 143.7 624.6
10 37 17780.0 1.52 4301293.3 0.120 109.6 717 157.6 126.1 782.2
9 33 18230.0 1.52 3706197.2 0.103 94.5 61.7 135.8 108.7 918.1
8 29 18230.0 1.52 3045315.5 0.085 77.6 50.7 111.6 89.3 1029.7
7 25 18860.0 1.52 2514265.6 0.070 64.1 41.9 92.2 73.7 1121.8
6 21 19490.0 1.52 1993360.2 0.056 50.8 33.2 73.1 58.4 1194.9
5 17 19490.0 1.52 1445755.4 0.040 36.9 24.1 53.0 42.4 1247.9
4 13 20010.0 1.52 987282.8 0.028 25.2 16.4 36.2 28.9 1284.1
3 9 20530.0 1.52 579212.8 0.016 14.8 9.6 21.2 17.0 1305.3
2 5 21020.0 1.52 242698.8 0.007 6.2 4.0 8.9 7.1 1314.2
1 0 13124.4 1.52 0.0 0.000 5973.7 0.0 0.0 10513.6 0.0 0.0 1314.2
Total 35857328.5 1.000

The next step is to calculate drift for the building. According to ASCE 7-10, story drift is
defined as a difference of the top and bottom of a particular story’s deflections at the mass
center. Story drift determination is displayed in Figure B.5. For calculation of drift check,
period value found modal analysis in SAP 2000 should be used as it is higher than 2.23 s.
Period for long span is found to be equal to 2.45 s, whereas, for short span the values is 3 s.
Seismic respond coefficients for long and short spans are determined by Eq. 3.6.14 and
equal to 0.0306 g and 0.025 g respectively. Moreover, for buildings of design category D,
maximum difference of deflections at two levels should be considered.

Deflection at a level x is defined by the following equation:

Cdsyxe
1

The value of Cyis determined from Table 12.2-1(ASCE 7-10 Ch 12, sec 2.1) and it is equal
to 5.5. Calculation of story drift is presented in Tables 3.6.2 and 3.6.3.

Sx = (3.6.18)
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Table 3.6.2: Story drift calculation for long span

Story U1 U2 us R1 R2 Rz |DisPlaem| e | FloOr g ory drif
ent height
mm mm mm Radians | Radians | Radians mm mm mm %

0 0 0 0.00 0 0 0

1 6.51 0 0.23 0 0 0 6.51 35.82 5000 0.7%
2 14.21 0 0.40 0 0 0 7.70 42.34 4000 1.1%
3 22.18 0 0.55 0 0 0 7.97 43.82 4000 1.1%
4 31.19 0 0.71 0 0 0 9.01 49.57 4000 1.2%
5 39.90 0 0.85 0 0 0 8.70 47.87 4000 1.2%
6 48.19 0 0.96 0 0 0 8.29 45.59 4000 1.1%
7 60.31 0 1.12 0 0 0 12.13 66.70 4000 1.7%
8 71.23 0 1.23 0 0 0 10.92 60.05 4000 1.5%
9 80.57 0 1.30 0 0 0 9.34 51.34 4000 1.3%
10 88.13 0 1.35 0 0 0 7.57 41.62 4000 1.0%
11 98.49 0 1.38 0 0 0 10.36 56.97 4000 1.4%
12 104.22 0 1.39 0 0 0 5.73 31.51 4000 0.8%

Table 3.6.3: Story drift calculation for short span

story | U1 U2 us R1 R2 Rz |DisPlaem| e | FIOOT lotory drift
ent height
mm mm mm |Radians| Radians | Radians mm mm mm %

0 0.00 0 0.00 0 0.00 0

1 7.56 0 0.19 0 0.00 0 7.56 41.56 5000 0.8%
2 17.99 0 0.33 0 0.00 0 10.43 57.39 4000 1.4%
3 29.42 0 0.45 0 0.00 0 11.43 62.86 4000 1.6%
4 41.92 0 0.58 0 0.00 0 12.50 68.74 4000 1.7%
5 54.09 0 0.70 0 0.00 0 12.17 66.94 4000 1.7%
6 65.71 0 0.79 0 0.00 0 11.62 63.92 4000 1.6%
7 80.13 0 0.92 0 0.00 0 14.42 79.31 4000 2.0%
8 93.04 0 1.01 0 0.00 0 12.91 71.01 4000 1.8%
9 104.07 0 1.07 0 0.00 0 11.03 60.64 4000 1.5%
10 113.01 0 1.11 0 0.00 0 8.94 49.19 4000 1.2%
11 123.46 0 1.14 0 0.00 0 10.45 57.49 4000 1.4%
12 129.23 0 1.15 0 0.00 0 5.77 31.74 4000 0.8%

According to ASCE 7-10, maximum allowable story drift for building with risk category Il
Is 2% and it can be seen from Table B.10. From the tables of story drift calculation, it is

noticeable that magnitude of story drift does not exceed the allowable limit.
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4. STRUCTURAL ANALYSIS

After defining structural loads it is required to develop structural members’ design and
perform structural analysis using SAP2000 software and verify the software simulation by
hand calculations. It is essential to ensure the safety of structural system, so that applied
loads are safely transmitted to the ground and all limitations for stresses set by ASCE 7-10

are met.

4.1 Preliminary Design of Structural Members

4.1.1 Comparison of Structural Members Design Alternatives

Preliminary design of structural members was performed based on dead, live, and wind
loads combinations applied to the structure by referring to the ASCE 7 and ACI-318 codes.
Calculations were executed six times for different column arrangements, namely 5 m by 5
m, 6 m by 6 m, and 7 m by 7 m, and two types of slabs, one-way and two-way, in order to
define the most suitable and beneficial structural alignment. Consequently, alternatives
were compared based on the total volume of required concrete and steel reinforcement.
Finally, this allowed choosing the most suitable and efficient column distribution pattern

and type of slab. Further structural members design procedure was conducted.

Since, the building shape and length of facades depend on the column distribution, the
dimensions of the building plan listed in Table 4.1.1 were chosen based on the set

limitation of the building plan area to be ~ 2500 m?.

Table 4.1.1: Building plan dimensions and area

Span Plan Length (m) | Plan Width (m) | Plan Area (m°)
5x5 55 40 2200
6Xx6 54 42 2262
X7 49 49 2401

The loads applied to the structure continuously decrease when moving from the lower
levels to the higher ones. Therefore, it was decided to reduce the column size every three
floors. Consequently, dead and live load combinations were calculated four times and for
convenience, columns were divided into four types (see Table 4.1.2):

Table 4.1.2: Types of columns by floor

Type | Corresponding Floors
[ 1% to 3"
T 4" to 6™
1T 7" to 9™
vV 10" to 12"
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First, slab thickness for two types of slabs should be calculated. In one-way slab, the
additional beam will divide the slab span right in the middle, resulting the longer to shorter
span ratio equal to two, which is acceptable. According to Table D.1, one-way one end
continuous slab thickness is equal to 1/24, where | is shorter span length. One-way one-end
continuous slab thicknesses for different column arrangements were calculated and results
are illustrated in Table 4.1.3.

Table 4.1.3: One-way one-end continuous slab thickness

| (mm) Ishort (MM) h (mm) h final (mm)
5000 2500 104 100
6000 3000 125 120
7000 3500 146 140

In two-way nonprestressed slab without drop panels and with steel reinforcement with f,’=
413 MPa, the slab thickness is 1/33, where | is the length of long span. Table 4.1.4 contains

design values of two-way slab thickness.

Table 4.1.4: Two-way without drop panels slab thickness

I (mm) h (mm) h final (mm)
5000 152 150
6000 182 180
7000 212 210

With increasing slab thickness, the dead load of flooring also increases, Table E.4 contains

dead loads of the flooring for varied slab thicknesses.

Detailed calculations are demonstrated only for two types of slabs with 5m by 5 m column
arrangement for Type | column, and all detailed calculations are contained in Appendix E,
Table E.1 and E.2. The found values were not rounded in order to obtain results that are

more precise.

1. One-way one end continuous h = 100 mm slab. Span: 5x5 m. Column Type I.

Step 1. Calculate the dead loads of flooring and ceiling applied on the corresponding type
of column.

The dead loads of flooring (slab is 100 mm thick) in typical floor and ceiling are 2.8 kN/m?
and 0.389 kN/m? respectively. Total dead load from ceiling and flooring is 2.8 + 0.389 =
3.189 kN/m?, and multiplied by the weight of 12 floors (for Type I column) is equal to
38.268 kN/m®.
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Step 2. Calculate the dead load of exterior glass panels applied on the corresponding type
of column.

The dead load of exterior walls, namely glass panels, is 0.632 kN/m?. The area of glazing,
perimeter of the structure [(55 + 40) x 2 = 190 m] times height of 11 floors (for Type |
column), is equal 190 x 44 = 8360 m?. Therefore, the total dead load of glazing is 0.632 x
8360 = 5284 kN. It is required to transfer this value to the load per floor square area: 5284
/(55 x 40) = 2.402 kN/m?.

Step 3. Define the total dead load applied to the corresponding column type.
Sum flooring, ceiling, exterior walls, and roof (0.173 kN/m?) dead loads: 38.208 + 2.402 +
0.173 = 40.783 kN/m*.

Step 4. Define the total live load of the roof and of the typical floors for the corresponding
type of column.

The live load was calculated to be 13.56 kN/m?, resulting 149.16 kN/m? load for 11 typical
floors. Live load of the roof is 0.96 kN/m?.

Step 5. Define the total load applied to one column depending on the column type.
Tributary area of one column in this case is 25 m?, therefore, the total load applied to the

Type | column is:
Ny=(1.2D + 1.6L + 0.5 L) X Ay = (1.2x40.783+ 1.6x149.16 + 0.5x0.96) x 25 = 7202 kN

Step 6. Define the column dimensions.

From the code:

N, = 0.85 x (ﬁ x A, + 2 x Ast> 4.1.1)
Ve ¥s

fe is 40 MPa, fy is 413 MPa, y. and ys for flexural and axial loads they are equal 1.5 and
1.15 correspondingly, and compression factor 1 is equal to 1. According to the code Ag =
0.01Ag, by substituting this equality to the Equation X the value of column cross-sectional

area Aq can be found:

1x40x 103 413 x 103

7202 = 0.85 X ( e X 0994, + —— X 0.01Ag>

Agcol = 0.282 m?, if a square column is considered the column dimensions are to be 531

mm by 531 mm.

Step 7. Define the major beam dimensions.
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Assume the economic beam depth to be approximately 8 — 10 % of span. In this case it is
between 400 — 500 mm, choosing depth to be 500 mm, the typical beam width to height
ratio is 40-60 % of depth, meaning 200 — 300 mm, chose width to be 300 mm, and cross-

sectional area Ag, majorb = 0.3 X 0.5 = 0.15 m?,

Step 8. Define the minor beam dimensions.

From the code, beam’s depth shall meet the deflection limits (see Table D.16). The design
does not contain cantilever beam, therefore the most conservative case is simply supported
beam design, which has depth 1/16, meaning 5000/16 = 313 mm, and the width is 0.6 x 313
=188 mm. Finally, the cross-sectional area Ag, minorb = 0.188 x 0.313 = 0.06 m>.

Step 9. Calculate the total number of structural members in one floor.
For 5 m span, assume the plan area to be 55 m x 40 m = 2200 m?. Consequently, there are

55/5+ 1 = 12 columns in one direction and 40/5 + 1 = 9 columns in the second direction,
and in total 12 x 9 = 108 columns. The number of major beams is ?(45—0 + 1) + ? (? + 1) =

195 major beams. The number of minor beams equals to the number of slabs, meaning

55 40 .
~ X — = 88 minor beams.

Step 10. Calculate the volume of concrete and steel mass required.

In this detailed calculation, the volume of concrete and steel reinforcement is found only
for the first three floors where Type | columns are located, since starting from the 4™ floor
Type Il column with different dimensions are used. In order to define the total volume of
materials, it is required to multiply the volume of single member by its units’ quantity. The
volume of steel is equivalent to 1 % of the volume of concrete; all calculations are shown
in Table 4.1.5.

Table 4.1.5: Total Volume of concrete and steel required

2. Two-way h = 150 mm slab. Span: 5x5 m. Column Type I.

The same steps shall be repeated except Step 8, since two-way slab design does not include

the minor beam.

4.4

A;(m?) | horl (m) | Nperfloor | V.(m°%
Column (Type 1) 0,283 4 108 366.77
Major Beam 0,15 5 195 438.75
Minor Beam 0,06 5 88 79.20
Slab 2200 0,1 3 660
V. | 1544.72
Vg | 15.45




Step 1. The total 12 floors’ dead loads of flooring (slab is 150 mm thick) and ceiling are:
(3.54+ 0.384) x 12 = 47.088 kN/m?.

Step 2. The same procedure is repeated; the dead load is equal to 2.354 kN/m?.
Step 3. The total dead loads: 47.088 + 2.354 + 0.173 = 49.615 kN/m?.

Step 4. The live load of the roof and corresponding typical floors was calculated to be
13.56 kN/m?, resulting 149.16 kN/m? load for 11 typical floors. Live load of the roof is
0.96 kN/m?,

Step 5. Tributary area of one column is 25 m?, therefore, the total load applied to the first
floor column Type 1 is:
Ny=(1.2D + 1.6L + 0.5 L) X Air = (1.2x47.088+1.6x149.16+0.5x0.96) x 25 =7467 kN

Step 6. From the Eq. 3.5.1 the value of column cross-sectional area Ag is:

1x40x 103 413 x 103

7467 = 0.85 x ( T X 09945+ — = X 0.01Ag>

Ag,col = 0.300 m?, if a square column is considered the Type I column dimensions are to be
548 mm by 548 mm.

Step 7. The beam depth is 0.1 x 5000 = 500 mm, and its width is 0.6 x 500 = 300 mm. And

Step 8. Skip this step for two-way slab.

Step 9. Plan area 2200m?, consequently the number of columns is 108. The number of

beams is 195.

Step 10. The required volumes of concrete and steel reinforcement for the first three floors
are illustrated in Table 4.1.6.

Table 4.1.6: Total volume of concrete and steel required

Aq (M) horl (m) | Nperfloor | V. (m°
Column (Type 1) 0,293 4 108 126,58
Major Beam 0,15 5 195 146,25
Slab 2200 0,15 3 990
V¢ 1262,83
V¢t 12,63
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All calculations of total concrete and steel reinforcement volumes required for specified
structural members design alternatives were performed and can be found in Tables E.1 and
E.2. Based on these calculations, 5 m by 5 m span with one-way slab requires the lowest
amount of construction materials, namely 6499 m® of concrete and 65 m® of reinforcement
steel. The next most beneficial design based on material consumption is 6 m by 6 m span
with one-way slab; it requires 7087 m® of concrete and 71 m® of steel. It can be seen that
the volumes of concrete and steel distinct only by 588 m® and 6 m® respectively. By
deciding between these alternatives, it is needed to juxtapose the facility’s uses with cost.
Wider span is beneficial for the office building, allowing more open space, especially on
the first floor where a number of commercial and public facilities are planned to be
located. On the other hand, expenditures on the construction materials increase. However,
this increase does not significantly influence on the financial scope of the project.
Therefore, it was decided to give a priority to the facility occupational purpose rather than
cost advantage. Finally, 6 m by 6 m span and one-way slab design was chosen.

4.1.2 Preliminary Dimensions of Structural Members

Based on the calculations described in the previous section of this document, the software
input dimensions of structural members were calculated. Detailed calculations are
contained in Table E.3 in Appendix E. Table 4.1.7 illustrates the structural members’
dimensions as input values for software simulation.

Table 4.1.7: The structural members’ dimensions as input values for software simulation

Width (m) | Length (m) | Height (m) Number

1* floor Columns 0,7 0,7 5 80
Type | Columns 0,7 0,7 4 160
Type Il Columns 0,6 0,6 4 240
Type 111 Columns 0,45 0,45 4 240
Type IV Columns 0,3 0,3 4 240
Major Beam 0,4 6 0,6 426
Minor Beam 0,25 6 0,4 189
Slab 42 54 0,15 13

This exact structural members’ dimensions were used as input values for SAP2000

software simulation in further analysis.

4.2 Software Analysis

4.2.1 The Choice of Software

In the design, the monolithic building frame was adopted, which is the most common type

of industrial frame used in multistory buildings. The frame consists of rigid beam and
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column joints, thus this type of structures can sustain shear, axial forces and bending
moment. The structure remains in the elastic range of material behavior for all loading
cases. Structural analysis involves an evaluation of the external reactions, the deformed

shape and internal stresses in the structure.

Based on the conditions of equilibrium, structures are classified to be either statically
determinate or statically indeterminate. If by using only the static equilibrium equations, all
unknown forces can be found, this kind of structure called as statically determinate. In
designing various structures, it is noted that the majority of structures are indeterminate in
nature. A form of the designed structure itself might be the reason of indeterminacy.
Structure indeterminacy can be external - when the number of reaction forces is more than
the number of equilibrium equations; internal - where the member forces cannot be
determined based only on statics; or both (Kharagpur, 2016). Furthermore, indeterminate

structures are called so because of an addition of extra supports and members.

With the increase of the number of members in a structure, degree of indeterminacy
increases causing the inclusion of computation of deflections and simultaneous equations
(Blandford, 2008). These methods differentiate as follows: slope-deflection method, direct
stiffness method, and moment distribution method. However, the results of approximate
analysis used in preliminary design of indeterminate structures should be verified by using
more exact methods of analysis. Based on engineering judgment on the response of the
structure, statically indeterminacy is solved by adding equations providing an independent
relationship between the unknown reactions and/or internal forces.  Introduced
deformation and/or force distribution assumptions should maintain stable equilibrium of
the structure. The number of added equations into a statically indeterminate structure is
equal to the degree of indeterminacy. In any approximate analysis, the number of
assumptions should be consistent with stable equilibrium (ibid).

The use of computer programs facilitates the analysis. There are several types of soft