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Abstract

This report presents the structural design of a six-story reinforced concrete residential
building located in Nablus, Palestine, developed in two successive phases: a
gravity-load-only design followed by a full seismic redesign. Although the study was not
initiated as a comparison between gravity-only and seismic design methodologies, the
dual-phase development offers an opportunity to reflect on key observations, particularly

regarding the influence of early design decisions on later seismic performance.

The structure, with a footprint of approximately 30 x 20 meters and moderate spans not
exceeding 6 meters, was modeled using ETABS. Gravity design considered typical floor
loads of 4 kN/m? superimposed dead and 3 kN/m? live, with 12 kN/m? live loads at the roof
and ground floors, in addition to lateral earth and water pressures reaching up to 10 kN/m? in
the basement. The structural system comprised solid two-way slabs at all levels, reinforced
concrete columns (ranging from 120x40 cm at lower stories to 30x30 cm at upper ones), and
20 cm thick perimeter boundary walls — all contributing to vertical load resistance and
transferring loads to isolated and strip footings. Basement retaining walls, 30 cm thick, were
designed to withstand lateral soil and water loads. All elements were designed according to

ACI 318-19, using load combinations and parameters from ASCE 7-16.

In the second phase, a full seismic assessment and design were conducted using the same
model, modified to incorporate seismic definitions and structural refinements based on
engineering judgment. The lateral force-resisting system was classified as a bearing wall
system consisting of special reinforced concrete shear walls. Seismic analysis was carried out
using both equivalent static and response spectrum procedures. Checks for irregularities,
story drift, and P-Delta effects (found negligible) were conducted, followed by seismic design
of structural members in compliance with ACI 318-19 Chapter 18. The final design reflected

the combined demands of gravity and seismic actions.

While not intended as a comparative study, the project highlighted how certain early
gravity-based decisions — particularly the adoption of solid slabs and perimeter reinforced
concrete walls — may later contribute positively to seismic performance. These boundary
walls, though often overlooked in gravity-only designs, offered notable lateral resistance
without interfering with spatial or architectural functionality. Such findings are especially

relevant to low- to mid-rise residential buildings common in Palestinian urban settings.
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PART 1

GRAVITY
LOAD DESIGN



CHAPTER 1: INTRODUCTION

1.1 General

This project is concerned with the analysis and design of a multi-storied concrete-framed
building intended for residential accommodation for An-Najah National University students,
situated near the new university campus. This reinforced concrete structure is designed to
resist both gravity and seismic loads simultaneously. However, the project is divided into two
parts: the first part, covered in Chapters 1, 2, and 3, focuses solely on gravity loads, while the
second part, presented in Chapters 4, 5, and 6, builds upon the initial design to address
seismic considerations, making any necessary modifications. This approach allows for a
comparison between standard designs and seismic designs, highlighting the differences and

adaptations required for each.

The chapter at hand introduces the general aspects of the project, providing a concise
overview that includes the building’s location, site elevation, and a description of its layout,

along with the specific functions assigned to each floor.

The chapter then details the materials employed in both structural and non-structural
elements, accompanied by their key characteristics relevant to the design, including

mechanical properties, unit weights, and other essential parameters.

With regard to the design, the chapter specifies the fundamental information necessary for the
design process. This includes the key design principles, the use of three-dimensional
modeling and the selected software, in addition to modeling of supports, partitions, and tie
beams. The discussion further covers the application of the design methods, each suited to its
respective purpose. Additionally, relevant codes and standards for structural design are
reviewed. The types of loads considered—along with their type and magnitude—are outlined,
followed by an enumeration of the load combinations employed in the design process.
Finally, the geotechnical investigation and its integration into the overall design approach are

addressed to develop a design that aligns with the site's specific conditions.

1.2 Project description

The building is located near An-Najah University, specifically in the northern sector of the

new university campus (32°13'45"N 35°13'35"E). Figure 1.1 shows the location of the
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project. The structure consists of multiple levels, including a basement, a ground floor, five

upper floors, a roof, and a top roof.

The design reflects careful consideration of both functionality and aesthetic appeal, aiming to
offer a high-quality living environment that complements the surrounding campus

infrastructure.

The total built-up area of the project encompasses 13,067.61 m? as shown in Figure 1.1,
while the site area covers 2,142.66 m?. This allocation ensures optimal use of the available

land, allowing for a well-balanced design that meets both functional and spatial requirements.
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Figure 1.1: Site location and area

1.2.1 Project elevation

The elevation of the project site is 550m above sea level as shown in Figure 1.2 adapted
from Google Earth. This elevation data provides a crucial understanding of the site’s
topography and will play a key role in the overall design and structural considerations of the

building.
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Figure 1.2: Site elevation
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1.2.2 Floor details

Each floor features a unique description with varying areas, as detailed in Table 1.1. All floor
areas are calculated approximately, the elevation of each floor is specified, along with a

description of its intended use.

Table 1.1: Floor details

Floors Area (m?) Level (m) Description

Fire fighting water tank, Domestic water tank, Pump room,

Basement 123 -3.35
Staircase-02, Lift 1, Lift 2.

Generator room, Disabled toilet, TEL. Room, CCTV Room,
LV Room, Guard Room, Transformer RM, H.V Room,
Staircase-01, Garbage Room, Entrance lobby, lift lobby,

Ground floor 463 0.6

corridor, Staircase-02, pump room access, retail-01, retail-02,
lift-01, lift-02, garbage room, Reception desk, FHR,W.M

cabinet.

8.55 Lift-01, Lift-02, Staircase-01, Staircase-02, Corridor,
Typical floors Telephone room, Electric room, garbage room,Bedroom (#5),

567 12.1
Floor (1 to 5) Master bedroom(#4), living room (#4), balcony (#4), kitchen

15.65 (#4), bathroom (#12), FHR, store (#1).
19.2
Floors Area (m?) Level (m) Description

Lift-01, Lift-02, Staircase-01, Staircase-02, Tele room,
Garbage room, GSM room, Chiller-01, Chiller-02, Ladder,
Roof 567 22.75 Water tank, LPG tank, Electric room, MCC room,

Chilled water pump room

Top roof 185 26.2
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1.2.3 Wall Specifications

The exterior walls of the building are composed of layers arranged from outside to inside as
follows: 50 mm stone, 50 mm concrete, a steel mesh, 200 mm reinforced concrete, 30 mm
foam, 100mm block wall, and 20mm plastering layer.This design enhances durability and
structural integrity, ensuring durability and structural integrity around the structure. For the
interior walls, 10 mm concrete blocks are used, with an additional 20 mm layer of plaster

applied to each side, providing smooth finishes and improved insulation.

1.2.4 Main plans

The main plans of the project can be viewed in Appendix A. All plans and other drawings

are included in appendices.

1.3 Analysis and design principles

The supports in the structure were considered as fixed supports to represent the foundations.
External walls were included in the modeling as reinforced concrete bearing walls, while
internal partitions were not modeled but their weight was incorporated into the calculation of
superimposed dead loads. Additionally, tie beams between the foundations were adopted and
designed using the ultimate design method. Computer applications (SAP 2000 & ETABS)
were employed for structural modeling, where slabs and walls were represented as area

elements and beams and columns as line elements.

1.4 Codes and standards

Codes give specific requirements for materials, structural analysis, reinforcement details, etc.
These requirements work as a limitation for structural design to guarantee various aspects
such as integrity of structure, avoiding sudden collapse, and other contexts. In general, many
codes are used in design; however, the American Concrete Institute (ACI) code has long been
a leader and widespread in many regions of the world, same was for Palestine. This code and

other codes and standards illustrated below:
e ACI 318-19, (American Concrete Institute).

e ACI 350-20, (American Concrete Institute).
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e ASCE 7-16, (American Society of Civil Engineers): Minimum Design Loads
for Buildings and Other Structures.

e ASTM, (American Society for Testing and Materials).
e Jordanian Code for Loads and Forces 2006.

The analysis and design of reinforced concrete sections (structural elements) is based on ACI
318-19 code. ASCE 7-16 is used for determination of loads such as live load, lateral load
(soil, hydrostatic pressure, and seismic load later on); however, snow load, specifically, is
based on the Jordanian Code rather than ASCE 7-16 for more realistic condition and result as
it i1s a local code. Load combinations are also connected with ASCE 7-16. For materials
specifications, ASTM governs concrete materials and reinforcing steel characteristics in

detail.

1.5 Materials

Materials of structural and non-structural elements included in this project are discussed

below.
1.5.1 Materials of structural element

All structural members are made of reinforced concrete due to its ability to resist both tension
and compression forces that would be applied simultaneously on a section. Reinforced

concrete consists of’

e Reinforcing steel: grade-60 steel, ASTM A615 and ASTM A706. Table 1.2 shows

reinforcing steel properties.

e Concrete: normal weight concrete (cement in mixture: Type 1 portland cement). Table

1.3 shows concrete properties.
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Table 1.2: Reinforcing steel properties

Reinforcing steel bar Value
Steel grade Grade 60
Yield strength, f, 420 MPa
Modulus of elasticity, E 200 Gpa
Ultimate strength, f, 620 MPa

Table 1.3: Concrete properties

Concrete Value
Unit weight , 7y, 25 KN/m?
Poisson's ratio , v 0.2
Compressive strength, f, 28
Modulus of elasticity, E. 4700(Vf,) = 24870 MPa
Modulus of rupture, f, 0.62(Vfc) = 3.28 MPa

1.5.2 Materials of non-structural elements

In any structure, some parts of it aren’t structurally valuable but essential for many reasons
related to architecture and utilization. These parts usually have an ignorable weight and create
loads that should be taken into consideration for design. Table 1.4 illustrates materials of

non-structural elements with their purpose and expected loads.
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Table 1.4: Materials of non-structural elements

Material

order to enhance thermal insulation.

Description Thickness / Notes Unit Weight (KN/m?)!
Durable material for floors and walls,
Tile in general moisture-resistant and versatile in 10 mm thick / Ceramic tiles 26
design.
Fill under tiles Crushed stone sand (fine aggregate) 120 mm thick 18
Mixture of cement, sand, and water | thickness: 20 mm under tiles
Cement mortar 23
used to bind bricks, tiles, and blocks. [ and 10 mm between blocks
; 30 mm / used for stairs tiling
Granite tiles Natural stone valued for its elegance 26
and durability.. works
Steel handrail Handrail is erected along stair length 900 mm height 0.36 KN/m
for safety
50 mm/ Matabeh (composition:
Used in construction and landscaping, i i
M tone imestone, crystalline). covers 26
asonry s ; :
valued for their aesthetic appeal and the outer face of the exterior
versatility in enhancing design wall
A mix of Portland cement, aggregates,
Concrete blocks and water, used for interior partitions 100 mm for interior walls 15
for sound insulation and for thermal
insulation in exterior walls.
Mix of water, sand, and cement or
Plastering layer gypsum used to create a smooth finish 20 mm each side 23
on walls and ceilings
Gypsum Soft mineral used for plastering and 13.7
drywall
Aluminum Lightweight, corrosion-resistant metal 27
for windows, doors, and cladding
Compacted fill Compressed soil or aggregate providing 18
a stable base for construction
Bitumen Rolls Flexible sheets for waterproofing roofs 4 mm 035
and foundations.
Flat layer of concrete applied to floors,
Concrete screed | ,:6viding a smooth and level surface 196 sloping 23
for flooring materials.
Used between the external wall and the
Spray foam internal concrete block wall beside in 30 mm 0.3

! The unit weights of nonstructural materials were adapted based on the minimum values specified in ASCE
7-16, Table C3.1-1, ensuring consistency with code-prescribed loading assumptions.
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1.6 Loads

1.6.1 Gravity loads

Dead load: self weight of structural elements.

Superimposed dead load: (SD) KN/m?, values of superimposed dead load are

mentioned in Table 1.5.

Live load: The weight of people, furniture and moving equipment, which can vary

over time. Values of live load are mentioned in Table 1.6.

Exterior wall load=8 kN/m>.

Table 1.5: Superimposed Dead Load

Number of floor Name SD (kN/m?)?

1 Basement 3.5
2 Ground floor 4

3 First Floor 3.5
4 Second Floor 3.5
5 Third Floor 3.5
6 Fourth Floor 3.5
7 Roof 3.5

2 The superimposed dead load was calculated manually on a per-square-meter basis, using the unit weights listed
in Table 1.4.

29



Table 1.6: Live Load

Building Type Load (kN/m?)?
Ground Floor (retail commercial units) 5
Ground Floor ( H.V, L.V, Generators) 12
Residential (Private rooms and their corridors) 2
Residential (public rooms and their corridors) 5
Stairs and Exit ways 5
Garages 3
Roof 5
Roof (side of water tanks and chillers) 12
Basement (contain pumps rooms and water tanks) 12

Live load values varied across the ground floor, with some areas having values of 5kN/m?
and others at 12 kN/m?. Both values were incorporated into the analysis and design, each
applied according to its specific area. The roof was divided into two zones: one with a 12
kN/m? load for the chiller and water tank areas, and the other with a 5 kN/m? load for
remaining sections. For residential floors, a uniform live load of 3 kN/m? was selected, as

typical values ranged between 2 kN/m? and 5 kN/m?.

1.6.2 Snow load

Snow loads were included in the calculations based on the equation shown in Figure 1.3
from the Jordanian Code for Loads and Forces (2006), which depends on the elevation

above sea level.
o H= 550 m above mean sea level.
e (H-400)/320= (550-400)/320= 0.5 KN\m?

e Snow load= 0.5 KN/m?

? The live load was determined based on the minimum values specified in ASCE 7-16, Table 4.3-1, ensuring
alignment with code-prescribed occupancy-based loading requirements.
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Figure 1.3: Table 3-5, Jordanian Code for Loads and Forces (2006)

According to ASCE 7-16, Standards recommend a minimum value of snow load for
low-slope roofs depending on risk categories which, in turn, depends on use of structure and

occupancy.

Regarding the risk category, Table 1.5-1 in ASCE 7-16 standards, Risk Category of
Buildings and Other Structures for Flood, Wind, Tornado, Snow, Earthquake, and Ice Loads,
risk category II is suitable for residential structures as shown in Figure 1.4. And referring to

Table 7.3-4 (from ASCE 7-16), as shown in Figure 1.5.

Snow load will be considered as the minimum value (from ASCE 7-16).

Table 1.5-1. Risk Category of Buildings and Other Structures for Flood, Wind, Tornado, Snow, Earthquake, and Ice Loads.

Use or Occupancy of Bulldings and Structures Risk Category

Buildings and other structures that represent low risk to human life in the event of failure I
All buildings and other structures except those listed in Risk Categories I, 111, and IV Il
Buildings and other structures, the failure of which could pose a substantial risk to human life il
Buildings and other structures not included in Risk Category IV, with potential 1o cause a substantial economic impact and/or mass

disruption of day-to-day civilian life in the event of failure
Buildings and other structures not included in Risk Category IV (including, but not limited to, facilities that manufacture, process,

handle, store, use, or dispose of such substances as hazardous fuels, hazardous chemicals, hazardous waste, or explosives)

containing toxic or explosive substances where the quantity of the material exceeds a threshold quantity established by the

Authonty Having Jurisdiction and is sufficient to pose a threat to the public if released*
Buildings and other structures designated as Essential Facilities v
Buildings and other structures, the failure of which could pose a substantial hazard to the community
Buildings and other structures (including, but not limited to, facilities that manufacture, process, handle, store, use, or dispose of such

substances as hazardous fuels, hazardous chemicals, or hazardous waste) containing sufficient quantities of highly toxic substances

where the quantity of the material exceeds a threshold quantity established by the Authority Having Jurisdiction and is sufficient to

pose a threat to the public if released®
Buildings and other structures required to maintain the functionality of other Risk Category IV structures

*Buildings and other structures containing toxic, highly toxic. or explosive substances shall be eligible for classification to a lower risk category if it can be
demonstrated to the satisfaction of the Authority Having Jurisdiction by a hazard assessment as described in Section 1.5.3 that a release of the substances is
commensurate with the risk associated with that risk category.

Figure 1.4: Risk Category of Buildings and Other Structures for Flood, Wind, Tornado, Snow,
Earthquake, and Ice Loads (ASCE 7-16 Table 1.5-1)
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Table 7.3-4. Minimum Snow Loads for Low-Slope Roofs.

Risk Category P, i

I 25 Ib/ft> (1.20 kKN/m?)
11 30 Ib/ft® (1.44 kN/m?)
11 35 Ib/fi® (1.68 kN/m?)
v 40 1b/ft® (1.92 kN/m?)

Figure 1.5: Minimum snow loads for Low-Slope roofs (ASCE 7-16 Table 7.3-4)

1.6.3 Lateral loads
1. Soil load:
Lateral Load of soil =h * p ., * k.
2. water load:

Lateral Load of water =h * p,,.

Where: h is the height (distance from water top surface to point of interest) (m). Vi

and yp,, are the unit weights of soil and water respectively (kN/m?).

These loads take place on the retaining walls in the basement (soil pressure) and on the
walls of the water tank (fluid pressure). The topic of seismic load and wind load will be

studied and addressed in Graduation Project II.

1.7 Load combinations

As mentioned earlier, the Ultimate Design Method was considered for the design, referring to

the following load combinations sourced from Section 2.3.1 of ASCE 7-16:

1.7.1 Symbols
1. D= Dead load
2. L =Live load
3. L,=Rooflive load
4. S = Snow load

5. R =Rain load
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6.

W = Wind load

1.7.2 Basic load combinations for strength design

The following load combinations are the basic combinations for strength design. They were

sourced from section 2.3.1, Chapter 2, ASCE 7-16.

1.

2.

1.4D
12D + 1.6L

1.2D + 1.6L + 0.5(L, OR S OR R)

12D + 1.6(L, OR S OR R) + (L OR 0.5W)
12D + 1.0W + L + 0.5(L, OR S OR R)

09D + 1.0OW

1.7.3 Basic load combinations for allowable stress design

The following load combinations are the basic combinations for allowable stress design.

They were sourced from section 2.4.1, Chapter 2, ASCE 7-16.

1.

2.

D.

D+ L.

D + (L, or 0.7 S or R).

D+ 0.75L + 0.75 (L,or 0.7 S or R).

D + 0.6(W or Wy).

D +0.75L + 0.75 (0.6(W or Wy)) +0.75L + 0.75 (L,or 0.7 S or R).

0.6D + 0.6(W or Wo).

1.7.4 Basic combinations with seismic load effects.

Seismic load combinations were sourced from the same standard, Section 2.3.6, and can be
summarized as follows:

1.

2.

1.2D+E, +E, + L+ 0.2S

0.9D - E, +E,
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Where E, and E, are defined in Section 12.4.2 or 12.14.3.1 of the code:

E,=pQg (12.4-3)
E,=(0.2Sp)D  (12.4-4a)
Where:

e Qg = effects of horizontal seismic forces from V or F, (where required by Section
12.5.3 or 12.5.4, such effects shall result from application of horizontal forces
simultaneously in two directions at right angles to each other)
p = redundancy factor, as defined in Section 12.3.4 of ASCE 7-16
Sps = design spectral response acceleration parameter at short periods obtained from
Section 11.4.5 of ASCE 7-16

e D = effect of dead load

1.8 Geotechnical investigation

Geotechnical investigation is the major process for determining soil mechanical properties,
through which a designer selects the most appropriate type of footings that withstand loads of
the structure. No soil tests were made for the land of interest, that is, the land that the building
is established on. However, credibility has been given to geotechnical data that pertains to a
nearby land, 200 meters far away, Figure 1.6 exhibits the exact location of the site with
coordinates. Referring to Hijjawi Construction Labs, and after performing a borehole test for
three soil samples, a geotechnical investigation report for this land was obtained. The main
characteristic that is required in the design of the foundation phase is the soil allowable
bearing capacity. The soil internal friction angle (@) in lateral load calculation for retaining
walls, in addition to unit weight. All of these characteristics are presented and discussed
below. Other details are given in the attached file (geotechnical investigation report),

including a description of test works, assumptions, and recommendations.
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Figure 1.6: Nearby site location and coordinates

Calculations of the ultimate bearing capacity are based on Terzaghi equation:
quit=C Ne + Y, DNy + 0.5 1 BNy (Terzaghi equation)
Results of this test are as follows:
e Soil internal friction angle(@)=20.. See Figure 1.7.
e Allowable bearing capacity=250 kN/m? (factor of safety=3). See Figure 1.8.
e Unit weight Ys=18 kN/m’. See Figure 1.8.

The coefficient of the soil lateral pressure (k) is crucial for soil pressure calculations in the
retaining walls in the basement, it can be determined using the equation below, where the

wall deflects away from soil and active behavior is considered.

K 1—sin @
- 1+sin@
For angle @ equals 20°, K=0.49, where:

1—sin 20

1+sin 20 =049

K active= 0.49.
1-sin20= 0.66.
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K static= 0.66.

Borehole Depth Passing PI Cohesion Angle of internal
No. (m) 200 (KN/m2) friction ¢ (°)

0.0-7.0 28 3 11 22
1 7.0-10.0 37 8
10.0-14.0 33 6

0.0-6.5 30 4 11 21
2 6.5-7.5 38 7
7.5-9.0 34 5

0.0-6.0 32 4 12 20
3 6.0-7.0 34 6
7.0-9.0 40 9

Figure 1.7: Angle of internal friction for the three samples

BEARING CAPACITY OF SHALLOW FOUNDATIONS
Terzaghi Method
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Figure 1.8: Bearing capacity calculation
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CHAPTER 2: PRELIMINARY DIMENSIONS

2.1 General

This chapter presents the preliminary dimensions of the project structural elements, including
the slab, beams, columns, and walls. All dimensions were determined according to the
specifications outlined in ACI 318-19 (American Concrete Institute). These preliminary

dimensions must be verified and could be adjusted based on further checks in Chapter 3.

2.2 Lateral and gravity forces resisting systems

Dimensions and sections were determined assuming the structure is subjected only to gravity
loads. Lateral load design will be addressed in Part II of the Project. The gravity load
resisting system is composed of perimeter bearing walls, interior walls at staircases and

elevators, and few interior columns.

2.3 Slabs structural systems

The structural slab for this project is a solid slab, which is commonly used in residential,
commercial, and social buildings. This type of slab offers enhanced strength, greater
durability, sound insulation, and improved fire resistance. Furthermore, the solid slab was
chosen primarily for its ability to withstand seismic forces, making it an ideal choice for
earthquake resistance. Solid slabs provide better performance in resisting seismic loads

compared to other types of slabs. So it is better to be used in design.

The structural slab is a two-way solid slab, which ensures the structure's durability by
effectively distributing loads to the supporting beams and columns. The slab's preliminary

thickness is discussed in Section 2.4.

2.4 Preliminary slab thickness and loads

As mentioned in Section 2.3, the slab structural system is a two-way solid slab. The slab
thickness is determined in Figure 2.1, based on the longest span in a typical floor plan, which

measures 8.45 meters.
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Table 8.3.1.1—Minimum thickness of nonprestressed two-way slabs without interior beams (mm)!!l

Without drop panels”! With drop panels?!
Exterior panels Exterior panels
fw MPa | Without edge beams | (With edge beams| |  Interior panels Without edge beams | With edge beams¥l |  Interior panels
280 £,/33 (,/36 £,/36 £/36 {,/40 {,/40
420 £,30 £,/33 (/33 /33 £,/36 £,/36
550 £,27 £,/30 £,/30 £/30 £,/33 £,/33

CIDrop panels as given in 8.2.4.
UISlabs with beams between columns along exterior edges. Exterior panels shall be considered to be without edge beams if o/ is less than 0.8.

['I¢, is the clear span in the long direction, measured face-to-face of supports (mm).

(IFor f, between the values given in the table, minimum thickness shall be calculated by linear interpolation.

Ln= 8.45m.

Figure 2.1: Minimum thickness of two way slab*

Preliminary thickness=8.45/33= 0.25 m, so the preliminary thickness is 250mm.

2.5 Preliminary dimensions of beams: continuous beams and frames

Beams were placed along the exterior walls of the building, eliminating the need for interior

beams. The longest span on a typical floor is shown in Figure 2.2, measuring 8.45 meters.

The beam depth is determined based on Figure 2.3.

e © ® ® @
4405 0 4 8445 9 4400
—®
- ®
— J L ‘ J . — ®
4180 | 2513,37 |3187.95 | 418618 | 38125 ‘ 357344 | 367656 | a150 4150
® o ® ® @ @ ®

Figure 2.2: Typical floor plan

4 Adapted from ACI 318-19, Table 8.3.1.1 — Minimum Thickness of Nonprestressed Two-Way Slabs Without

Interior Beams.
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Support condition Minimum A"l
Simply supported {16
One end continuous £/18.5
Both ends continuous £/21
Cantilever /8
UExpressions applicable for normalweight concrete and £, = 420 MPa. For other
cases, minimum /A shall be modified in accordance with 9.3.1.1.1 through 9.3.1.1.3,
as a p|‘|n1-p|'i.'||11.'..

Figure 2.3: Minimum depth of beam’

Based on the information in the Figure 2.3, minimum depth h is equal to L/18.5.
h (depth)=L/18.5.
h (depth)= 8.45/18.5= 0.456 m. Take h (depth)= 0.5 m =500 mm.

Beam width b= 300 mm.

2.6 Preliminary dimensions of columns: tributary area computations

Exterior columns were used mainly for structural integrity, as beams with a 300 mm width
are essential for adequate development length, whereas the 200 mm wall thickness alone
could not support this requirement.Thus, these beams were supported by columns with
dimensions of 300 mm x 500 mm for enhanced stability and integrity. Some of these
columns (in the lower part of each floor) were 500 mm x 500 mm for architectural purposes

in the ground floor, see Figure 2.4.

Interior columns were sized using the tributary area method to account for load distribution
across each floor. Some interior columns were adjusted with a factor to increase their size,
especially for columns subject to unbalanced moments due to irregular load distribution,
particularly those on upper floors where axial load decreases, making moments more
impactful. These columns were designed to reduce in size on higher floors to match the
reduced load. Table 2.1 illustrates the preliminary dimensions and tributary areas of the
interior columns across floors, with more details available in the attached Excel sheet for this

report. Figure 2.4 shows gridlines and interior columns locations.

5 Adapted from ACI 318-19, Table 9.3.1.1 — Minimum Depth of Nonprestressed Beams.

39



Table 2.1: Preliminary dimensions of the interior columns

Floors Column Suggested Suggested Width(m) Tributary Area (m2)
Length(m)
G7 0.3 0.3 15.5
N11 0.3 0.3 24
Gll 0.3 0.3 28
Fifth Floor NI15 0.3 0.3 28
N21 0.3 0.3 36
G23 0.3 0.3 28.5
G27 0.3 0.3 18
G7 0.3 0.6 15.5
Fourth N11 0.3 0.6 24
Third G11 0.3 0.6 28
second NI15 0.3 0.6 28
Floors N21 0.3 0.6 36
G23 0.3 0.6 28.5
G27 0.3 0.6 18
G7 0.3 0.8 15.5
N11 0.3 0.8 24
Gl1 0.3 0.8 28
Ground and First
N15 0.3 0.8 28
Floors
N21 0.3 0.8 36
G23 0.3 0.8 28.5
G27 0.3 0.8 18
N21 0.3 0.8 36
Basement Floor G23 0.3 0.8 28.5
G27 0.3 0.8 18
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Figure 2.4: Gridlines and interior columns locations

2.7 Preliminary dimensions of walls

Walls in this project will function as bearing walls to handle structural loads. Bearing walls
are used in the basement, staircase, and elevator areas. The wall thickness (h) will be

determined based on Figure 2.5.

Table 11.3.1.1—Minimum wall thickness #
Wall type Minimum thickness /i
100 mm (a)
Bearing!!l | Greater of: | 125 the lesser of unsupported length (b)
and unsupported height
100 mm (c)
Nonbearing | Greater of: | 1/30 the lesser of unsupported length
. (d)
and unsupported height
Exterior
basement
190
and mm (e)
foundation!)
MOnly applies to walls designed in accordance with the simplified design method of
11.5.3.

Figure 2.5: Minimum thickness h and wall type.(ACI 318-19 Table 11.3.1.1)

According to Figure 2.5, the wall thickness h is determined as 1/25 of the lesser value
between the unsupported length and unsupported height, so the exterior basement is
measured to have a thickness of 190mm, (standardization of numbers). Therefore, a thickness
of 300 mm for the interior walls of the elevator, stairwell, and walls of the basement. The

perimeter wall of other floors is a bearing wall of 200 mm thickness.
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CHAPTER 3: THREE-DIMENSIONAL ANALYSIS AND
DESIGN

3.1 General

This chapter presents the analysis and design process conducted using ETABS software. It
begins by outlining the modeling procedure, followed by verification of the preliminary
member dimensions introduced in Chapter 2. Where necessary, adjustments were made based
on analysis results. Key structural checks were then carried out, leading to the final design of

all members, which are detailed in this chapter.

3.2 Structural modeling of the building

3.2.1 Units

The units used for designing the structure and interpreting the results from ETABS are
illustrated in Figure 3.1. These units include meters (m) for length, Kilo Newtons (kN) for

force, and degrees Celsius (°C) for temperature.

E Consistent Units X
m
Force Unit kN
Temperature Unit C
| oK || Cancel

Figure 3.1: Consistent unit

3.2.2 Gridlines

The grid lines utilized in the ETABS model were determined based on column spacing, the
interior walls of the elevator and stairwell, the basement layout, and the exterior walls.
Table 3.1 presents the distances between a grid line and another in both the X and Y
directions. The elevations of each story were established from the floor finish level to the
next floor finish level between stories. These elevations are detailed in Table 3.2, which

illustrates the elevation of each level. The grid lines in X and Y axes are shown in Figure 3.2.
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Table 3.1: Grid lines ordinates

Grid ID X ordinate (m) Grid ID X ordinate (m) Grid ID Y ordinate (m)
A 0 (0] 23.8234 1 0
B 1.35 P 24.5 2 0.55
C 2.65 Q 27.5 3 4.75
D 5.5 R 29.3 4 5.45
E 6.899 S 30.65 5 6.6
F 9.063 T 33.55 6 7.7
G 10.4 U 34.85 7 7.862
H 12.401 v 36.2 8 8.75
I 14.755 w 39.205 9 9
J 15.95 - - 10 10.75
K 16.4375 - - 11 11.35
L 18.1 - - 12 13.101
M 20.25 - - 13 17
N 23.15 - - 14 18.1

Table 3.2: Stories elevations
Story Elevation (m)

Story9 (roof) 29.65
Story8 (5th) 26.2
Story7 (4th) 22.65
Story6 (3rd) 19.1
Story5 (2nd) 15.55

Story4 (1st) 12
Story3 (Ground Floor) 8.45
Story2 (Basement) 4.05

Story1 1

Base 0
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> X

Figure 3.2: Grid lines in X and Y axes

3.2.3 Materials
The materials used in the design modeling are as following:

e Concrete material property is shown in Figure 3.3, and the compressive strength used

1s 28 MPa.

e Rebar steel material property is shown in Figure 3.4, and the yielding strength of the
tendon is 420 MPa and the Ultimate strength is 620 MPa with a Grade 60.
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E Material Property Data

General Data
Material Name
Material Type
Directional Symmetry Type
Material Display Color
Material Notes

Material Weight and Mass
© Specify Weight Densiy
‘Weight per Unit Volume
Mass per Unit Volume

Mechanical Property Data
Modulus of Basticity, E

Poisson's Ratio, U

Coefficient of Thermal Expansion. A

Shear Modulus, G

Design Property Data

FC-28 MPA
Concrete v
Isotropic ~
- Change...
Modify/Show Notes...

@) Specify Mass Density

25 kN/m?
254329 kg/m?
24870 MPa
0.2

0.00001 1c
‘ 10362.5 MPa

[ Mody/Show Material Property Design Data... |

Advanced Matenal Property Data
Nonlinear Material Data... Material Damping Properties. ..
Time Dependent Properties...

Madulus of Rupture for Cracked Deflections
© Program Default (Based on Concrete Slab Design Code)

(O User Specified

Figure 3.3: Concrete material property

E Material Property Data

General Data
Material Name steel 60
Material Type Rebar bl
Drrectional Symmetry Type Uniaial
Material Display Color - Change..
Material Notes Modify/Show Notes...

Material Weight and Mass
© Specify Weight Density

© Specify Mass Densiy

Weight per Unit Volume 76.9822 kN/m*

Mass per Unit Volume 7850 kg/m?
Mechanical Property Data

Modulus of Hasticity, E 200000 MPa

Coefficient of Thermal Expansion, A 0.0000117 1C
Design Property Data

Modify/Show Material Property Design Data...

Advanced Material Property Data
Nonlinear Material Data... Material Damping Properties...

OK Cancel

Figure 3.4: Rebar material property
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3.2.4 Frame properties

The frame properties for beams and columns in the model include material specifications,

section shapes, and dimensions. Beam properties are shown in Figure 3.5, while column

dimensions and their respective frame properties are detailed in Figure 3.6. Columns oriented

in opposite directions were defined with the same properties for consistency in the model.

Properties of slabs and walls were also defined in the model. Slab properties are shown in

Figure 3.7. Wall properties were defined for two thicknesses: 200 mm, as shown in Figure

3.8. These definitions ensure accurate material behavior and load transfer in the structural

analysis.

E Frame Section Property Data

General Data
Property Name
Material
Netional Size Data
Display Color

Notes

Shape
Section Shape

Section Property Source

Source: User Defined

Section Dimensions
Depth
Width

() Include Automatic Rigid Zone Area Over Column

Modify/Show Notional Size.
Change.

Modify/Show Notes...

Concrete Rectangular

500

300

mm

mm

2
3
4

Property Modffiers

Modify/Show Modifiers..
Curently User Specified

Reinforcement

Modify/Show Rebar..

0K

Cancel

Figure 3.5: Beam frame section properties
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‘ E Frame Section Property Data

General Data

Property Name

Material FC-28 MPA v 2

Notional Size Data Moiy/Show Notional Size... “a °

Display Color | | Change... 083 a3
| Notes Modify/Show Notes... L
| Shape

Section Shape Concrete Rectangular v

Section Property Source

Source: User Defined Property Modifiers
| S . Modify/Show Modifiers...
| Section Dimensions S by User Spectied
| Depth 300 mm
| Reinforcement
| ‘Width 500 mm
| Modify/Show Rebar...
|
|
i
i

0K
Show Section Properties... Cancel

[ Include Automatic Rigid Zone Area Over Column

Figure 3.6: Column 300*500 frame section properties

3 Slab Property Data

General Data
Property Name 5280
Slab Material FC-28 MPA v
Notional Size Data Modify/Show Notional Size...
Modeling Type Shel-Thin v
Modifiers (Currently User Specified) Modify/Show...
Display Color - Change...
Property Notes Modify/Show ...

Property Data
Type Slab bl
Thickness 280 mm

OK Cancel

Figure 3.7: Slab section properties
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E Wall Property Data

General Data
Property Name wall200mm
Property Type Spechied
Wall Material FC-28 MPA
Notional Size Data Modify/Show Notional Size...
Modeling Type Shel-Thin
Modiffiers (Cumrently User Specified) Modify/Show...
Display Color - Change..
Property Notes Modify/Show ...
Property Data
Thickness 200 mm

Include Automatic Rigid Zone Area Over Wall
OK Cancel

Figure 3.8: Wall section properties

3.2.5 Section modifiers

Section modifiers were applied in the ETABS model to adjust the stiffness properties of

structural elements such as beams, columns, slabs, and walls. These modifiers account for

material behavior under various loading conditions and ensure realistic simulation results by

incorporating factors such as cracking, shrinkage, and creep. Applying section modifiers

allows for more accurate analysis and design of the structural system.

Modifiers for each section were applied as follows:

Beams: Modifier values are shown in Figure 3.9.
Columns: Modifier values are shown in Figure 3.10.
Slabs: Modifier factors are shown in Figure 3.11.

Walls: Modifier details are shown in Figure 3.12.

These figures highlight the stiffness adjustment factors used in the ETABS model for each

structural element.
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E Property/Stiffness Modification Factors

Property/Stiffness Modffiers for Analysis
Cross-section (axial) Area
Shear Area in 2 direction
Shear Area in 3 direction
Torsional Constant
Moment of Inertia about 2 axis
Moment of Inertia about 3 axis
Mass

Weight

OK

0.1
0.35

0.35

Cancel

Figure 3.9: Beam section modifiers

E Property/Stiffness Maodification Factors

Property/Stiffness Modifiers for Analysis
Cross-section (axial) Area
Shear Area in 2 direction
Shear Area in 3 direction
Torsional Constant
Moment of Inertia about 2 axis
Moment of Inertia about 3 axis
Mass

Weight

OK

0.1
0.7

0.7

Cancel

Figure 3.10: Column section modifiers
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E Property/Stiffness Modification Factors

Property/Stiffness Modifiers for Analysis
Membrane f11 Direction

Membrane f22 Direction
Membrane f12 Direction
Bending m11 Direction
Bending m22 Direction
Bending m12 Direction
Shear v13 Direction
Shear v23 Direction

Mass

Weight

OK

0.25
0.25

0.25

Cancel

Figure 3.11: Slab section modifiers

E Property/Stiffness Modification Factors

Property/Stiffness Modifiers for Analysis
Membrane 11 Direction

Membrane {22 Direction
Membrane 12 Direction
Bending m11 Direction
Bending m22 Direction
Bending m12 Direction
Shear v13 Direction
Shear v23 Direction

Mass
Weight

0K

Figure 3.12: Wall section modifiers

b7
0.7
0.7
0.7
0.7

0.7

Cancel
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3.2.6 Load patterns

The loads introduced into the ETABS model replicated the actual loads expected to act on the
structure in real-life scenarios. These included gravity, live, superimposed, wind, snow, rain,
and live roof, as defined in the project parameters. Figure 3.13 presents the types of the loads

as they were implemented in the modeling process.

Loads Click To:
Self Weight Auto
Multiplier Lateral Load Add New Load
Modiy Load
]
g odify Lateral Load...
1] )
1]
0 Delete Load
1]
0 None
1]
o Cancl

Figure 3.13: Load patterns

3.2.7 Load combinations

The load combination section introduces the various load combinations applied in the
structural model. These combinations are crucial to ensure the structure's safety under normal
and extreme conditions, reducing the risk of failure due to unexpected forces. By
incorporating these combinations, the ETABS model checks the structural design against all
possible scenarios to meet safety standards. Figure 3.14 shows the load combinations, The

load combinations were derived based on the guidelines in ASCE 7-16.
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I3 Load combinations X

Combinations Click to:
Add New Combo .
1.2D+1.6L(sad)
1.2D+1 6L (water)
12D+1 6L+0.5Ls Add Copy of Combo...
1.20+1.6Lr+L
 2Dran Modify/Show Combo...
1.4D{sod)
1.4D{wates) Delete Combo
D
D+0.75L+0.75Lr
o Add Defautt Design Combos...
Convert Combos to Nonlinear Cases...

OK Cancel

Figure 3.14: Load combinations

3.2.8 Loads assignments

The loads were assigned as outlined in Tables 1.5 and Table 1.6 presented in chapter 1. The
superimposed dead load was applied to each slab on all floors, following the values specified
in Table 1.5. The live load, however, varied across different panels and floors. As mentioned
before, a uniform live load of 3 kN/m? was selected for residential floors for simplicity where
typical values ranged between 2 kN/m? and 5 kN/m? Other live load values were applied
following the values specified in Table 1.6 that was presented earlier. Assigned load for

various floors is shown in Figures 3.15 to 3.18.
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[3 slab Information X

Object ID
Story Label Unique Name
Story1 F7075 50744
Object Data

Geometry Assignments Loads

Load Pattem: Live

Uniform 12 kN/m*
Load Pattem: SD

Uniform 3.5 kN/m®

v {v ¢

Uniform
Shell uniform load.

0K Cancel

Figure 3.15: Assigned load at basement slab

E Slab Information -

Object ID
Story Label Unique Name
Story2 F11 46690
Object Data

Geometry Assignments Loads

“~ Load Pattem: Live

> Uniform 12 kN/m?
v Load Pattemn: SD

> Uniform 4 kNim?

Figure 3.16: Assigned load at ground floor
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E Slab Information -

Object 1D
Story Label Unique Name
Story3 F2675 5546
Object Data

Geometry Assignments

¥ Load Pattem: Live

Uniform 3 kNim?
¥ Load Pattem: SD
Uniform 3.5 kNim?

Figure 3.17: Assigned load at typical floors

B Slab Information

Object ID
Story Label Unigque Name

Story8 F1594 23503

Object Data

Geometry Assignments Loads

¥ Load Pattem: Live
> Uniform 5 kN/m?
v Load Pattemn: SD

Uniform 3.5 kNim®
“ Load Paltemn: Snow

Uniform 1.5 kNim*

Figure 3.18: Assigned load at Roof floor

3.2.9 Springs

Springs were defined in ETABS to represent the soil's interaction with the foundation,

ensuring the foundation's behavior closely mimics real-life conditions. Figure 3.19 illustrates

the spring definition. As shown, the allowable bearing capacity was set to 250 kN/m?,

corresponding to the soil's capacity.
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H Area Spring Property Data X

General Data
Property Name Sod
Display Color - Change...
Property Notes Modify/Show Notes...

Spring Stiffness Options
© User Specified Stiffiness and Nonlinearity

O Link Property (Link local axes are same as Area local axes)

Spring Constants / Unit Area

Local 1 Direction 25000 kN/m/m?
Local 2 Direction 25000 kN/m/m?
Local 3 Direction (Linear) 25000 kN/m/m?

Nonlinear Option for Local 3 Direction
© None (Linear) () Compression Only ") Tension Only
OK Cancel

Figure 3.19: Area spring property data

3.2.10 Supports

Fixed supports were chosen to enhance the stability of the structure and to represent the
foundation system accurately. These supports ensure the structure can resist rotations and
displacements effectively under various loads, Figure 3.20 shows joint assignment as fixed
support. The fixed supports were used in the preliminary representation of the structural

model before.

Joint Assignment - Restraints

Restraints in Global Directions
@ Translation X B Rotation about X
@ Translation Y B Rotation about Y

@ Translation Z @ Rotation about Z

Fast Restraints
1 .
L A &
OK Close Apply

Figure 3.20: Assigned joint as fixed support

The fixed supports were used in the preliminary representation of the structural model before

modeling the footing.
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3.2.11 Codes

The primary code utilized for the structural modeling is ACI 318-19, which provides
comprehensive guidelines for the design and construction of reinforced concrete structures.
This standard ensures that all aspects of the structural system, including safety, durability, and
performance under various loading conditions, comply with internationally recognized

principles and practices, Figure 3.21 shows codes used in modeling.

ﬂ Madel Initialization X

Initialization Options
(O Use Saved User Default Settings 0
'.:_' Use Settings from a Model File... o

© Use Built-in Settings With:

Display Units Metric SI ; o

Region for Default Materials United States 4 o

Steel Section Database AISC14

Steel Design Code AISC 360-16 v 0

Concrete Design Code ACI 318-19 v €
0K Cancel

Figure 3.21: Selected codes for modeling

3.3 Evaluation of the preliminary design

3.3.1 Evaluation of the structural members

The model check indicated that some columns in both the ground floor and basement were
overstressed, necessitating an adjustment in their dimensions. Figures 3.22 and 3.23 illustrate
the overstressed columns identified in the analysis. The slab thickness was adjusted to ensure
that the punching shear force was adequately resisted on each story while optimizing the
design for greater economic efficiency. The revised thickness values are detailed in Table 3.3.
Meanwhile, the remaining parts of the building model showed satisfactory results within the
allowable stress limits, large enough to withstand the applied loads and small enough to
ensure an economical design. No modifications have been made to the dimensions of those
parts. And finally, the modeled structural elements were enough for a good structural system;

no additional elements were added.
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Figure 3.22: Basement over-stressed columns

0]

Iy

® - - - - 0

Figure 3.23: Ground Floor over stressed columns

3.3.2 Developed dimensions

Using the trial-and-error principle, the new dimensions for the over stressed columns were

determined to meet structural requirements. The updated dimensions are summarized in

Table 3.3. This approach ensured that the columns could adequately resist the applied loads

without exceeding allowable stress limits.
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Table 3.3: Adjusted columns dimensions

Floor Grid location Previous dimension Adjusted dimension (mm)
N11 800*300 1200*400
Basement P4 800*300 1000*300
S4 800*300 1000*300
Gl1 800*300 1000*300
I 800*300 1200*300
S4 800*300 1000*300
N11 800*300 1200*300
Ground floor
C13 300*500 300*700
El13 300*500 300*600
T13 300*500 300*600
D4 800*300 1000*300

Table 3.4: Adjusted slab thickness

Floors Previous thickness Adjusted thickness
Ground, 1st, 2nd, 3rd, 4th, S5th 250 mm 220 mm
Roof 250 mm 280 mm

3.4 Verification of structural analysis

Software results strongly depend on modeling. Modeling mistakes lead to unrealistic results
that do not simulate the real case. For this reason, checks are included in the report to ensure
that the results are trustworthy. Compatibility check, gravity and soil loads, in addition to

internal forces check are all discussed in this section.

3.4.1 Compatibility of the structure

The compatibility of the structure must be thoroughly checked to ensure its overall stability

and to confirm the accuracy of the load calculations. This involves verifying that the loads
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determined through the ETABS model are consistent with the loads calculated manually,
ensuring that both methods align. Figure 3.24 shows that all parts work together and

elements are compatible with each other.
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Figure 3.24: Compatibility checks

3.4.2 Gravity loads

Gravity loads are verified to ensure structural stability. Dead load, live load, superimposed
dead load, and snow load are included in the analysis with a maximum allowable difference
margin of 5% for each load. It is important to note that the gravity load check was applied

without considering the footing. Figure 3.25 shows the load values extracted from ETABS.
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E Base Reactions - m] X
File Edit Format-Filter-Sort Select  Options
Units: As Noted Hidden Columns: No Sort: None Base Reactions
Fiter: None
Output Case Case Type FX FY FZ MX MY MZ X Y
kN kN kN KN-m kN-m kN-m m m
b Dead LinStatic ] 0 42885.8621 369318.4379 | -798928.1794 0 0 0
Live LinStatic 0 0 13106.4639 113279.203 | -248614.7765 0 0 0
sD LinStatic ] 0 18065.2058 159921.3753 | -332438.7584 0 0 0
Snow LinStatic 0 0 885.887 7592.9368 -16034.0563 0 0 0
RLive LinStatic ] 0 0 0 0 0 0 0
Rian LinStatic 0 0 0 0 0 0 0 0
Wind LinStatic 0 0 0 0 0 0 0 0
SoIL LinStatic -5.0334 0 0 0 -5.2793 28.3254 0 0
WATER LinStatic 0.2938 1.4569 0 -1.5275 0.3081 31.0273 0 0

Figure 3.25: Gravity loads from ETABS

3.4.2.1 Check equilibrium for dead loads

A dead load equilibrium check was performed before modeling the foundations in ETABS.

Table 3.5 presents the calculated dead load values used for the equilibrium test.

Table 3.5: Calculated dead loads

Element Dimensions Dead load (kN)
Beams 300*500 2244975
Slabs thickness = 220 mm 21022.70153
Column 1 500*300 714.5625
Column 2 800*300 281.1
Column 3 300*300 55.9125
Column 4 300*600 335.475
Column 5 300*700 46.2
Column 6 300*1000 111.75
Column 7 300*1200 39.6
Column 8 1200*400 36.6
Column 9 500*500 1107.5
Wall 1 thickness = 200 mm 7439.130475
Wall 2 thickness = 300 mm 10754.15144
Total 44189.65844
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As shown in Table 3.5 The total calculated Dead Load value is 44189.65844 kN (hand

calculated).

Dead Load from Etabs=42885.86 kN.

Calculated Dead load= 44189.65 kN.

%difference = (Dead Load from Etabs- Calculate Dead load)/Calculate Dead load*100%.

%difference = (42885.86-44189.658)/44189.658*100% =2.95% <5% v'.

3.4.2.2 Check equilibrium for superimposed

Table 3.6 presents the calculated superimposed dead load values used for the equilibrium

test.
Table 3.6: Calculated superimposed dead loads
Floor Area(m?) SD(KN/m?) |Wall 300(KN)[Wall 200(KN)| Beam(KN) Slab(KN)
Ground 105.27 4 97.5612 584.96196 62.04 421.08
First 569.24535 35 80.640948 773.276 49.05 1992.358725
Second 542.0266 35 80.640948 773.276 49.05 1897.0931
Third 542.0266 3.5 80.640948 773.276 49.05 1897.0931
Fourth 542.0266 3.5 80.640948 773.276 49.05 1897.0931
Fifth 542.0266 3.5 80.640948 773.276 49.05 1897.0931
Roof 558.5416 3.5 81.113 0 0 1954.8956
Staircase 208.351872 35 0 0 0 729.231552
Summation 581.87894 4451.34196 307.29 12685.93828 18026.45

As shown in Table 3.6, the total calculated Superimposed Dead Load value is 18026.45 kN.
Superimposed Dead Load from Etabs=18065.02KN.
Calculated Superimposed Dead Load= 18026.45kN.

%difference = (S.D Load from Etabs- Calculate S.D Load)/Calculate S.D Load*100%.
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%difference = (18065.02- 18026.45)/ 18026.45*100% = 0.2% < 5% ¢/

3.4.2.3 Check equilibrium for live loads

Table 3.7 presents the calculated live load values used for the equilibrium test.

Table 3.7: Calculated live loads

Floor Area (m?) Live load (kN/m?) (kN)
Ground 105.27 12 1263.24
First 569.24535 3 1707.73605
Second 542.0266 3 1626.0798
Third 542.0266 3 1626.0798
Fourth 542.0266 3 1626.0798
Fifth 542.0266 3 1626.0798
Roof 558.5416 5 2792.708
Staircase 208.351872 5 1041.75936
Summation 13309.76261

As shown in Table 3.7 the total calculated live load value is 13309.76261 kN.

Live Load from Etabs= 13106.5432 kN.
Calculated Live Load load= 13309.76261 kN.
%difference = (Live Load from Etabs- Calculate Live Load)/Calculate Live Load*100%.

%difference = (13106.5432-13309.76261)/13309.7626*100% = 1.526% < 5% v'.

3.4.2.4 Check equilibrium for snow loads

Table 3.8 presents the calculated snow load values used for the equilibrium test.

Table 3.8: Calculated snow load

Floor Area (m?) Snow load (kN/m?) Snow load (kN)

Roof 558.5416 1.5 837.8124
Top rood 32.053 1.5 48.0795

Total 885.8919
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As shown in Table 3.8 The total calculated snow load value is 885.8919 kN.

Snow load from Etabs= 885.887 kN.

Calculated snow load= 885.8919 kN.

%difference = (snow load from Etabs- Calculate snow load)/Calculate snow load*100%.

%difference = (885.887- 885.8919)/885.8919*100% = 0% <5% v'.

3.4.3 Soil loads

Check equilibrium:

The force that was taken into consideration is shown in Table 3.9.

Table 3.9: Force taken into consideration
Loads Dead load Super dead load Live load

Value(kN/m?) 2.5 4 12

The coefficient of the soil lateral pressure (k)=0.66
Ys=18 kN/m’

calculations :

ql= W*K= 18.5%0.66= 12.21kN/m?

q2=Ys*h*k+(w*k)= 18*3.05*0.66+(12.21)= 48.44kN/m*

final equation (q)=-11.88Z+36.55

3.4.4 Verification of internal forces

This section aims to verify whether the software analysis aligns with the expected behavior or
if errors were made during modeling. Internal forces are manually calculated and compared

with the software results.

The manual calculation methods used are approximate and intended to identify potential
errors rather than provide precise verification. Due to the complexity of accurate analysis,

software is required for detailed assessments, so minor differences are expected. Additionally,

63



some methods, such as the Direct Design Method, have limitations. In this case, certain
conditions, like the panel dimensions and span ratios in slabs, are not fully met, leading to an
accepted difference of up to 30% in some areas after applying the method to the most

representative part of the structure.

3.4.4.1 Beams

Bending moment and shear forces in beams are almost equal to zero. This expectation is true
for those beams which are supported by bearing walls, and this is confirmed by software
analysis. However, there are three beams in the ground floor that are supported by columns at
their edges rather than a wall along their full length, thus, internal forces are expected to be

higher in these beams and show necessity to be checked.

Bending moments and shear forces in beams are generally close to zero, which is true for
beams supported by bearing walls, as confirmed by the software analysis. However, three
beams on the ground floor are supported by columns at their edges, rather than being fully
supported along their length by walls. As a result, higher internal forces are expected, and

these beams require additional checks.
Bending moment check for column-supported beams:

The beams support a solid slab that is 220mm thick, resulting in a dead load of 5.5 kN/m?.
The slab is subjected to a live load of 3.0 kN/m? and a superimposed dead load of 3.5 kN/m?.
Based on these values, the ultimate load q,, in accordance with the ASCE 7-16 ultimate load

combinations, is calculated as:
qu= 1.2D+1.6L
1.2x(5.5+3.5) + 1.6 x (3) = 15.6 KN/m?

For this load combination, the bending moment M3-3 and shear 2—2 were obtained from
ETABS, as shown in Figures 3.26-3.29. Focusing on the column-supported beam along grid
line W (between grid lines 10 and 13), the beam is assumed to carry half the slab load in the
X direction, following one-way slab behavior. By multiplying q,, by half of the slab’s span in

the X direction, the equivalent distributed load w on the beam is calculated as:
w =(5.65/2) x 15.6 =44.07 KN/m

In a single-span reinforced concrete beam with monolithic beam-column connections, partial

fixity at the supports reduces the midspan positive moment and introduces negative moments
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near the supports, compared to a simply supported beam. A fully fixed beam experiences
negative moments of -wl*/12 and a reduced midspan moment of +wl%*24, while the partially
restrained beam behavior lies between these extremes, depending on the support stiffness and
span. Shear force diagrams for such beams are similar to those of simply supported beams,

but maximum shear is slightly reduced due to the moment resistance at the connections

(Hibbeler, 2015, Chapter 6).
Fully fixed supports:
Myppore = -WI?/12=44.07 x 5.55 x 5.55/12=113.122 KN.m
Miidgspan = TWI%/24 = 44.07 x 5.55 x 5.55 /24 = 56.561 KN.m
Simply supported:
Miigspan = TWI?/8 = 44.07 x 5.55 x 5.55 /8 = 169.683 KN.m
Viupport = WI/2 = (44.07 x 5.55) / 2 = 122.294 KN
ETABS results (partial fixity + two-way slab action):
e Midspan moment: Mu = 58 kN.m
e Support shear: Vu=78 kN

These values lie between the fixed-end and simply-supported extremes and are considered
acceptable. The differences arise from the actual rotational restraint at the beam-column

connections and the one-way slab load transfer assumption.

In conclusion, the internal forces of beams shown by software match the expected values.
Figures 3.26 and 3.27 show the bending moment (M3-3) for the beams at the ground floor
and typical floors, respectively, while Figures 3.28 and 3.29 illustrate the corresponding

shear force (Shear 2-2) for the same floors.
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Figure 3.26: Bending moment M3-3 in beams at the ground

floor
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Figure 3.27: Bending moment M3-3 in beams at typical floors
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Figure 3.29: Shear 2-2 values in beams at typical floors

3.4.4.2 Columns

Axial loads of the internal columns can be calculated approximately using the Tributary
Area Method where the axial load on a column equals the tributary area for the column (m?)
multiplied by ultimate load per square meter (kN/m?). Hand calculations for axial loads of the
internal columns in the second floor are illustrated in Table 3.10 compared with the axial

load results (from ETABS) for the same columns in the same floor.
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External columns are expected to carry low axial load compared with internal columns. In
this structure, external columns are located between bearing walls, this means an even lower
axial load. Figure 3.30 shows the axial loads of all columns in the second floor and the

difference is noticeable and clear as expected.

Table 3.10: Axial loads in story5 (Second floor)

Column Axial load KN(ETABS) Axial load kN(calculated) Difference %
D4 1100 1083.75 -1.499423299
Gl1 1659 1656.65 -0.141852534
G4 1656 1926.25 14.02985075
J11 1711 1926.25 11.17456197
N1l 2148 2465.45 12.87594557
P4 1760 1959.95 10.20179086
S4 1097 1252.25 12.39768417
1 ?8% -360 IBE? -484 ISéQ- -462. 7”;9- -466 421-7- -379 SEiﬁ- o 970“
-1659_01!,‘15' -1719_34_72. -ZMI
-1099 m -IGSG_Q_E_EI -ﬂﬁ,ﬂ_l_ﬁjﬂl -1097 l]_ﬁﬂzl
S8 6Ty | 4207 -576.69 -600.98 541432 555,59, ey
—>X i. -562 435! 3' Ri -i li -514 34;’ -401 569’

Figure 3.30: Axial load in story 5 from ETABS
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3.5 Deflection computations

To perform the displacement check, the highest deflection value on each floor was identified,

and the most critical panel was selected for detailed evaluation. Figure 3.31 illustrates the

panel exhibiting the maximum recorded deflection.
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Figure 3.31: Panel with largest deflection

The deflection from point 1 to 9 is shown in Table 3.11 below.

Note: that the points are arranged in a horizontal sequence

Table 3.11: Deflection from point 1 to 9

Point 1 2 3 4 5 6 7 8 9
Deflection
28.87 30.3 25.2 29.8 35.6 243 24.2 334 16.7
(mm)

Table 3.12 shows the average deflection of the panel at level z=22.65m.
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Table 3.12: Average deflection

Line 1,23 4,5,6 7,89 1,4,7 2,58 3,6,9
Average
3.265 8.55 12.95 3.265 3.75 3.35
deflection(mm)
Allowable
7712.5\240 7712.5\240 7712.5\240 5650/240 5650/240 5650/240
deflection(mm)
=32.15 =32.16 =32.15 =23.54 =23.54 =23.54
Acceptable or
Acceptable Acceptable Acceptable Acceptable Acceptable Acceptable
not
Calculation:

Average deflection of line 1-2-3= 30.3 — (25.2+28.87)/2=3.265mm less than
allowable 32.15mm (so ok).

Average deflection of line 4-5-6= 35.6 — (24.3+29.8)/2 =8.55mm less than allowable
32.15mm (so ok).

Average deflection of line 7-8-9= 33.4— (16.7+24.2)/2=12.952mm less than allowable
32.15mm (so ok).

Average deflection of line 1-4-7= 29.8 — (24.24+28.87)/2=3.265mm less than
allowable 23.54 mm (so ok).

Average deflection of line 2-5-8= 35.6 — (30.3+33.4)/2=3.75 mm less than
allowable 23.54 mm (so ok).

Average deflection of line 3-6-9= 24.3 — (25.2+16.7)/2=3.35 mm less than
allowable 23.45 mm (so ok).

The deflection is acceptable.

3.6 Verification of structural design

This section presents the comparison between manually calculated design requirements and

the design output obtained from ETABS. A representative sample from each structural

member type was selected for manual verification. This approach serves as a validation step

to confirm the reliability of the software-generated results and to establish confidence in

70



applying the remaining ETABS outputs during the full design phase. The comparison
demonstrated consistency between manual checks and software results. Detailed comparisons

for all member types are presented in the following subsections.

3.6.1 Beams

All beams were subjected to detailed structural verification under flexure, shear, and torsion
to ensure compliance with the applicable design codes and to confirm the adequacy of the
reinforcement provided. These checks were performed in accordance with the governing ACI
318-19 provisions and based on results obtained from ETABS analysis, supported by sample
manual calculations where necessary. The following subsections summarize and validate the

12design performance of selected beams under each of these critical actions.

3.6.1.1 Flexural design

As previously noted, internal forces in wall-supported beams are negligible. Accordingly, the
minimum flexural reinforcement ratio of 0.0033, as specified by ACI 318-19 Section 9.6.1.2,

governs the design in such cases. This corresponds to a required steel area of:

Minimum area of steel = 0.0033 x 460 x 300 = 455 mm?,
This value aligns precisely with the ETABS output, which reported a required steel area of

455 mm?, as shown in Figure 3.32.

For beams subjected to relatively higher internal forces, particularly those supported by
columns, the required steel ratio was determined using Equation 3.12 from Arman (2025b).
For the critical beam located along the W-Grid Line — identified as the member with the

highest design demands — the calculated steel ratio is:

LA | 261M,
N S

) (Arman, 2025b, Eq. 3.12)

0.85 x 28 2.61 x58E6
=22 (1.1 - =0.0024
P 20 ( \/ 28 x 300 x 460° )

Where:

o fc=28 MPa
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o fy=420MPa

e M, =58 kN.m (Shown in Figure 3.33)
e b=300mm

e d=460mm

The calculated required steel ratio for the critical beam was found to be 0.0024, which is less
than the minimum ratio of 0.0033. Consequently, the minimum ratio of 0.0033 was adopted.
This value was applied to all column-supported beams, as the selected member represents the
most demanding case. Figure 3.32 shows the corresponding steel area provided by ETABS

based on this minimum ratio, confirming consistency with the manual calculations.

455

B 155 455 15500
155

455

12

55 a55 455 -t CBCOR e

456 456 458

Figure 3.32: Flexural area of steel in beams

72



[+
= -57.9209
[==]
m1 53
20

Figure 3.33: Maximum bending moment value in column-supported beams

3.6.1.2 Shear design

Beams, whether supported by structural walls or columns, exhibited relatively low shear
values in the ETABS output. To verify shear reinforcement results, a manual check was
performed on the beam with the highest reported shear demand. This beam was selected as
the critical case for comparison. According to ETABS, the ultimate shear force in this beam

was:
Vu =78 kN (Shown in Figure 3.34)

To confirm this, the concrete shear capacity (¢Vc) was calculated manually and compared
with the applied shear force. The calculation follows ACI 318-19 Section 22.5.5.1, which
gives the expression for the nominal shear strength provided by concrete in non prestressed

members without axial force:

V., = %A\/fjbu,d (ACI 318-19, Section 22.5.5.1)

Accordingly:
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SV, =¢-V.=0.75 - (%Ax/?;bwd)

Assuming:
o f'c=28 MPa
e b,=300 mm
e d=460 mm
e )=1.0 (normal-weight concrete)

Then:
Ve=—= x 1 x V28 x 300 x 460~ 121.7kN

OVe=0.75 x 121.7=91kN
Since:
OVce =91kN > Vu = 78kN

The manual check confirms the ETABS result that no shear reinforcement is required from a
strength perspective. As shown in Figure 3.35, ETABS reports a required shear
reinforcement area of 0 mm?. While this aligns with the strength-based check, it does not
account for minimum reinforcement provisions. According to ACI 318-19 Section 9.6.3.2,
beams not forming part of slab or joist systems must still contain minimum transverse
reinforcement, regardless of whether ¢$Vc exceeds Vu. This criterion is checked manually and

enforced during the design process, even if not reflected in the software output.
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Figure 3.34: Shear forces in column-supported beams
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Figure 3.35: Shear reinforcement in critical beams supported by columns
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3.6.1.3 Torsion design

Members subjected to a factored torsion Tu greater than the threshold torsion ¢Ty, are

considered as requiring torsional design. The value of Tu is obtained from the ETABS

analysis, while ¢ Ty, is calculated according to provisions of ACI 318-19. Figure 3.36 shows

Table 22.7.4.1(a) from the code, which defines threshold torsion expressions for solid

cross-sections and various member types.

For non-prestressed beams with a solid cross section (applicable in this case), the threshold

torsion is calculated using Equation (a) in the table:
1 A2
T = =AMV | 5
if 12 f{, ( R_\p )

Substituting the values:

(500 x 300)?

Ty = 0.083 x 1 x /28 x | o 277
v Va8 (2(500 +300)

) = 6.176 kN

Where:
e Width of section core, b, = 300 mm.
e Height of the section core, h = 500 mm.
e A,=b,*h.
e P,=(2)(b,th).

Applying the strength reduction factor ¢=0.75:

Ty = 0.75 x 6.176 = 4.632kN

Comparison with ETABS Output:
e Beams supported by bearing walls:
Maximum torsion: Tu,;=3.7 kN (From Figure 3.37)
Since OT,,> T, , torsional design is not required v/

e Beams supported by columns:
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Maximum torsion: T,,=12.67 kN.m (From Figures 3.38 and 3.39)

Since OT,;, < T,,, torsional design is required

Table 22.7.4.1(a)—Threshold torsion for solid cross

sections
Type of member T
Nonprestressed 7 Aczp
0.083 A —£ :
member F[ Pep ] (@)

A? I
Prestressed member 0.083 }-\/f [ fp] 1+ = (b)
p., 0.330f”

Nonprestressed 42
A4,
P

N
subjec 0.083 A/ 17 1+ ————p= .
member subjected to 1 [ } ]\l 0334\ ,'_fc, (c)

axial force

Figure 3.36 : Threshold torsion for solid cross sections

Figure 3.37 : Torsion values in column-supported beams



Load Case/Load Combination End Offset Location
() Load Case (®) Load Combination (C) Modal Case HEnd | 0.0000 m

[12D1+186LL v | J£nd | [4.2050 m
Length | 43550 m

Component Display Location
Auial (P and T) V| @ Show Max () Scroll for Values
Axial Force P
-27.4295 kN
at 0.4500 m
Tersion T
-12.6727 kN-m

| } at 0.4500 m

Deflection (Down +)

| End Jt 51 JEnH Jt- 252 0000 mm
at 43550 m
() absoute () Relative to Frame Minimum (@) Relative to Beam Ends Relative to Story Minimum

Figure 3.38 : Maximum torsion value for column-supported beams

A Bl D E FiG H K 1 M NOP
135 (g () 285 P 4300 {254 (m) {357 (m)Z D0 fmiy 2354 (m) 1158 ARTLEEES (i 215 (r 29 (m) 0BT
2 sl A r 5 L s0d (m ,( L T
g TEF L &35 & 2 T aa— e |
v n 4007 -4 a1 b X
13 %O.U 71— 08351 1 F. EII' |l If:{'l
L ] L
£ 5 o pAI -3 e
~”
-0.00381.0
12 —
' Bx—g.0109 |
10 2001348067
| o o i,
o . "
@
+ bt
e
- -] N -
o S - o o

Figure 3.39: Torsion values in beams
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In order to obtain meaningful results for comparison, it is essential to understand how
ETABS handles torsional design. In the latest software versions (as used in this project),
ETABS designs members for torsion using the larger of two values: the factored torsional
demand Tu, and the factored cracking torsion ¢T,. This approach reflects code provisions
that permit torsional reinforcement to be based on ¢ T, in cases where the torsion is classified
as compatibility torsion—that is, torsion not essential for equilibrium but induced by
deformation compatibility. In such cases, although members may crack, they remain

structurally safe, as failure is not expected to develop.

Figure 3.40 presents a screenshot from ETABS showing the torsional design of a sample
beam, where the software selected ¢T,, rather than Tu as the governing value. A sample
calculation for the required torsional reinforcement in this beam is provided below, preceded

by a check for adequacy of dimensions.

Torsion Force and Torsion Reinforcement for Torsion, T,

T, T 4 Design oTy T, Rebar A. /s Rebar A,
KN-m kKN-m kKN-m kN-m mm?3m mm?
0.2863 19.9656 4.9914 19.9656 4511 561

Figure 3.40: Torsion design value in a wall-supported beam along C grid-line

Adequacy of dimensions:

The following limiting expression, adapted from Arman (2025b), is used to assess the

adequacy of the existing dimensions:

2 2
v'—” TuPh b
\/(bﬂ,d) | (1.7142 ) < ﬁf)g Vf/ (Arman, 2025b, Eq. 9.6)

oh

1.35 mpa < 3.31 mpa — adequate dimensions v/
Where:
o V,=59.2 kN (maximum shear in this beam, value is shown in Figure 3.34).
o T,=12.67kN.m.
e b,=300mm.

o d=440 mm.

79



e Width of section core, x; = 300-(40+ 12/2)(2) = 300-92 = 208mm.
e Height of the section core, y, = 500-92 = 408mm.
o A, =x*y =208*%408 = 84864 mm>.
e P, =(2)x1+y1)=(2)(208+408) = 1232mm.
Longitudinal reinforcement:

The design of torsional reinforcement follows the thin-walled tube model (also known as
the plastic space truss model) and is based on the equations provided by the code. For the

sample checked, the design torsion is Ty o= 19.96 (see Figure 3.40 presented earlier).

The required longitudinal reinforcement for torsion is calculated using the following

equation, adapted from the same reference (Arman, 2025b):

TU/¢ At fﬁfi
4= Bp=\— b7 ) (A 2025b, Eq. 9.11
] (ZAUfy) h ( p ) h (fy (Arman, 2025b, Eq. 9.11)

Where:

o T,=T,/2=26.6kN.m

o A ,=0.85%A,,=72134 mm?

e P, =1232mm
Thus, the calculated longitudinal torsional reinforcement is:

A=541mm?
This closely matches the value reported by ETABS:
A\ graps=561 mm? (as shown in Figure 3.40)

The percent difference between the manual calculation and the software result is:

561 — 541

Percent difference= a1 X 100 =3 .57%

This minor variation is considered acceptable and can be attributed to the method used,
including potential simplifications in manual calculations versus the more refined procedures

applied internally by the software.

Stirrups reinforcement:
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Stirrups reinforcement for torsion can be calculated based on the following equation:

A4 T,

s 24,1,

(Arman, 2025b, Eq. 9.8)

Where:
T,=TJ/2=26.6 kN.m
A,=0.85*%A,,= 72134 mm?
The calculated distributed transverse torsional reinforcement is:
A,/S =0.4389 mm?/mm
=439 mm?*m
This closely matches the value reported by ETABS:
A;/S=451.1 mm? (as shown in Figure 3.40)

The percent difference between the manual calculation and the software result is:

451 — 439

Percent difference= —=r X 100 =2.661%

This minor discrepancy is considered acceptable and can be attributed to the specific
assumptions or simplifications used in manual versus software calculations. Consequently,
the torsional design results provided by ETABS are deemed accurate and may be reliably

adopted for all similar beams throughout the structure.

3.6.2 Columns

Column N11 in the ground floor is subjected to 3200 kN ultimate axial load and 151 kN.m

ultimate bending moment, this gives the following values:

$Pn_ _ 3200*1000
bh 300*1200

= 8.888 MPa= 1.3 ksi.

dMn 151*1000*1000

R 3007120071200 0-34 mpa = 0.049 ksi

And for 40mm clear cover, 10mm diameter of tie, and 10mm half diameter of longitudinal

bar:

~1200-120 _
T~ "1200 0.9
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And for f'c= 28 MPa concrete and referring to the diagram in Figure 3.45, p < 1%, thus, p =

1% 1is considered. Figures 3.41 and 3.42 show p and area of steel results from ETABS,

respectively. Area of steel = 0.01*1200*300 = 3600 mm* ¢/.

Figure 3.41: Total rebar percentage for column N11 ground floor

l)( u = = | | u | L

Figure 3.42: Total longitude bars (area) for column N11 ground floor
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E Diagram for Column C19 at Story Story3 (column 1200*300)

Load Case/Load Combination End Offset Location
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12DL+16LL vl | J€End  [4.4000 m
Length [4.4000 m
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Axial Force P
-3200.0623 kN
at0.0000 m
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0.0787 kN-m
at4.4000 m

Done

Figure 3.43: Axial load for column N11 ground floor

E Diagram for Column C19 at Story Story3 (column 1200%300)
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Done

Figure 3.44: M22 for column N11 ground floor

&3



40T | ]
21 | L
| [
V- ]
35H | 1t
1] ! 1T
= EE RN
Pg © 0.05 1._0_:_
3.0 —ff—1 ! -
P 0.04 T [ ——+
id Wiunin SERIRSY T EEpLEE:
| Py ] T '
2519 ] 0081 i1 : < __":_\ \ﬁ\_\ it e
NE i F._.:?\ W .af et I R ZaRRREN
| I { | = 4 | = ] 1 {
> ISP LT ; T
RN B==d G = o NARp/Er CA SR RS
— 1 i T =k B 1 ||
A NEAEE, A i;a:N(fF—rT_' TR T
NI NP TN AT
TR R mmmm e cammmzamEa
wlrmit” P T = e B | Lol 11 =T |
<A EEP SEE RSN NS S SN erh =1 .
e TS PN T
. Limit ]~ = Mk - T N = oy i W b e
T A b CERAARS VE SRS G
= e AV RN B Ee e [
EP A== xuNENEP RN EN AT
- - 3 Iz A T INRERRNiNE
:-; o LT AN I » ]-E ,?{ ]
- - | .- . |
11T AT 7 b Y AR ERNED
0 0.1 0.2 03 0.4 05 06 0.7 08 0.9 1.0 11
éM".ksi
o bh?
Figure 3.45: Moment-Axial force interaction diagram for y= 0.9
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Figure 3.46: Shear reinforcement for column N11 ground floor

3.6.3 Footings

A flexural design check for a single footing and staircase footing is conducted below to
ensure that the provided steel reinforcement is sufficient and meets the required safety and
performance standards for the structural elements. Figure 3.47 shows the software results for

flexural reinforcement of footings.
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Plan View - Story2 - Z = 4.05 (m) Slab Strip Design - Layer A - Top and Bottom Reinforcement Area (Enveloping Flexural) [mm’] }

(]}

L]

Figure 3.47: Flexure design from ETABS

Footing F1:
Mu =320 KN.m
B =3000 mm, h =850 mm, d=770 mm.
= p=0.0018 = As=0.0018*3000%770= 4158 mm*
As min = 0.0018*b*h = 0.0018*3000*850 = 4590 mm? , use As = 4590 mm?>
As /m =4590/330 = 1530 mm*/m
%Difference = ((ETABS reading - Manual calculations)/Manual calculations)*100%
%Difterence = (1530 - 1530)/1530 *100% = 0% < 25% acceptable.

e Wall footing:
-Upper wall.
Mu = 248 KN.m.
B =1000 mm, d = 520 mm, h = 600mm.
= p=0.00247 = As = 0.00247*1000*520 = 1284..4 mm>.
As min = 0.0018*b*h = 0.0018*1000*600=1080 mm? = use As =1284.4 mm’.

%Difterence = ((Etabs reading - Manual calculations)/Manual calculations)*100%.
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%Difterence = (1284.5-1284.4) / 1284.4*100% = 0% < 25% acceptable.

Staircase footing:

Mu = 240 KN.m.

B =1000 mm, d = 620 mm, h =700 mm.

= p=0.0018 = As =0.0018*1000%620 = 1116 mm?>.

As min = 0.0018*b*h = 0.0018*1000*700=1260 mm?* = use As =1260 mm®.
%Difference = ((Etabs reading - Manual calculations)/Manual calculations)*100%.

%Difterence = (1260-1260) / 1260*100% = 0% < 25% acceptable.

3.7 Design of slabs

3.7.1 Design slab for shear

Taking the slab thickness from ground floor to the fifth floor as 220mm and the total clear

cover 40 mm, the slab design for shear (for a one meter strip) is as shown:
e Slab 220mm:
h =220mm, d =180mm, b =1000mm, p= 0.002.
®Vc (without reinforcement) = ®*A*As*0.66* p,,' * +/f ¢ *b,*d =
0.75*1*1*0.66*0.002'? *\/% *1000*180/1000= 59.4 kN
As =1 = for d <250mm.
V, from ETABS =140kN/m.
@Vc <Vu — Shear reinforcement is required.
OV, =DV, - DV, = 140-60 = 80 KN/m.
Av/S = OVs/fy *d*® =80*1000/(420*0.75*180) =1.4mm?*/ mm.
= Smax = d/2 = 90mm.
(Av/S Ymin = max of (0.062*(f'¢)1/2 *bw/fy, 0.35*bw/fy) =0.834mm?*/ mm.
(AV/S )min < Av/S = it's ok.

As=number of legs per meter *Ab
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As=2*113=226mm"2

Use @12 stirrups = S =226/1.4=161mm >S max.

= use S =75mm

The slab is reinforced for shear with 2 leg stirrup ®12 /75mm
Slab 280mm:

h=280mm d=240mm b=1000mm assume p =0.002.
OV, (without reinforcement) = ®*A*As*0.66* p,,'” * 1/ ¢ *b,*d =

0.75*%1*1*0.66* 0.002'3 *\/ﬁ *1000*240/1000=79.2 kN

As =1 = for d <250mm

@Vc < Vu — Shear reinforcement is required.

OV,= DV, - dV, = 140-80 = 60 KN/m

Av/S = ®Vs/fy *d*® =60*1000/(420*0.75%240) =0.79mm?*/mm

= Smax = d/2 = 120mm

(Av/S )min = max of (0.062*(f'c)1/2 *bw/fy, 0.35*bw/fy) =0.834mm?*/ mm
(AvV/S )min >Av/S = use (Av/S )min

Use @12stirrups = S =226/0.834=135mm > S max= use S =75mm

The slab is reinforced for shear with 2 leg stirrup ®12/75mm

Table 3.13: Value of Vu (Maximum shear)

Story V13 (KN/m?) V23 (KN/m?) ®Ve (KN/m?)
Ground ok ok 60
St3 140 135 60
St4 140 135 60
St5 140 135 60
St6 140 135 60
St7 140 135 60
St8 140 135 80
St9 ok ok 60
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Shear reinforcing has been taken as shown in Table 3.14, the shear reinforcing area is shown

in Figure 3.52.

Table 3.14: Shear reinforcement

Stirrups spacing (mm)

Bar diameter ®

75

12

75

12
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Figure 3.52: Shear reinforcement areas

3.7.2 Design slab for flexure

Table 3.15 presents the slab reinforcement details, including specifications for both the

bottom and top rebar. This ensures that the slab is adequately reinforced to handle the applied

loads and meet structural requirements. Figures 3.53-3.56 shows that the slab reinforcement,

both top and bottom, meets the minimum steel requirements.

Table 3.15: Slab reinforcement

Story Ay min(mm?/m) Bottom Top
Ground 396 912 /200 mm 14 /200 mm
St3 396 912 /200 mm 314 /200 mm
St4 396 ?12 /200 mm @14 /200 mm
StS 396 9?12 /200 mm 314 /200 mm
Sté6 396 9?12 /200 mm @14 /200 mm
St7 396 9?12 /200 mm 314 /200 mm
St8 504 912 /200 mm 314 /200 mm
St9 396 912 /200 mm @14 /200 mm

90



Reinforcing Direction and Location
© Direction 1 - Top Rebar
O Direction 1 - Bottom Rebar A
O Direction 2 - Top Rebar
O Direction 2 - Bottom Rebar

‘Show Rebar Above Specified Value
O None
© Typical Unifom Reinforcing Specified Below
(O Reinforcing Specified in Slab Rebar Objects
Typical Uniform Reinforcing
© Define by Bar Size and Bar Spacing
O Define by Bar Area and Bar Spacing
Bar Size Spacing (mm)
Top 14 v 200

Bottom 12 v 200

Rebar Averaging At Peaks
() Average At Peaks

Close

Figure 3.53: Direction 1 Top reinforcement

peinforcing Direction and Location
) Direction 1 - Top Rebar
© Direction 1 - Bottom Rebar A

) Direction 2 - Top Rebar T 1 f
©) Direction 2 - Bottom Rebar |

how Rebar Above Specfied Value

O None

© Typical Unform Reinforcing Specfiied Below
() Reinforcing Specified in Slab Rebar Objects

ypical Uniform Reinforcing
© Define by Bar Size and Bar Spacing

O Define by Bar Area and Bar Spacing

Bar Size Spacing {mm)
Top 14 v 200
Battom 12 v 200

febar Averaging At Peaks
(7] Average At Peaks

Figure 3.54: Direction 1 Bottom reinforcement



Reinforcing Direction and Location
© Direction 1 - Top Rebar
(O Direction 1 - Bottom Rebar
(O Direction 2 - Top Rebar
() Direction 2 - Bottom Rebar

Show Rebar Above Specffied Value
() None
© Typical Uniform Reinforcing Specified Below
(O Reinforcing Specified in Slab Rebar Objects

Typical Uniform Reinforcing
© Define by Bar Size and Bar Spacing
() Define by Bar Area and Bar Spacing

Bar Size Spacing (mm)
Top 14 v | 200
Bottom 12 v | 200

Figure 3.55: Direction 1 Top reinforcement

feinforcing Direction and Location
(O Direction 1 - Top Rebar
© Direction 1 - Bottom Rebar
() Direction 2 - Top Rebar
() Direction 2 - Bottom Rebar

how Rebar Above Specified Value
() None

© Typical Uniform Reinforcing Specified Below
() Reinforcing Specified in Slab Rebar Objects

ypical Uniform Reinforcing
© Define by Bar Size and Bar Spacing
() Define by Bar Area and Bar Spacing

Bar Size Spacing {mm)
Top 14 v 200
Bottom 12 v | 200

lebar Averaging At Peaks

Figure 3.56: Direction 1 Bottom reinforcement
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Figure 3.58: Extra moment reinforcement-2
Ast i =3141 mm?*/2m =1570.5 mm*/m
Bottom= @312 /200 mm

Top= 320/200 mm

3.7.3 Specifications for bars and stirrups distribution

1. According to ACI Code 20.6.1, for cast-in-place concrete, concrete protection at surfaces not
exposed directly to the ground or weather should be not less than (3 / 4) in. (about 2 cm) for

slabs. 1 in. to the center of the bar is ordinarily sufficient to give the required(3 / 4) in. cover.

2. ACI Code 25.2 specifies that the minimum clear distance between adjacent bars not

be less than the nominal diameter of the bars, or 1 in.
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3. In no case should the clear spacing of reinforcement be less than (4/3) of the

maximum aggregate size.

4. Maximum spacing of legs of shear reinforcement along the length of the member and

across the width of the member for non prestressed beam shall be:

a. Required V< 0.33+/f"c b,, d: The lesser of d or 600mm across the width and
the lesser of d/2 and 600mm along the length.

b. Required Vs > 0.33+/f"c b,, d: The lesser of d/2 or 300mm across the width and
the lesser of d/4 and 300mm along the length.

Slabs' reinforcement details and structural drawings are included in the Appendix B.

3.8 Design of beams

This section expands upon the individual beam design checks presented earlier by addressing
the reinforcement requirements for all beams in the structure. It begins with the quantities
obtained from software output, then examines how these are translated into practical bar
layouts and spacing in accordance with code provisions. The discussion culminates in the

finalized reinforcement design, ensuring both compliance and constructability.

A prior check of beam flexural design confirmed that all beams require no more than the
minimum longitudinal reinforcement specified by code. In this section, that flexural
reinforcement is combined with the longitudinal steel required to resist torsion to establish

the final reinforcement demands needed to resist all internal actions.

Although the factored shear demand Vu was found to be less than the design shear strength
¢Vc in the beams, minimum shear reinforcement was still required in accordance with ACI
318-19 Section 9.6.3. This requirement applies because the members do not qualify as
slab-type sections and do not meet the dimensional or loading exceptions specified in Section
9.6.3.1. Consequently, closed stirrups were provided based on the minimum reinforcement
provisions of the code. The resulting minimum shear reinforcement is then combined with the

torsional reinforcement demands to determine the total required stirrups.

For simplification, the highest longitudinal and transverse torsional reinforcement demands
among all beams were adopted as the design basis. These values were obtained from ETABS

tables listing reinforcement quantities for all beams, which were sorted in ascending order to
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identify the lowest values and in descending order to determine the highest values. Figure
3.59 illustrates these torsional reinforcement values, highlighting the beams with the lowest
and highest longitudinal reinforcement demands, as well as those with the lowest and highest
transverse reinforcement demands. The relatively small variation between beams confirms
that adopting the highest reinforcement values for all beams is justified and efficient, as

significant divergence would otherwise lead to uneconomical overdesign.

Maximum Longitudinal Reinforcement Demand for Torsion (Among All Beams):

Story Label DesignSect TLngRebar
mm?#

Story3 B&5 BEAM 5007300 596

Minimum Longitudinal Reinforcement Demand for Torsion (Among All Beams):

mm*

” Story Label DesignSect | TLngRebar
|| Story3 BE6 BEAM 5007300 420

Maximum Transverse Reinforcement Demand for Torsion (Among All Beams):

Story Label DesignSect TTrnRebar
mmZm
Story3 Bas BEAM 500*300 479.01

Minimum Transverse Reinforcement Demand for Torsion (Among All Beams):

Story Label DesignSect TTrmRebar
mm*im
Story3 Ba6 BEAM 500300 32999

Figure 3.59: Maximum and minimum reinforcement demand for Torsion (Among All Beams)
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3.8.1 Longitudinal reinforcement

Flexural reinforcement is placed as required at either the top or bottom face of the beam,
depending on the moment demands. The torsional longitudinal reinforcement shown in
Figure 3.59 is distributed equally across the top, bottom, and side faces of the beam cross

section, with overlapping areas combined with flexural steel where applicable.
Flexural Reinforcement:
e Steel ratio, p,,;, = 0.0033

e Required longitudinal steel area, A, ,;, = 455 mm?

(Uniform for all beams due to identical cross-section dimensions)
Torsional Longitudinal Reinforcement:
e Adopted value for all beams, A, = 596 mm?
e Distributed equally in thirds across top face, bottom face, and middle region
® One-third of torsional steel = 200 mm?
Combined longitudinal reinforcement:
e Middle region (torsion only):
200 mm?
— 2212

e Tension face (flexure + torsion):
Flexural: 455 mm?
Torsional: 200 mm?

Total: 655 mm?

— 3218

3.8.2 Transverse reinforcement

Minimum shear reinforcement ratio from code:
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by,
0.062\/f;f—“ =0.23
yt

by
0.35— =0.25
f:ut

Minimum shear reinforcement area:

(A, /S)min = 0.25 mm?*/mm = 250 mm?*/m
Torsional transverse reinforcement:

A /S =479 mm?*/m (From Figure 3.59)

Combined transverse reinforcement (per Arman, 2025b):

A'L-‘+i _ A'u

] 5

A
} 25 for 2 legs closed stirrup  (Arman, 2025b, Eq. 9.9a)

250 + 2 x (479) = 1208 mm*m

— 212/90 mm

3.8.3 Samples for beams forces and design results from the software

Figure 3.60 shows a sample for design of a beam taken from ETABS.
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Beam Element Details

Level | Element UniqueName[ Section ID I Combo ID [srationLoc Length{mm]l LLRF

Type

Story5 | B38 559 | BEAM 500300 | 1.20+16L405Lr | 2340 3000 | 1

Section Properties

b(mm) | h(mm) | b.(mm) ' d:(mm) | de(mm) | de(mm)
300 500 300 0 60 60

Material Properties

E .(MPa) @ f.(MPa)  LtWtFactor (Unitiess) | f.(MPa) f.. (MPa)
24870 28 | 1 00 | 400

Design Code Parameters

-

L

oo

®

b

LA

09 0.65

0.75

0.75

06

0.85

Design Moment and Flexural Reinforcement for Moment, M .

Sway Ordinary

Design | Design | -Moment | +Moment | Minimum | Required

Moment | P. Rebar Rebar Rebar Rebar

kN-m kN mm* mm* mm* mm*
Top (+2 Axis) o -36.1513 0 42 0 42
Bottom (-2 Axis) 1.143 |-36.1513 0 59 78 78

Shear Force and Reinforcement for Shear, V.

ShearV.: Shear ¢V . Shear ¢V 5 ShearV. Rebar A, /s

kN kN kN kN mm*m
0.5298 86.9969 0 0 0

Figure 3.60: Data sheet for beam

3.8.4 Specifications for bars and stirrups distribution—Code provisions

3.8.4.1 Durability—Concrete cover

Table 20.5.1.3.1— in ACI 318-19 sets the specified concrete cover for cast-in-place non
prestressed concrete members. For beams, a minimum cover of 40 mm is required, this limit

was achieved in the early design phase for beams.

3.8.4.2 Bar Spacing

The code, in accordance with Section 25.2, specifies a minimum clear spacing between
longitudinal bars along the beam length to ensure practical constructability and adequate
concrete placement. According to the requirements, the clear spacing between two parallel

adjacent bars in a layer must not be less than the largest of the following three values:
e 25mm

e The diameter of the bar (d,)
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e (4/3) times the nominal maximum size of coarse aggregate (dagg) used in the concrete

mix.

In all beam designs, the longitudinal bar spacing was carefully ensured to be sufficiently large

and, in all cases, to exceed the minimum limits specified by the code.

3.8.4.3 Development Lengths and Splicing

Development lengths are governed by Section 25.4 of ACI 318-19, while splicing

requirements fall under Section 25.5. The general arrangement of longitudinal
reinforcement—including bar positioning, splicing locations, distribution, and extensions—is
subject to detailing rules outlined in the code. These requirements are effectively summarized
in schematic form rather than through lengthy textual descriptions, as done specifically in this

report to enhance clarity.

Accordingly, the drawings shown in Figures 61-Y are adapted from an unpublished
instructional document developed by M.Sc. Arman, which visually interprets the relevant
ACI 318-19 provisions specifically for longitudinal reinforcement in beam detailing. These
figures provide a practical and visual summary of code-based rules for longitudinal bar layout
in beams, and they were used as a reference in the development of the structural drawings for
this project. Where Ly, , Ly, and L, are the development length, hook length, and splicing
length, respectively.

@ g ’ 2 @ 0 CEP
o ) 1 1 1

Lnifd— f—Lnmax3—f f—Lnmax/3—f f—Lnmad3—y  f—Lnmax3—f f—Ln3ia—r

As As As As
Ldt or Ldh4 r*Ls’f Asmin frod r As,min r As min r
Standard r—'— 1 : — 1 — 1 ——‘—ﬁ
Hook 2
:*a:ﬂ_q & Lt - Lt |
o0 . T ; T T : T .
Ldt or Ldh sk 1 Lasn Ldt + WL LAsre ! st Ast,

= LB 4—rt k—eLn2ss Ln2/8 - 4 Lnag
Ln1 Ln2 Ln3
OPTION 1

Figure 3.61: Schematic of ACI 318-19 beam detailing requirements, Option 1
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,rq_s,lr As,min
Standard 1 - 1 l _‘—l
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Figure 3.62: Schematic of ACI 318-19 beam detailing requirements, Option 2
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Figure 3.63: Schematic of ACI 318-19 beam detailing requirements, Option 3

3.9 Design of columns:

3.9.1 Design of all columns

Table 3.16 illustrates the column details across the project with the dimension, location, and

reinforcing details.
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Table 3.16: Column details

Column
Columns ’ Column 2 | Column 3 | Column 4 | Column 5 | Column 6 |Column 7| Column 8 | Column 9
Dimension | 300*300 | 300*500 | 300*600 | 300%*800 | 300*1000 | 500*500 |300*1200 | 400*1200 | 300*700
Basement
- - - P4, S4 N11
grid line
Ground D1, F1, H1,
G13,113, B2,02, | Gl1,D4, C13, W13,
floor grid - E13,T13 K1, M1, |JI1,N11
N13,R13 G4, P4 S4 W10
line 01, Q1, S1
Column
Columns ’ Column 2 | Column 3 | Column 4 | Column 5 | Column 6 |Column 7 | Column 8 | Column 9
C13, E13,
G13,113, G11,J11, D1, F1, H1,
1st floor grid
- N13, R13, - N11, D4, K1, M1,
line
T13, B2, G4, P4, S4 01, Q1, S1
U2
C13, E13,
G13,113, | G11, J11, D1, F1, H1,
2nd floor
- N13,R13,| N11, D4, K1, M1,
grid line
T13, B2, |G4, P4, S4 01, Ql1, S1
U2
C13, E13,
G13,113, | G11,J11, D1, F1, H1,
3rd floor
- N13,R13,| N11, D4, K1, M1,
grid line
T13, B2, |G4, P4, S4 01, Ql1, S1
U2
C13, E13,
G13,113, | G11,J11, D1, F1, H1,
4th floor
- N13,R13,| N11, D4, K1, M1,
grid line
T13, B2, |G4, P4, S4 01, Q1, S1
U2
C13, E13,
Gl11,J11,
G13,113, D1, F1, H1,
N11, D4,
5th grid line N13, R13, - K1, M1,
G4, P4,
T13, B2, 01, Q1, S1
S4
U2

Continued in Next Page
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Area of steel
%

1%

1%

1%

1%

1%

1%

1%

1%

1%

Area of steel | 900 1500 1800 2400 3000 2500 3600 4800 2100
Longitudinal
b 8014 12014 12014 16014 18016 12018 20016 | 220018 16014
ars
Stirrups | 100200 | 100200 [ 10200 | 100200 | 10250 | 10250 | 10250 | 10250 | 10200

3.9.2 Samples for columns forces and design results from the software

Figure 3.64 shows a sample for design of a column taken from ETABS.

102



ETABS Concrete Frame Design
ACI 318-19 Column Section Design (Summary)

Coumn Elemant Detalis

Lovel | Blemant | Unigue Name Soction ID Combo ID | Station Loc | Length {mm) | LLRF Type
Bl Cae 12 oolignm S00S00 | 1 SDe1 BN ] 400 0ET3 Bwamy Omlmary
Saction Propartiss
b (mmj) | h{mm) | dc{mm) | Cowver{Torsion) {mmj)
00 00 55 aTa
Matarial Proparties
E .(MPs) | r.(mPs) | LtwtFactor(Unttiess) | T, (MPs) | .. (MPa)
24870 2 1 420 =0
Design Code Paramaters
L b § cTed [ e [ §a @ o [+ 1
os oes 0TS oTs (=1 08s 2
Axial Force and Blaxial Momeant Design for P, .M. .M
DesignP. | DesignM .. | Design M. | MinimumM2 | Minimum M3 | Rebar Area | Rebar %
L] kN-m kN-m kN-m KN-m mm* %
1388 ZTER & EEET L bl ] 422038 42 2838 SEDD 1
Axlal Force and Blaxial Moment Factors
Ca K
Factor G . Factor G , Factor Factor Langth B = P.
Unitiess Unitiass Unitiass Uit m Unitises kM-m* kN
M o - : . . S - .
Senciz) 0.E287E5 4 oEoeE 28728 1588 | 148440112
Mngr R . . . — .
Seranas 0433408 a4 080387 | 28726 1588 | 148444112

Figure 3.64: Data sheet for column

3.9.3 Specifications for bars and ties distribution

Lateral reinforcement is required to prevent spalling of the concrete cover or local buckling

of longitudinal bars. ACI code chapter 25.7.2 give rules and specifications of tie arrangement

that might be summarized as:
1. The vertical spacing (center-to-center) of ties are the smaller of:

e 48d;
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e 16d,
e The least column dimension.
Where d, is the diameter of the tie and d, is the diameter of the longitudinal bars.

2. Rectilinear ties shall be arranged so that every corner and alternate longitudinal bar
shall have lateral support provided by the corner of a tie with an included angle of not
more than 135 © , and no bar shall be farther than 6 in. (150mm) clear on each side

along the tie from a laterally supported bar.

Columns’ reinforcement details and structural drawings are included in the Appendix B.

3.10 Design of walls

In this building structure, there are two types of walls with thicknesses of 200 mm and 300
mm, each assigned to a corresponding pier. Both wall types feature openings. The right,
middle, and left walls—referred to as Wall 200 and Wall 300—are designated as piers P1
through P332, while the horizontal segments between the openings are assigned as spandrels

S1 through S175.

The design of the shear walls in the building structure is based on the ETABS model,

ensuring that the total base shear is fully resisted by these walls.

Define piers labels, the pier labels dialog box is displayed as shown in Figure 3.65.

E Pier Labels X

Wall Piers Click to:

P1 Add New Name
I— Coamge Name
E:ED Delete Name
P101

p102

p103

p104

pl105 0K

p106

p107 Cancel
p108

Figure 3.65: Pier labels dialog box in ETABS
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The spandrel labels dialog box is displayed as shown in Figure 3.66.

o ——1 Hithd T kaal
E Spandrel Labels X

Wall Spandrels Click to:

[ Add New Name

510 | Change Name

g}g? Delete Name
5102

S103

S104

5105

5106 OK
S107

5108 ] Cancel

() Multistory

[T ]

Figure 3.66: Spandrel labels dialog box in ETABS

The design steps are shown in Figures 3.67-3.74:

e Shear wall design preferences dialog box is displayed and edited as shown in

Figure 3.67, design code ACI 318-19 ,wall ductility type is a special structural wall.

E Shear Wall Design Preferences for ACI 318-19 X

ftem Description

e Vobe e ok ki it
01 |Design Code ACI 31819 design (ACI 318-19 18.10) or (AS
3600-2018 14.6, 14.7).
02 |Mukti-Response Case Design Step-by-Step - All
03 |Rebar Material steel 60
04 |Rebar Shear Material steel 60
05 |Design System Rho 16
06 |Design System Sds 0.66
07 | Seismic Design Category D
08 |System Overstrength Factor 25
09 |Importance Factor 125
10 |System R 5
11 [System Cd 5
» 12 | Wall Ductilty Type
13 | Pier Critical Section (CS) Story1
14 | Phi (Tension Controlled) 09
15 | Phi (Compression Controlled) 065 Explanation of Celor Coding for Values
16 | Phi (Shear and/or Torsion) 075 Biue:  Default Vale
Set To Default Values. Reset To Previous Values Black: ot a Defauk Value
All tems Selected tems All tems Selected tems Red:  Vals thal has changed during
the current session
oK Cancel

Figure 3.67: Shear wall design preferences dialog box in ETABS

e sclect a pier; design- shear wall designed -view/revise pier overwrites ,the wall pier

design overwrites dialog box is displayed as shown in Figure 3.68.
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E Wall Pier Design Overwrites for ACl 318-19 X

lem Description
ftem Value Check/Design Uniform Reinforcing -
01 | Design this Pier? Program Determined
02 | LL Reduction Factor Varies
03 | Design is Seismic? Program Determined
04 | Pier Section Type Uniform Reinforcing
05 | End/Comer Bar Name 12
06 | Edge Bar Name 12
07 |Edge Bar Spacing 250
08 | Clear Cover 13
09 | Matenial FC-28 MPA
» 10 | Check/Design Reinforcing Design ~
Check Compression Block Depth for BZ? Program Determined

Explanation of Color Coding for Values

Blue: All selected items are program
determined

R Black: Some selected items are user
Set To Default Values Reset To Previous Values defined

Al tems Selected tems. Al tems Selected tems Red:  Vale that has changed during
the current session

0K Cancel

Figure 3.68: Wall pier design overwrites dialog box in ETABS

e Designing shear walls, select design combination, the design combination selection

dialog box is displayed and edited as shown in Figure 3.69.

L I O R L[ sene

E Design Load Combinations Selection - Wall Design X

Strength
Choose Combinations

List of Combinations Design Combinations

1.2 D.L+1.2W+1.65+1.6 LL+0.5 SNOW 12D.L+16LL
14DL 12DL+16LL+055L
DSIbS1
DSIbS2
DSIbS3
DSIbS4 »
DSIbSS
DSILS6 «
DSIbS7
DSIbS8 .
DSIbSS -
DSILS10
DSIbS11
DSIbS12

0K Cancel

B ——— e —
Figure 3.69: Design load combination -wall Design dialog box in ETABS

e Start design check, the program starts the design of the wall and the longitudinal

reinforcements are displayed in a window .
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e Design-shear wall design -display design info, the display shear wall design results

dialog box is displayed as shown in Figure 3.70.

Storyw

Story8

StoryT
L HE 1 I
Display Shear Wall Design Results n

Pier Longitudinal Reinfordng v
OK Close Apply
|
Stery2

Figure 3.70: Display shear wall design results dialog box-longitudinal reinforcement in wall in
ETABS
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ETABS Shear Wall Design
ACI 318-19 Pier Design
Pier Details

Story ID | PierID | Centroid X (mm) | Centroid Y (mm) | Length (mm) | Thickness (mm) | LLRF
Story4 P2 1350 1624.9 1949.9 200 0.758

Material Properties

E .(MPa) | f.(MPa) | Lt.WtFactor (Unitless) | f,{MPa) | f..(MPa)
24870 28 1 420 420

Design Code Parameters

- [ d. @ . (Seismic) IP e 1P P wax
0.9 0.65 0.75 0.6 0.04 0.0025 0.8

Pier Leg Location, Length and Thickness

Station | ID | LeftX. | LeftY, | RightX: | RightY: | Length | Thickness
Location mm mm mm mm mm mm
Top | Leg1 | 1380 550 1350 24999 | 1949.9 200
Bottom | Leg1 | 1380 550 1350 24999 | 19499 200

Flexural DesignforP. M. and M ..

Station Required Required Current | Flexural P. M.z M.: Pier A;
Location | Rebar Area (mm®) | Reinf Ratio | Reinf Ratio | Combo kN KN-m | KN-m mm?
Top 1044 0.0025 0.0022 SER |761.2216| 45393 |-44.2841| 417430
Bottom 1044 0.0025 0.0022 SER 945.8409| 1.3934 |123.8061| 417430
Shear Design
Station ID Rebar Shear Combo P. M. V. PV oV .
Location mm?*m kN kN-m kN kN kN
Top Leg 1 500 12DL+16LL+055L | 951.3213 |-55.6555| 93.0187 | 303.1184 | 610.2224
Bottom Leg 1 500 140.L 1119.7492 |154.3075| 121.605 | 303.1184 | 610.2224

Figure 3.71: Data sheets for the vertical segments in the wall 200 in story 4 in ETABS

Flexural design for Pu, Mu2 and Mu3:

The design longitudinal reinforcement in the vertical direction is summarized in Table 3.17.
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Table 3.17: Wall longitudinal reinforcement

Wall name

Wall thickness

Longitudinal reinforcement

W1, W2, W5, W6, W7, W8, W11,
W21, W22, W23, W24, W25, W26,
W27, W30, W31, W32, W33, W34,
W35, W36, W37, W38, W39, W40,
W41, W55, W56, W57, W58, W59,
W60, W61, W62, W63, W64, W6S,

W66, W67, W68, W69

200 mm

®12/300

W3, W4, W9, W10, W12, W13, W14,
W15, W16, W17, W18, W19, W20,
W28, W29, W42, W43, W44, W45,
W46, W47, W48, W49, W50, W51,

W52, W53, W54

300 mm

®12/300

Same steps but for spandrels as shown in Figure 3.72:

E Wall Spandrel Design Overwrites for ACI 318-19

ftem Description

Concrete Design this Spandrel
ftem Value
04 |Length Varies
05 |Thick Left Varies
06 | Depth Left Varies
07 |Cover Bottom Left Varies
08 |Cover Top Left Varies
09 | Slab Width Left 0
10 |Slab Depth Left 0
11 | Thick Right Varies
12 |Depth Right Varies
13 | Cover Bottom Right Varies
14 |Cower Top Right Varies
15 | Slab Width Right 0
16 | Slab Depth Right 0
17| Material FC-28 MPA of Color Coding for Values
18 | Consider Vic? Program Detemined Blue:  All selected items are program
Set To Default Values Reset To Previous Values Black: E:EEE:EIeaed flems are user
All tems Selected tems All tems Selected tems Red:  Value that has changed during
the current session
oK Cancel

L

Figure 3.72: Wall pier design overwrites dialog box in ETABS
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ETABS Shear Wall Design

ACI 318-19 Spandrel Design

Spandrel Details
Story ID | SpandrelID | Centroid X (mm) | Centroid Y (mm) | Depth (mm) | Width (mm) | LLRF
Story4 526 6899 8439.6 1085 300 1
Material Properties
E.(MPa) | f.(MPa) A LtWtFactor (Unitless) | f,(MPa) | f..(MPa)
24870 28 1 420 420
Design Code Parameters
®- [ D & (Seismic) @ . (diagonal)
09 0.65 0.75 06 0.85
Spandrel Flexural Design—Top Reinforcement
Station | Reinf Area Reinf Reinf | Moment, M.
Location mm* Percentage | Combo kKN-m
Left 0 0 SER 0
Right 0 0 SER 0
Spandrel Flexural Design—Bottom Reinforcement
Station | Reinf Area Reinf Reinf | Moment, M.
Location mm* Percentage | Combo kN-m
Left 0 0 SER 0
Right 0 0 SER 0
Spandrel Shear Design
Station A A V. oV . OV 5 V-
Location | mm*m | mm*m ShearCombo KN kN kN kN
Left 750 750 1.2 0.L+1.6LL 37.4203 | 1943219 | 223.0411 417.363
Right 750 750 1.2 D.L+1.2W+1.685+1.6 LL+0.5 SNOW | 358053 | 193.8851 223.0411 416.9262
Figure 3.73: Data sheets for the horizontal segments in the wall 300 in story 4 in ETABS
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ETABS Shear Wall Design

ACI 318-19 Spandrel Design
Spandrel Details

Story ID | Spandrel ID | Centroid X (mm) | Centroid Y (mm) | Depth (mm) | Width (mm) | LLRF
Storys s1 1350 24909 1420 200 1
Material Properties
E-(MPa) | f-(MPa) | Lt.WtFactor (Unitless) | f,(MPa) @ f..(MPa)
24870 28 1 420 420
Design Code Parameters
b- [ [ ®+ (Seismic) b - (diagonal)
0.3 085 075 0.6 0.85
Spandrel Flexural Design—Top Reinforcement
Station | Reinf Area Reinf Reinf Moment, M.
Location mm* Percentage | Combo kN-m
Left 33 001 | 14DL | 0
Right 146 0.05 14DL -104.4092
Spandrel Flexural Design—Bottom Reinforcement
Station | Reinf Area Reinf Reinf Moment, M.
Location mm? Percentage | Combo kN-m
Left 148 0.05 14DL 40.1164
Right 0 0 SER 0
Spandrel Shear Design
Station A A V. PV oV . oV .
Location | mm=m | mm=m ShearCombo kN kN kN kN
Leh | 500 | 500 | 12DL+16LL 49.4663 | 167.1033 | 1982588 | 3653821
Right 500 500 1.2 DL+1.2W+1.65+1.6 LL+05 SNOW |157.0295| 176.55666 | 198.2588 3748153

Figure 3.74: Data sheets for the horizontal segments in the wall 200 in story 4 in ETABS

The design of horizontal reinforcement is detailed in Table 3.18, which presents the horizontal

reinforcement specifications for the walls.

Table 3.18: Wall horizontal reinforcement

reinforcement Area of steel mm*/m Walls
®10/300mm 500 200mm
®12/300mm 750 300mm

Walls reinforcement details and structural drawings are included in the Appendix B.
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3.11 Design of footings

Design of footings is based on software analysis and design. A preliminary thickness and
dimensions were determined by approximate and common methods then were checked by
software. A check for stress under footings (bearing capacity check) was performed and it is

discussed in this section too.

3.11.1 Ground floor foundations

3.11.1.1 Preliminary thickness

The footing dimensions were calculated as shown in Table 3.19 and Table 3.20. Table 3.20
provides the area of each footing, while Table 3.19 details the thicknesses. The areas were
determined using the equation A;= P ic/Quiowarie (Preliminary area that was modeled on
ETABS) where P, represents the service load and qgowai. 18 the allowable soil bearing
pressure. The thickness of each footing was calculated based on the wide beam shear check to
ensure adequate structural performance and safety. The assumed areas and thicknesses are

verified by ETABS, that is, software results confirm adequacy of the assumed dimensions.

Figure 3.75 shows the numbering of footings.

Table 3.19: Thickness of footings

Thickness| d Cover In
Footing Vu qu dVe Steel ratio] Mu |Numbering
(mm) | (mm) | (mm) (m)
UPPER WALL 600 520.00] 80.00 144.0 300.00 |184.272 1 0.00247 248 Fwall 2
RIGHT WALL
. 700 620.00| 80.00 175.5 225.00 1197.545 1.4 0.0018 160 Fwall 4
RIGHT WALL
) 650 570.00| 80.00 153.0 | 225.00 |181.614 1.25 0.0018 160 Fwall 3
LEFT WALL 1 550 470.00 80.00 132.5 250.00 |149.752 1 0.0018 80 Fwall 1
LEFT
700 620.00| 80.00 173.25 | 275.00 | 197.54 1.25 0.0018 240 Fwall 4
STAIRCASE

LEFT WALL 2 550 470.00| 80.00 141.75 | 225.00 |153.706 1.1 0.00194 160 Fwall 1
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Thickness| d Cover In
Footing Vu qu ®dVe Steel ratio] Mu |Numbering
(mm) | (mm) | (mm) (m)
Down 550 470.00| 80.00 159.0 300.00 |176.479 1 0.00294 240 Fwall 1
F1 850 770.00| 80.00 219.0 300.00 |245.338 1.5 0.0018 320 Fl1
F2 850 770.00| 80.00 219.0 300.00 |245.338 1.5 0.0018 320 F1
F3 850 770.00] 80.00 219.0 300.00 [245.825 1.5 0.0018 320 F1
Table 3.20: Areas of footings
Type of footing Label F, Area B Dimensions
in Ground floor unit KN m2 m m
Single G-11 1983.38 7.93 3.00 3*3
Single J-11 2086.26 8.35 3.00 3*3
Single D-4 1191.12 4.76 3.50 3.5%1.5
Single G-4 2015.69 8.06 3.00 3*3

ﬂ Left 1, FW1

Stair Case, FW4

q Left 2, FW1

> X

Upper, FW1
4 ==
Down, FW1

Right 1, FW4 »

Right2, FW3 h

Figure 3.75: Footing numbering
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3.11.1.2 Flexure design of footings

The area of steel for both bottom and top rebar was obtained from ETABS, as shown in

Figures 3.76 to 3.79. These values are summarized in Table 3.21.

Reinforcing Direction and Location
© Decton 1 - Top Rebar f i
O Direction 1 - Bottom Rebar
O Diection 2 - Top Rebar
O Direction 2 - Bottom Rebar

Show Rebar Above Specified Value .
O None
O Typical Unfom Reinforcng Specfied Below
(O Renforcing Specified in Siab Rebar Objects
- [E]

Rebar Averaging A Peaks
() Average it Peks

Figure 3.76: Top rebar reinforcing direction 1

Reinforcing Direction and Location
O Diection 1 - Top Rebar I "
© Direction 1 - Bottom Rebar
O Direction 2 - Top Rebar ' ‘ : Y
O Drection 2 - Bottom Rebar

Show Rebar Above Speciiied Value
© None
O Typical Unfomn Reinforcing Specified Below
O Reinforcing Specfied in Slab Rebar Objects

Rebar Averaging At Peaks
(O Average At Peaks

pose

Figure 3.77: Bottom rebar reinforcing direction 1
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Reinforcing Direction and Location
O Diection 1 - Top Rebar
O Direction 1 - Bottom Rebar
© Direction 2 - Top Rebar
O Direction 2 - Battom Rebar

Show Rebar Above Speciied Value
© Nore
O Typcal Unifom Reirforcing Specied Below
O Reinforcing Specified in Slab Rebar Objeds

Rebar Averaging A Peaks
() Average At Peaks

oy

L ———— 00 o on

1w

Figure 3.78: Top rebar reinforcing direction 2

Reinforcing Direction and Location
O Drrection 1 - Top Rebar
O Drection 1 - Bottom Rebar
O Dection 2 - Top Rebar
O Drection 2 - Bottom Rebar
Show Rebar Above Specied Value
© None
O Typical Unfomn Reinforcing Specfied Below
O Reinforcing Speciiedin Slab Rebar Objects

st Han B
| KK} =)
H
e .n
e
— 150 175 3
Figure 3.79: Bottom rebar reinforcing direction 2
Table 3.21: Footing reinforcement
Footing Top Bottom
UPPER WALL @18 /200 mm 20 /200 mm
RIGHT WALL 1 9?18 /200 mm 9?18 /200 mm
RIGHT WALL 2 9?18 /200 mm 9?18 /200 mm
LEFT WALL 1 9?18 /200 mm 20 /200 mm
LEFT STAIRCASE @18 /200 mm @18 /200 mm
LEFT WALL 2 @16 /200 mm @16 /200 mm
down ?16 /200 mm 20 /150 mm
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Footing Top Bottom
F1 020 /200 mm ©20 /200 mm
F2 020 /200 mm 020 /200 mm
F3 020 /200 mm 020 /200 mm
F4 018 /200 mm 018 /200 mm
F5 016 /250 mm 016 /250 mm
F6 016 /250 mm 016 /250 mm

Footings’ reinforcement details and structural drawings are included in the Appendix B.

3.11.1.3 Punching check

A punching shear check must be performed to ensure the footing thickness is adequate to

handle the column loads without exceeding the material's shear capacity. This ensures the

foundation can safely transfer concentrated forces and prevents structural failure. Figure 3.80

shows the punching operation for the ground floor foundations.

Nic

0.401

NC

> X

NiC

NC

0.475 0.488

0404

0213

0.458 0201

Figure 3.80

: Punching operation from ETABS
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As shown in the figure above, all punching shear values are less than one, indicating that the

foundation is adequately designed to handle the applied loads.

3.11.1.4 Design summary

Table 3.22 presents the design of all footings including dimensions, thicknesses, and

reinforcement.

Table 3.22: Flexure design for footings

Top Bottom
Ast(min)( Top Bottom
Footing Thickness (mm) | d(mm) | B(m) | Reinforcement [Reinforcement
mm?/m) |Ast(mm?/m)[Ast(mm?*/m)
(mm?) (mm?)
UPPER
600 520 2 2553 2726 1080 1276.5 1363
WALL
RIGHT
700 620 2.8 441 2762 1260 1260 1260
WALL 1
RIGHT
650 570 2.5 402 2124 1170 1170 1170
WALL 2
LEFT 1
550 470 2 2458 2820 990 1229 1410
WALL
LEFT
700 620 5.116 996 4153 1260 1260 1260
STAIRCASE
LEFT
550 470 2.2 1237 1974 990 990 990
WALL 2
down 550 470 2 1818 3598 990 990 1799
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3.11.2 Basement floor foundations (Mat)

Mat foundation system was selected for the basement foundation due to the limited basement
area, making it an efficient and practical choice. Figure 3.81 illustrates the mat foundation

layout.

X

Figure 3.81: Mat foundation layout

3.11.2.1 Check the stress under the mat

The stress under the mat foundation had to be less than the allowable soil stress, which was

250 kN/m?. The stress values were obtained from the ETABS, as shown in Figure 3.82.
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Figure 3.82: Stress under the mat foundation from ETABS

As shown in Figure 3.82 above the stress under the mat foundation is smaller than the

allowable bearing capacity of the soil which is 250 kN/m?.

3.11.2.2 Check shear of the mat

Vu =141kN (from ETABS , Figure 3.83 and Figure 3.84).
@Vc (no shear reinforcement) = @ x 0.66 x As x A x p, ' x~/f*c x b, x d
=0.75 % 0.66 x 0.72 x 1 x 0.002' x /28 x 720 x 1000/1000 = 171 kN.

@®Vce>Vu ¢ — no need for shear reinforcement.

Where: p,,= (800/720) x 0.0018=0.002.

2 _
And As _\/ 1+0004x720 072
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o Y iy o b1

Figure 3.84: Shear values (V23) in the mat foundation (basement)

3.11.2.3 Flexural design of mat

Mat foundation reinforcement has been taken from ETABS directly as shown in Figures 3.85
and 3.86, the area of steel of both top and bottom has been taken as 1440 mm?. Base of the

water tank has been designed separately.
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Figure 3.85: Flexural reinforcement of mat foundation in direction 1; X-direction

S

-

Figure 3.86: Flexural reinforcement of mat foundation in direction 2; Y-direction

As shown in Figures 3.85 and 3.86 above the area of steel for both directions, top and bottom

are 1440 mm?, so the bars are distributed as 1018/150mm.

3.12 Design of tie beams

3.12.1 Dimensions and reinforcement
The following dimensions are used:
Width=300mm

Thickness=500mm

Cover=40mm
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ETABS results for design of tie beams are illustrated in Figure 3.87. The area of steel given
by software meets the minimum steel ratio (0.0033). This is the normal and usual case;

results are reasonable. Minimum area of steel is given by:
Area of steel = 0.0033*460*300 = 455 mm?
ETABS result = 455mm? (shown in Figure 3.87)

The same figure shows a value of 676 mm? at the top face of the middle region of a beam;

therefore, bars details can be summed up as follows:
e 455mm’>— 3014
e 676 mm*— 3018

Tie beams details and structural drawings are all illustrated in Appendix B.

Gk GGt G5f

i 55 55¥

455 488 455
WFSE?

455 455 4S5 455 455 455 455 455 455
455 455 455 T

455
455

45 455
45 45
55 455 455

455 6% 455 455 455 455
= o= 455 455 455

455 488

455
—

= ﬁs 455 452
Figure 3.87: Design of tie beams from ETABS
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Figure 3.87a: Design of tie beams from ETABS (Total)
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Figure 3.87b: Design of tie beams from ETABS (Flexural)
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Figure 3.87c¢: Design of tie beams from ETABS (Torsional)

3.13 Design of stairs

3.13.1 Considerations and criteria

e This staircase is supported at edges of the long direction. Therefore, the structural

model is a one-way solid slab, not a cantilever.

e In concrete structures, joints transfer internal forces with different ratios; supports are
neither fixed nor pin. For this reason, and to be on the safe side, pin supports are
assumed in calculations of flexural internal forces in the waist (flight). These forces

are based on hand calculations rather than software analysis.

e The internal forces of landings are based on software analysis in order to take the

effect of the surrounding structural elements into account.

e Live load and superimposed dead load are equal in landings and flights. Table 3.23

shows live load and superimposed dead load in the staircase.

e Steps are treated as nonstructural elements and only the inclined slab is reinforced and

resist the applied loads. Steps load is included in the superimposed dead load.
e Thickness of flight equals thickness of landings.
e Sclf weight (dead load) of the flight is calculated for the inclined length. And live load

is calculated for the horizontal length.
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e Dead load per horizontal meter length has a larger value in flights compared to

landings for the same slab thickness. However, the larger value is considered in the

design of flights to simplify analysis.

o Concrete cover = 40mm.

Table 3.23: Staircase loads

Objects SD load (kN/m?) Live load (kN/m?)
Landings 4 5
Flights 4 5

3.13.2 Calculation of dead load in stair case

Flight vertical length is the difference between any two successive elevations of those shown

in Figure 3.88 and Figure 3.89.
span of flight=2.8+(2*%0.25)=3.3m

Thickness of slab =3.3/20=170mm

Span of landing =2.6 (as shown in Figure 3.91 )

Thickness of slab =2.6/20=130mm

Where the preliminary thickness of a one way solid slab = span length/20

flight dead load =0.17*25=4.25kN/m?

dead load in landings=0.13*25=3.25kN/m?
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Figure 3.90: Dimensions of staircase in the ground floor

Figure 3.91: Dimensions of staircase in typical floors
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Figure 3.92: Dimensions of staircase in the first floor

3.13.3 Analysis and design calculations

Ultimate load= 1.2D+1.6L

Ultimate load= 1.2*(7+4)+1.6*(5)= 21.2 kN/m?
1.Shear check:

Vu=21.2*% (3.3/2)= 35kN
OVe=Q x0.17 x A x~/f'c xb, xd

=0.75 % 0.17 x 1 x /28 x 1000 x130/1000 = 88 kN

OVc>Vu ¥ — No need for shear reinforcement. Concrete provides shear capacity.

2. Flexural design:

M, = w, /8 = 21.2%(3.3%) /8

M, =29 kN.m
0.85 x 28 2.61 % 29E6
=—(1-4/1 — =0.00473
20 \/ 28 x 1000 x 130° )

0.00473 >0.0018 — 0.00473 is used
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Main flexural steel in flights — A =0.00473 * 1000 *130 =615mm?
Shrinkage steel = 0.0018 * 1000 * 170 = 306 mm?

Main flexural steel in landings — reinforcement — A = 615mm?

For landing:

Design the landing as a beam that carries its load plus reaction from the flight .
Ultimate load =21.2+13=34.2KN

1.Shear check:

Vu = 34.2% (2.6/2)= 44.5kN
@Ve=0Q x0.17 x A x~[f'c x b, xd

=0.75x 0.17 x 1 x /28 x 1000 x90/1000 =60.7 kN

@Vc>Vu ¥ — No need for shear reinforcement. Concrete provides shear capacity.

2.Flexural design:
M, = w,1?/8 =44.5*%(2.6%) /8

M, =37.6 kN.m

0.85 x 28 2.61 x 37.6E6

28 x 1000 x 90
0.014>0.0018 — 0.014 is used
Main flexural steel in flights — A;=0.014 * 1000 *90=1260mm?>
Shrinkage steel = 0.0018 * 1000 * 130 = 234 mm?

Main flexural steel in landings — reinforcement — A,= 1260mm?

3.13.4 Bars details

1.Flight:

e Bottom face and long direction of the flight — (1612/200mm)

e Bottom face and short direction of the flight — (1612/250mm)

e Top face and both direction of the flight — (1012/250mm)

130



2.Landing:

Bottom face and long direction of the landing— (1616/150mm)

Bottom face and short direction of the landing— (1012/250mm)

Top face and both direction of the landing— (1012/250mm)

Bars distribution, details, and structural drawings for stairs are all illustrated in Appendix B.

3.14 Design of water tank

3.14.1 Considerations and criteria

There are two tanks of interest in this design. The first is exposed to normal conditions. While

the other has severe exposure. Despite that, and for simplicity, severe exposure is considered

in both tanks. This consideration and other consideration for design are illustrated below:

Ultimate design method with environmental durability factor S; is used instead of

allowable stress method.
Water load used in design = (10 kN/m? * height(m)) for a strip of one meter length.
Actual soil load = 0.66*18 * height = (11.88 kN/m? * height(m)).

Water load acts on the whole surface of the wall from top to bottom. This guarantees a

safe structure in case of floods.

Some walls are loaded from both sides. This means that the net force acting on the
walls is less than the water or soil loads because they are opposite in direction.
However, the worst case is considered. In other words, these walls should withstand
the applied load taking into account that case when the loads do not act

simultaneously. This might occur in the construction phase and should not be ignored.

For those walls in the previous point, and in order to simplify calculations, soil load is
considered to be equal to water load, where water load is a little larger. Thus, flexural

reinforcement does not vary in outer and inner faces of the walls.

There are only two walls that are subjected to water load only. However, these walls
are designed to withstand loads acting on both sides, same as the other walls that were

mentioned in the two points above.
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Severe exposure is considered in both tanks.
For cracks control, spacing between flexural bars does not exceed 150mm.

Bar diameter is assumed to be equal to 32 mm in the calculations of f; for flexure.
This assumption leads to the maximum possible S, factor. This permits changing

diameter to any preferred value as extreme possible load is assumed (safe side).

v = 1.4 in S, factor. Where the actual value equals 1.4 for load combination 1.4D and
ranges from 1.2 to 1.6 for load combination 1.2D+1.6L (and closer to 1.2 as the major

load is dead load).

Minimum flexural steel ratio is 0.0033 rather than 0.0018 in the walls. However, base
thickness is equal to basement thickness. Steel ratio is expected to be too small as the
base is too thick; thus, 0.0018 is used and it matches ACI code specifications (0.0033

is too much larger than required; uneconomical design).

Shrinkage steel ratio = 0.003 in both horizontal and vertical directions as specified by
ACI 350-20. Where the maximum length in the horizontal direction is less than 9 m
(30 ft). Figure 3.93 shows the minimum shrinkage steel ratio, Table 7.12.2.1 from the

mentioned code.

TABLE 7.12.2.1—MINIMUM SHRINKAGE AND
TEMPERATURE REINFORCEMENT

Minkmum shrinkage and temperature
Length between reinforcemeant ratio
mavement joints, ft Grade 40 Grade 60
Less than 20 0.0030 0.0030
20 to less than 30 0.0040 0.0030
30 1o less than 40 0.0050 0.0040
40 and greater 0000 0.0050°

*Maximum shrinkege and temperature reinforcement where movement
joints are not provided.

Mota: This table apples to s||:_||a-:ing between expansion joints and full con-
traction joints. When used with parhial contraction joints, the minimum rein-
forcement ratio ehall be determined by multiplying the actual length between
partial contraction joints by 1.5.

Figure 3.93: Minimum shrinkage and temperature reinforcement in environmental structures

3.14.2 S, factor

S :ﬁL
¢ y*fs

f, values for severe exposure:
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. 45560
TRV (s H4(50+45))

Pa For Flexure

e f =117MPa For Tension
e f =138 MPa For Shear

Where:
e S: spacing between bars, mm.

e d,: diameter of bar, mm.

h: overall thickness of member, mm.

d: effective depth of section, mm.

e c: distance from extreme compression fiber to neutral axis. It is calculated at service

loads for cracked section, mm
Assumptions for calculations:
e 5=150 mm
e d,=32mm
o y=14
These assumptions give the following f's values:
e Flexure fs =168.9 MPa (h<400mm, =1.35)
e Flexure fs =190 MPa (h>400mm, f=1.2)
e Tension fs=117 MPa

e Shear fs = 138 MPa (Ignored; shear capacity is provided by concrete (wall
thickness))

250>190,168.9>117 ¢ (one way member, walls)
250>190, 1689 > 138 ¢ (two way member, base)
Thus; Syequals:
e Flexure Sy = 1.59 = 1.6 for walls (thickness<400mm , =1.35).

o Flexure S;= 1.42 for base (thickness>400mm , f=1.2).
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e Tension S, =2.3.

3.14.3 Wall selection and design

Figure 3.94 illustrates the wall located at grid line P. Design calculations for this wall are
discussed and explained in this section. The final design of all other walls is presented in

Table 3.24.

Figure 3.94: Water tank wall to be designed
1. Flexural design:
M, = 26 kN.m is the maximum moment in negative and positive regions.

M,*S4=26*1.6=41.6 kN.m

0.85 x 28 2.61 X 41.6E6
=—(1- \/1 — =0.0022
P 420 ( 28 x 1000 x 330° )

0.0022 < 0.00333 — 0.0033 is used in this region

The moment values are less than 26 kN.m in the other regions; thus, a minimum flexural steel

ratio is used in all regions for both Y and X directions.
Main flexural steel — As =0.00333 * 1000 * 230 = 765.9 mm?

Shrinkage steel = (0.003/2) * 1000 * 300 = 450 mm?
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Figure 3.95: Moment contour map (m11) for the selected wall

25575

Figure 3.96: Moment values (m11) in edges (Corners and sides)

Note 1: m11=46.393 is at the column. Figure 3.97 shows the moment values at the wall (at the

right and left sides of this column).

Note 2: m11=25.575 is at the extreme edge. Figure3.98 show the value of moment at distance 30

cm far from edge (at face of support)
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Figure 3.97: Moment values (m11) near the column

Figure 3.98: Moment values (m11) at distance 30 cm frdm edges (At face of support)

Figure 3.99: Moment values (m11) in central regions
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Figure 3.100: Moment contour map (m22) for the selected wall

149.922

Figure 3.101: Moment values (m22) in edges (Corners and sides)
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Figure 3.102: Moment values (m22) at distance 30 cm from edges (At face of support)

Figure 3.103: Moment values (m22) in central regions
2. Shear Check and Design:
Vu=45 kN (from ETABS)
(at distance d=230mm from face of support)

Figures 3.104-3.111 below which show shear values for both X and Y direction.

Nu
6Ag

@Vc (no shear reinforcement) = @ x (0.66 x As x A x p,,'? xA/f'c+ ) x by, x d

7.5

ex1000%300 )% 1000 x 230/1000 = 98 kN

=0.75 x (0.66 x 1 x 1 x 0.0043"3 x+/28 -

Where: p,, = (300/230) x 0.0033=0.0043

Aand As=1

Nu
6Ag

is tension — negative sign. Nu equals(30*0.5*0.5)= 7.5KN (see Figure 3.114)
in design for tension).

d=300-70 = 230mm
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@®Vc>Vu v — no need for shear reinforcement

0 60 80 1

Figure 3.104: Shear contour map (V13) for the selected wall

79.168

Figure 3.105: Shear values (V13) in edges (Corners and sides)
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Figure 3.106: Shear values (V13) at distance d= 230mm from face of support

Figure 3.107: Shear values (V13) in central regions
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Figure 3.108: Shear contour map (V23) for the selected wall

50.05

265.78

Figure 3.109: Shear values (V23) in edges (Corners and sides)
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5.046

647

Figure 3.110: Shear values (V23) at distance d=230mm from face of support

Figure 3.111: Shear values (V23) in central regions
3. Tension Design:

Figures 3.112 to 3.115 show the tensile forces acting on the wall in the horizontal
direction. The wall is not too high to be divided into many parts for economical
reasons, and the values of tension in the middle do not differ too much from the edge.

The value shown is considered in the design along total height and width.

29.6 x 2.3 x 1000
- 0.9 x 420

As =180 mm?.

Tension values in Y direction are presented to determine the critical value of tension.
This value is required for calculating shear capacity (V,) to confirm shear check.

Maximum f11=29.6 kN/m?. where f11=142 is located in the column.

Maximum f22= 25 kN.
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Figure 3.112: Tension contour map f11

Figure 3.113: Maximum tension force f11
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Figure 3.114: Tension contour map {22

Figure 3.115: Maximum tension force f22
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3.14.4 Design of water tank walls

Table 3.24 shows the total reinforcement required for all walls.

Table 3.24: Reinforcement for walls of the water tank

Direction X- Direction Y- Direction
Face outer inner outer inner
Ay 851.08 851.08 759.81 759.81
Wi
Bars 1014/150 1014/150 1014/150 1014/150
Ay 760.51 760.51 759.81 759.81
W2
Bars 1014/150 1014/150 1014/150 1014/150
Ay 761.03 761.03 759.81 759.81
W3
Bars 1014/150 1014/150 1014/150 1914/150
Ay 835.87 835.87 759.81 759.81
W4
Bars 1014/150 1014/150 1014/150 1014/150
Ay 760.11 760.11 759.81 759.81
W5
Bars 1014/150 1014/150 1014/150 1014/150
Ay 760.72 760.72 759.81 759.81
W6
Bars 1014/150 1014/150 1014/150 1914/150
Ay 820.66 820.66 759.81 759.81
W7
Bars 1014/150 1014/150 1014/150 1014/150

3.14.5 Design of water tank base

A water tank base is within the mat foundation in the basement. Figure 3.116 shows the two

water tanks base layout.
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Figure 3.116: Water tank base

3.14.5.1 Flexure design
e For edge of the base:

As previously calculated, the value of S; was determined to be 1.42, and the moment value at
the edge of the water tank base was 90.7 kN-m. By multiplying this factor with the moment
value, a new moment value of 128.8 kN-m was obtained. This new moment value was used

to conduct the steel ratio calculation, as shown below.

= —-
PIATITE TS
L [ ol B A
LI B R AaBho

T lnelsls ol I/ 1

-
L]
N | 3

Figure 3.117: M11 value at the edge of the water tank

0.85 x 28 2.61 x 128.88E6
=—7(1-4/1 — =0.00066.
P 20 ( \/ 28 x 1000 x 720° )

0.00066 < 0.0018 — 0.0018 is used in this region.

146



As=0.0018*1000*800= 1440 mm?*/m

Take 1918/150 mm as reinforcement for the edge of the water tank base.

e For center of the base:

As shown in Figure 3.118, the value of moment at center of the base, thickness of the center
also is the same so the steel ratio of the center of the water tank is shown in the equation

below, the factor S, of the center is the same as the edge value which is 1.42.
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Figure 3.118: M11 values at the center of the water tank

0.85 x 28 2.61 X 90.56E6
=——(1-4/1 — =0.000463.
P 20 \/ 28 x 1000 x 720° )

0.000463 < 0.0018 — 0.0018 is used in this region.

As=0.0018*1000*800= 1440 mm?*/m

Center reinforcement is taken the same as the edge reinforcement which is 18/150 mm.

3.14.5.2 Design for tension

Axial forces are compression or too small tension values in the X-direction. In contrast,
tension forces in the Y-direction are high and can not be neglected. Figure 3.119 and Figure
3.120 show the maximum tension forces taken from ETABS followed by hand calculations

for tension reinforcement and design.

147



Figure 3.119: Maximum tension force f22 near the edge of the wall

Figure 3.120: Maximum tension force f22 in the middle

Tension values in Y-direction are presented to determine the critical value of tension. This

value is required for calculating shear capacity (V,) to confirm shear check.
Maximum f11 is compression.
Maximum f22= 180 kN near edges (along the length of the wall).

Maximum f22= 50 kN in the middle region.
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180 x 2.3 x 1000
0.9 x 420

A= = 1095 mm?. Near edges.

50 x 2.3 x 1000
0.9 x 420

A =304 mm’. Middle region.

3.14.5.3 Final reinforcement and bars details
X-direction:
1. Edges:
A, =1269 mm?> — 1018/150 mm Top face.
Shrinkage steel = 1440/2 = 720 mm? — 1012/150 mm Bottom face.
2. Middle:
A, =1269 mm? — 1918/150 mm Bottom face.
Shrinkage steel = 1440/2 = 720 mm? — 1012/150 mm Top face.
Y-direction:
1. Edges:
(left edge of the septic tank, three meters width)
A, =1440 + (1095/2) = 1987.5 mm? — 1020/150 mm Top face.
Shrinkage steel = 1440/2 = 720 mm? — 1012/150 mm Bottom face.

Note: (1095/2)= 547.5 mm? is the area required for tension forces on one face. This

area is provided by shrinkage steel.

2. Middle:

A= 1440 mm? — 1018/150 mm Bottom face.

Shrinkage steel = 1440/2 = 720 mm? — 1¢12/150 mm Top face.
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PART 11

SEISMIC
REDESIGN



CHAPTER 4: SEISMIC CONSIDERATIONS

4.1 General

This chapter marks the beginning of Part II of the project, which builds upon the foundations
established in Part I. The first part focused on the structural design of a residential
complex in Nablus under gravity loads only, including dead and live loads, in accordance
with the relevant provisions of ACI 318-19 (Building Code Requirements for Structural
Concrete) and ASCE 7-16 (Minimum Design Loads for Buildings and Other Structures). In
contrast, Part II shifts the focus to the seismic design of the same structure, addressing the
necessary modifications and considerations required to ensure resistance against seismic
forces while continuing to follow the same design codes and standards to maintain

consistency throughout the project.

While the reasoning for dividing the project into two parts was previously mentioned, it is
worth restating here: the separation allows for a clear and direct comparison between the
structural behavior and requirements under gravity-only design and those under combined
gravity and seismic loadings. This comparative approach enhances understanding of the

additional demands that seismic design imposes on structural systems.

The chapter at hand establishes the foundation for the project's seismic design. It opens with
two general sections: one introduces the nature of earthquakes and their effects on reinforced
concrete structures, and the other outlines the basic principles of seismic design. These
sections are intended to support readers who may be less familiar with seismic concepts and
to provide a smooth transition into the technical discussions. Experienced readers may choose
to skim or skip them, as the core of the chapter lies in the subsequent sections, which present
the specific seismic design criteria adopted for this project—including the selection of the
seismic force-resisting system, key design parameters, and the coefficients that directly guide

the redesign and structural modifications in the upcoming stages.

4.2 Understanding earthquake effects on structural performance

The Earth is composed of several distinct layers: the crust, mantle, and core, with the core
often divided into outer and inner parts. The Earth’s crust, which forms the Earth’s outermost
layer, is not a single solid piece but is made up of several large sections called tectonic plates,

which are constantly in motion, albeit slowly. These plates move either toward each other
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(converging), away from each other (diverging), or slide past one another in regions known
as fault zones. Although this movement is generally slow and small in scale, when it becomes
strong and occurs suddenly, the energy stored in the plates is released and transmitted through
the Earth in the form of seismic waves. These waves cause ground motion at distances far
from the epicenter—the point on the Earth's surface directly above the earthquake’s origin.
This results in what is called an earthquake. Regions adjacent to active fault lines are most

prone to experience earthquakes due to the heightened tectonic activity in these areas.

Earthquakes cause random horizontal and vertical movements of the Earth’s surface, which
impact structures. As the ground shakes, the structure experiences dynamic forces in multiple
directions. Due to inertia, structures tend to remain in their original positions, resisting the
motion. As the base of a structure moves with the ground, the superstructure lags behind due
to inertia. This interaction induces vibrations or oscillations, leading to internal stresses (of
main focus, base shear) and lateral displacements. These internal forces, if not well resisted
by the structural elements, can cause severe structural damage leading to collapse and

undesirable consequences.

Figure 4.1 illustrates this concept: as the ground moves laterally, the structure resists that
movement, resulting in a distribution of inertial forces throughout the frame. The schematics
in Figures 4.2 and 4.3 further highlight how a structure responds to seismic excitation by
illustrating the distribution of lateral shear forces and the resulting internal forces across the
building’s floors. These figures were adapted from Design of Concrete Structures (Darwin,
Dolan, & Nilson, 2016).

FIGURE 20.2 Inertia forces
Structure subjected to ground |
motion.
Members
subjected to
earthquake-induced
forces
-—
Ground motion

Figure 4.1: Ground motion-structural behaviour interaction
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FIGURE 20.8

Frame subjected to lateral
loading: (a) deflected shape:
(b) moments acting on beam-
column joint; (¢) deflected
shape and forces acting on a
beam; and (d) forces acting
on faces of a joint due to
lateral load. (a)

Figure 4.2: Induced internal stresses due to lateral loading

FIGURE 20.11

Forces based on ASCE/SEI 7
(Ref. 20.2) equivalent

lateral force procedure:

(a) structure; (b) distribution
of lateral forces over height;
and (¢) story shears.

Fy s
hy Level x Fy
hy
v —
(a) (b) (c)
F_= lateral seismic force induced at level x

x

w,, w, = portion of W at level x and level i, respectively
h.. h; = height to level x and level i, respectively
k = exponent related to structural period = 1 for T < 0.5 sec and = 2 for
T = 2.5 sec. For 0.5 < T < 2.5, k is determined by linear interpolation or set
to a value of 2

Figure 4.3: Induced lateral shear forces in seismic events

As a rule, concrete structures respond to earthquakes based on how seismic energy interacts

with their physical characteristics—primarily their mass and stiffness. These two factors

define the structure’s natural period, which represents how it vibrates when subjected to

dynamic loading. Other structural characteristics, such as height, mass distribution, geometric
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irregularities, and damping capacity (the ability to dissipate energy), also influence seismic
behavior, but the natural period remains one of the most critical parameters. Table 4.1
presents the factors affecting seismic forces, along with their explanations, in addition to

other relevant factors.

Table 4.1: Factors affecting seismic forces

Factors Affecting Seismic Forces

Factor Effect

Different systems (e.g., shear walls, moment-resisting
Structural System Type ) o o
frames) resist seismic forces in distinct ways.

o ) o Irregular shapes or layouts can cause torsional effects,
Building Configuration (Structural Irregularities) ) ) o
localized failures, and uneven force distribution.

Mass More mass means larger inertial forces (Newton's law).

) A stiffer structure resists more lateral displacement and
Stiftness . . . L .
experiences higher forces during seismic loading.

» o Affects how well the structure deforms without collapse and
Ductility and Energy Dissipation . L L
survives seismic events by dissipating energy.

Damping capacity, which varies depending on materials
Damping Ratio (e.g., concrete, steel), mitigates seismic response by

dissipating energy.

Taller buildings generally have longer natural periods,
Building Height making them more affected by lower-frequency ground

motions. In contrast to structures with short natural periods.

Soil Conditions Soft soils amplify motion more than rock.

Proximity to Epicenter or Fault Near-fault effects can be more intense.

The response of a structure is not determined by its properties alone, but also by the nature of
the earthquake itself. Ground motion characteristics such as intensity, frequency content,
acceleration, and duration play a major role—in addition to other factors related to proximity
to the epicenter and soil conditions. Among these, the dominant periods of the ground

motion—those frequencies at which the energy content is most significant—are especially
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important. When there is an alignment between the structure’s natural period and the
dominant periods of the earthquake ground motion, resonance can occur. This amplifies the

structural response and may lead to catastrophic failure.

To better understand this, ASCE standard divides structures into two categories based on their
natural period: short-period structures and long-period structures. Short-period
structures—typically low-rise and stiff—respond more strongly to high-frequency
components of ground motion, experiencing greater acceleration but relatively small
displacements. In contrast, long-period structures—such as tall, flexible buildings—are more
susceptible to low-frequency content, resulting in larger displacements but generally lower
acceleration forces. This distinction underlines a fundamental aspect of seismic design:

different structures respond differently to the same earthquake

To relate ground motion to structural behavior, seismic design standards introduce specific
terms and definitions that capture both the characteristics of ground shaking and the dynamic
properties of structures, particularly the natural period. These concepts are discussed in more
detail in the subsequent sections. At this stage, it is important to recognize that a fundamental
understanding of the interaction between ground motion and structural response lies at the

core of all seismic analysis and design decisions.

4.3 Introduction to seismic design

4.3.1 Concepts and definitions

Seismic design is the discipline that addresses the challenge of ensuring that buildings can
withstand the dynamic forces produced by earthquakes. These forces, which are lateral and
time-dependent, arise from ground shaking and vary greatly in intensity and direction. Unlike
gravity design, which deals primarily with predictable vertical loads, seismic design focuses
on how structures respond to these unpredictable lateral forces, ensuring safety and

preventing collapse.

At its core, seismic design aims to understand how seismic energy interacts with structures.
Earthquake-induced ground motion generates inertial forces, leading to vibrations, internal
stresses, and lateral displacements. The objective is to anticipate these effects and design

systems that resist or dissipate these forces (ASCE 7-16).
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The design philosophy—rooted in the concept of life safety—accepts that some damage may
occur under strong shaking, but it ensures that the structure will not collapse, protecting its
occupants (ACI 318-19, ASCE 7-16). In this context, seismic design is not meant to prevent
all damage, but rather to safeguard human life and ensure essential structural integrity even

under extreme events.

While seismic design aims to ensure life safety during severe earthquakes, it does not attempt
to guard against the most extreme conceivable events. Instead, codes adopt a probabilistic
approach to characterize earthquake hazard. A commonly used reference is the Maximum
Considered Earthquake (MCE), which corresponds to ground motion with a 2%
probability of exceedance in 50 years, as defined in ASCE 7-16. This means that there is a
small chance the actual ground motion could exceed the design level within a typical building
lifespan. Such a balance is intentional, as designing for even rarer events would often be

impractical and economically unjustifiable.

4.3.2 Seismic design codes

To standardize seismic design practices, building codes like ASCE 7-16 and ACI 318-19
provide guidelines on performance objectives, design assumptions, and acceptable methods
of analysis. These codes reflect decades of research, offering tools that engineers use to
design structures capable of resisting seismic demands. The goal is to provide a consistent
and reliable framework for anticipating earthquake effects and ensuring the building can

resist lateral forces within acceptable safety margins (ASCE 7-16).

4.3.3 Performance objectives

While all seismic designs aim to prevent structural collapse under extreme shaking, they
differ in how much damage is acceptable and what level of functionality is expected
afterward. Depending on the building’s importance and intended use, the design may aim to
merely ensure life safety, or it may require the structure to remain operational with minimal
repairs. These varying objectives influence the design approach and are guided by

code-defined performance expectations.
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4.3.4 Methodology of seismic design

Seismic design begins with analyzing how a structure responds to dynamic loading. Various
analysis methods have been developed to predict the structural response to earthquake forces.
While they differ in complexity and the level of accuracy they offer, all share a common
objective: to inform the design of effective seismic force-resisting systems (ASCE 7-16,
Chapters 12-16). A detailed overview of these methods, along with the specific method

chosen for this project, is provided in Section 4.7.

Thereafter, the design process incorporates structural mechanisms, such as shear walls or
moment-resisting frames, to provide the necessary strength, stiffness, and deformation
capacity to withstand the seismic forces estimated from the analysis. These components not
only contribute to the structural integrity but also enable energy absorption and dissipation

during an earthquake (ASCE 7-16, Chapter 12).

4.3.5 Key seismic design parameters

Before seismic design can begin, the effects of earthquakes must be translated into a language
that engineers can work with. This is the role of seismic design parameters. These values
capture both the external characteristics of ground motion and the internal characteristics of
the structure—such as its intended use or vulnerability—and express them in measurable

terms.

Together, these parameters define the seismic environment in which the structure must
perform. They serve not as a checklist of inputs, but as the foundation of the design approach,

guiding the way seismic demands are understood and managed.

From this foundation, the structural system responsible for resisting earthquake forces,
known as Seismic Force-Resisting System, is selected. This is a pivotal design decision:
different systems offer different ways of responding to seismic events, and each comes with
its own set of numerical factors. These factors—unique to the chosen system—become the

tools by which seismic forces are introduced into the analysis and design process.

In this way, the design process flows from understanding the seismic context, to selecting a
suitable structural strategy, to applying the resulting coefficients that drive technical

decisions. The sections that follow reflect this progression.
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4.4 Seismic design parameters: Concepts

The interaction between earthquakes and structures is shaped by a set of parameters that
translate natural ground motion into usable design values. These parameters are not just
numbers, they represent how the ground is expected to behave during a major earthquake,
and how a particular structure is likely to respond. Establishing them correctly is essential to
a safe and effective seismic design. In modern engineering practice, these parameters are
defined according to well-established seismic design standards, with ASCE 7-16 being one
of the most commonly referenced examples. The conceptual foundations of these parameters
are introduced in this section. For convenience, Table 4.2 at the end of the section provides a
summary of the key seismic design parameters covered, including both primary variables and

supporting values.

4.4.1 Spectral accelerations

In ASCE 7-16, seismic demand is characterized by two spectral accelerations: the
short-period spectral acceleration (Ss) and the long-period spectral acceleration (S,)
(ASCE, 2017). These accelerations are expressed as fractions of gravitational acceleration
and help quantify the expected earthquake demand on structures with different natural

periods.

The spectral accelerations Ss and S; correspond to the peak spectral accelerations of
single-degree-of-freedom systems with fundamental periods of 0.2 seconds and 1.0 second,
respectively, each assuming 5% critical damping (ASCE, 2017). These values are adjusted
for local site conditions using historical earthquake records and geological assessments to
provide site-specific seismic hazard parameters. A damping ratio of 5% is commonly used in
seismic design of reinforced concrete structures, representing a practical balance between
structural stiffness and energy dissipation, as supported by ASCE 7-16, Chapter 11 (ASCE,
2017).

National seismic hazard maps —typically developed by government agencies such as the
United States Geological Survey (USGS)—represent expected ground accelerations for
structures with varying vibration characteristics. These mapped values of Ss and S;, as
adopted from USGS hazard data and incorporated into ASCE 7-16, generally correspond to
ground motion with a 2% probability of exceedance in 50 years, corresponding to a

2500-year return period. This probabilistic basis is widely adopted in seismic design codes
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and standards, including ASCE 7-16, to ensure structures are designed to withstand rare but

potentially damaging earthquakes.

4.4.2 Long-period Transition Period

To further interpret the seismic environment, ASCE 7-16 introduces the long-period
transition period (TL), which serves as a threshold distinguishing short-period structures
from long-period ones. This parameter shapes the form of the design response spectrum and
helps determine which segment of the curve governs a structure’s expected behavior,

reinforcing the contextual role of Ss and S, in defining seismic demand.

4.4.3 Site classification

Ground motion varies significantly depending on local site conditions. The nature of the soil
beneath a structure influences how seismic waves are transmitted and amplified. Recognizing
this, ASCE 7-16 introduces site classification, which divides soils into six classes (A
through F) based on parameters such as average shear wave velocity and soil profile depth as
shown in Figure 4.4 (ASCE, 2017, Chapter 20, Section 20.3). These site classes modify the
mapped spectral accelerations Ss and S; through amplification factors, reflecting the
influence of local soil conditions on seismic demand (ASCE, 2017, Chapter 11, Tables 11.4-1
and 11.4-2).

Table 20.3-1 Site Classification

Site Class Ve N or Nen W

A. Hard rock >5,000 ft/s NA NA

B. Rock 2,500 to 5,000 ft/s NA NA

C. Very dense soil and soft rock 1,200 to 2,500 ft/s =50 blows /ft >2,000 Ib /fi

D. Suff soil 600 to 1,200 ft/s 15 to 50 blows /ft 1,000 to 2,000 Ib/fi2
E. Soft clay soil <600 ft/s <15 blows /ft < 1,000 Ib /fi2

Any profile with more than 10 ft of soil that has the following characteristics:
— Plasticity index PI > 20,
—  Moisture content w > 40%,
— Undrained shear strength 5, < 500 1b /fi?
F. Soils requiring site response analysis See Section 20.3.1
in accordance with Section 21.1

Note: For SI: 1 ft=0.3048 m; 1 ft /s=0.3048 m/s; 1 Ib /fi> =0.0479 kN /m’.

Figure 4.4: Site classification based on Table 20.3-1 in ASCE 7-16

Two site coefficients, F, (for short-period motion) and F, (for long-period motion), are used
to adjust the spectral accelerations for site-specific conditions. These coefficients are selected

from standard tables in the code, based on both the site class and the corresponding spectral
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accelerations, yielding the maximum considered earthquake spectral accelerations which

reflect the most severe shaking a structure is expected to endure:
o Sys=F,xSs
e Swi=F,x§,

Since the design process does not rely on the full intensity of the maximum considered
earthquake, a reduction is applied to account for controlled, inelastic behavior. The resulting
values—design spectral accelerations (Sps and Sp,)—are what the structure is actually
designed to resist. The design spectral accelerations are calculated by applying a reduction

factor of 2/3:
® Sps=1(2/3) X Sys

® Spi=(2/3) xSy

4.4.4 Additional parameters and interdependence of seismic factors

An additional key consideration in seismic design is the Occupancy Category (also known
as the Risk Category) of the building. This classification reflects the consequences of failure
and the need to maintain post-earthquake functionality, especially for essential or
high-occupancy structures. When combined with the mapped and adjusted spectral
accelerations, this category informs the determination of the building’s Seismic Design
Category (SDC). The SDC plays a pivotal role in shaping the overall seismic design strategy,
influencing the selection of structural systems, analysis methods, and applicable detailing and

code requirements.

All the parameters discussed thus far form the foundation for selecting an appropriate seismic
force-resisting system (SFRS)—the backbone of the structural response to seismic loading.
Rather than acting in isolation, these parameters operate as an interconnected network,

guiding engineers toward systems that can effectively withstand anticipated seismic demands.

Figure 4.5 presents a dependency diagram developed by the authors to illustrate this
conceptual network. The flowchart highlights the sequence of decisions and refinements: how
initial ground motion values, such as mapped spectral accelerations, are adjusted for site
effects and reduced using code-based factors, ultimately leading to the design spectral

response and the selection of an appropriate lateral force-resisting system.
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Short-Period Spectral Long-Period Spectral
Acceleration (Ss) Behavioral Split Period Acceleration (S1)

Site Classification

Risk Category

Multiply by (2/3)
Multiply by (2/3)

Seismic Design Seismic Design
Category (SDC) Category (SDC)

Final SDC

Seismic Force-Resisting System

Figure 4.5: Dependency Diagram of Seismic Design Parameters

This flow clarifies the logic behind seismic parameter determination and supports a deeper
understanding of how design choices are systematically shaped. It also provides a conceptual
transition to the next section, where these parameters are applied to the actual site and

structural characteristics of this project.

Additional factors such as the importance factor (I.), response modification coefficient
(R), overstrength factor (€2), deflection amplification factor (C,), and period estimation
coefficients (C, and x) play supporting roles at this stage, primarily influencing later phases
of analysis and detailed design. While they are not central during the initial determination of
seismic hazard and site effects, they become increasingly critical in shaping the final design
forces, displacements, and detailing requirements. These parameters ultimately form the
pillars of the structural response and will be discussed further once the seismic design

approach and system selection are introduced.
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Table 4.2: Summary of seismic design parameters

Parameter Description Notes
) ) Represents peak ground motion for
S, Mapped short-period spectral acceleration (0.2s). )
short-period structures.
) ) Represents peak ground motion for
S, Mapped long-period spectral acceleration (1.0s). )
long-period structures.
Separates short-period and long-period
TL Long-period transition period. structure behavior in the design
spectrum.
) ) » ) ) ~ |It depends primarily on shear wave
Site Describes local soil and rock conditions, affecting amplification ) ) )
o velocity, standard penetration resistance,
Classification |of seismic waves. )
and undrained shear strength
F, Site coefficient for short-period ground motion. Depends on site class and S,.
F, Site coefficient for long-period ground motion. Depends on site class and S,.
Maximum considered earthquake spectral response acceleration
Sums ) Calculated as F, x S,.
at short periods.
Maximum considered earthquake spectral response acceleration
Swvit ) Calculated as F, x S;.
at long periods.
Sos Design spectral acceleration for short periods. Sps = (2/3) x Sys.
Sp1 Design spectral acceleration for long periods. Sp1 =(2/3) x Sy.
) ) Used to determine Seismic Design
Risk Category |Classification of structure based on occupancy.
Category and the Importance factor.
o ] Determines seismic design requirements
SDC Seismic Design Category. .
based on Sps, Sp;, and Risk Category.
| The Importance factor, reflects the importance of structure and |Adjusts design forces based on building
¢ controls the severity of earthquake damage. function.
) ) ) Reduces elastic forces to account for
R Response modification coefficient. ) ] )
inelastic behavior.
Used in load combinations to account
Q Overstrength factor. .
for extra strength beyond design level.
) ) ) Used to estimate expected
Cq Deflection amplification factor.

displacements in seismic design.
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4.5 Seismic design parameters: Determination and adaptation

This section presents the key seismic design parameters as adapted for this specific project,
characterizing the expected earthquake demands at the site. These values were derived
primarily from ASCE 7-16 and supplemented by additional references cited where relevant.
Establishing these parameters is the first step in the seismic design process, as they define the
conditions under which the structure must perform. Based on these values, the appropriate
Seismic Force-Resisting System is selected in the following section. That system, in turn,
provides the essential design coefficients that guide the structural analysis and detailing. In
this way, the parameters discussed here initiate the design path followed throughout the rest

of the seismic design.

4.5.18,,S, and TL

Figure 4.6 presents the seismic hazard map for Palestine adapted from Arman (2025a),
which provides region-specific values for the mapped spectral accelerations and long-period
transition periods. The derivation of these values follows the methodology described in detail
by the original authors, and is based on probabilistic seismic hazard analysis calibrated for
the region. For the purposes of this study, the focus is on the application of the provided

values rather than their derivation.
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The values of Ss, S, and TL were determined through interpolation between the seismic data
for Jett and Nablus, as the project site lies geographically between them. Table 4.3 presents

the resulting seismic parameters.

Table 4.3: Seismic factors

Factors Value
S, 0.6
S 0.14
T, 7 Sec

4.5.2 Site classification and coefficients

4.5.2.1 Site classification

As shown previously in Figure 4.4, the site has been classified as Site Class C. The
classification is supported by the following calculation, which utilizes Terzaghi’s classical
bearing capacity equation as presented in Foundation Analysis and Design by Bowles

(1996):
qu=NecX S,
Given:
e q,=741 kPa (as reported in the geotechnical study; see Section 1.8),

e N, values vary depending on the footing type, as listed in Table 4-2 of the same

reference (Bowles, 1996), and reproduced in Appendix E. Values are:
o 5.14 for strip footings,
o 5.7 for isolated square footings,
e A conservative intermediate value of 5.14 was adopted.

Solving for the undrained shear strength:

Su = 0.144 MPa (or 144kPa) — 2715.05 Ib/ft*

Where:
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q.= ultimate bearing capacity.

N.= Bearing capacity factor depended on shape of footing.

S,= undrained shear strength.

This value of S,, in combination with other geotechnical properties and site conditions,

supports the assignment of Site Class C for seismic design purposes, in accordance with

ASCE 7-16.

4.5.2.2 Site coefficients

Two site coefficients were adopted in accordance with Tables 11.4-1 and 11.4-2 of ASCE 7-16

(shown in Figures 4.7 and 4.8, respectively): the short-period site coefficient, F,, and the

long-period site coefficient, F,. These coefficients are used to adjust the mapped spectral

acceleration Ss and S,, respectively.

Table 11.4-1 Short-Period Site Coefficient, F,
Mapped Risk-Targeted Maximum Considered Earthquake (MCEy) Spectral
Response Acceleration Parameter at Short Period
Site
Class S;<025 S.=05 S.=075 S.=10 Ss=125 S =15
A 0.8 0.8 0.8 0.8 0.8 0.8
B 0.9 0.9 0.9 0.9 0.9 0.9
C 1.3 1.3 1.2 1.2 1.2 1.2
D 1.6 1.4 1.2 1.1 1.0 1.0
E 2.4 1.7 1.3 See See See
Section  Section  Section
11.4.8 11.4.8 11.4.8
F See See See See See See
Section  Section  Section Section  Section  Section
11.4.8 11.4.8 11.48 11.4.8 11.4.8 11.4.8
Note: Use straight-line interpolation for intermediate values of 5.

Figure 4.7: Short-period site coefficient (F,) per ASCE 7-16
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Table 11.4-2 Long-Period Site Coefficient, F,

Mapped Risk-Targeted Maximum Considered Earthquake (MCEg) Spectral
Response Acceleration Parameter at 1-s Period

Site
Class 5; <01 5,=02 5;,=03 5, =04 5;,=05 5,>086
A 0.8 0.8 0.8 0.8 0.8 0.8
B 0.8 0.8 0.8 0.8 0.8 0.8
C 1.5 1.5 1.5 1.5 1.5 1.4
D 2.4 2.2° 2.7 1.9¢ 1.87 1.7¢
E 4.2 See See See See See
Section  Section  Section  Section  Section
11.4.8 11.4.8 11.4.8 11.4.8 11.4.8
F See See See See See See
Section  Section  Section  Section  Section  Section
11.4.8 11.4.8 11.4.8 11.4.8 11.4.8 11.4.8

Note: Use straight-line interpolation for intermediate values of §,.
“Also, see requirements for site-specific ground motions in Section 11.4.8.

Figure 4.8: Long-period site coefficient (F,) per ASCE 7-16

From Figure 4.7 (Table 11.4-1 in ASCE 7-16), and for Ss = 0.6 (i.e., 0.5 < Ss <0.75):
— F, =1.26 (determined by linear interpolation between 1.3 and 1.2)

From Figure 4.8 (Table 11.4-2 in ASCE 7-16), and for S; =0.14 (i.e., 0.1 < S, <0.2):
—F,=1.5

4.5.3 Risk category and importance factor

4.5.3.1 Risk category

Risk Category is a classification system used to determine the level of importance of a
building or structure based on its intended use and the consequences of its failure. This

classification directly affects how conservative the seismic design should be.

In general, the selection of a facility’s risk category is based on the engineer's evaluation of
the building's function, its occupancy, and the level of performance required after an
earthquake event. In ASCE 7-16, Table 1.5-1 (shown in Figure 4.9) categorizes buildings

into Risk Categories I through IV, ranging from lowest to highest importance, based on
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increasing hazard to human life and the building’s role in supporting essential community or

societal functions.

Table 1.5-1 Risk Category of Buildings and Other Structures for
Flood, Wind, Snow, Earthquake, and Ice Loads

Use or Occupancy of Buildings and Structures Risk Category

Buildings and other structures that represent low risk to I
human life in the event of failure

All buildings and other structures except those listed in Risk 11
Categories I, III, and IV

Buildings and other structures, the failure of which could 11T
pose a substantial risk to human life

Buildings and other structures, not included in Risk
Category IV, with potential to cause a substantial economic
impact and/or mass disruption of day-to-day civilian life in
the event of failure

Buildings and other structures not included in Risk Category
IV (including, but not limited to, facilities that manufacture,
process, handle, store, use, or dispose of such substances as
hazardous fuels, hazardous chemicals, hazardous waste, or
explosives) containing toxic or explosive substances where
the quantity of the material exceeds a threshold quantity
established by the Authority Having Jurisdiction and is
sufficient to pose a threat to the public if released”

Buildings and other structures designated as essential v
facilities

Buildings and other structures, the failure of which could
pose a substantial hazard to the community

Buildings and other structures (including, but not limited to,
facilities that manufacture, process, handle, store, use, or
dispose of such substances as hazardous fuels, hazardous
chemicals, or hazardous waste) containing sufficient
quantities of highly toxic substances where the quantity of
the material exceeds a threshold quantity established by the
Authority Having Jurisdiction and is sufficient to pose a
threat to the public if released®

Buildings and other structures required to maintain the
functionality of other Risk Category IV structures

“Buildings and other structures containing toxic, highly toxic, or explosive
substances shall be eligible for classification to a lower Risk Category if it can
be demonstrated to the satisfaction of the Authority Having Jurisdiction by a
hazard assessment as described in Section 1.5.3 that a release of the sub-
stances is commensurate with the risk associated with that Risk Category.

Figure 4.9: Risk category of buildings. (ASCE 7-16, Table 1.5-1)

For this project, both Risk Category II and Risk Category III could initially be considered,
based on the descriptions and criteria outlined in the referenced classification table. To

resolve this ambiguity, Table 1604.5 of the International Building Code (IBC 2021) was
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consulted for clarification. While the complete table is included in Appendix E, only the

relevant portion is cited here.

According to the IBC’s description under Risk Category III, buildings are classified under
this category if they:

“Represent a substantial hazard to human life in the event of failure, including
but not limited to:
* Buildings and other structures whose primary occupancy is public assembly

with an occupant load greater than 300.""

Given that the facility consists of residential apartment units with a total occupancy of fewer

than 300 residents, Risk Category II was ultimately selected as appropriate for the design.

Beyond its role in determining the Seismic Design Category—an essential step in selecting
the appropriate Lateral Force Resisting System—the Risk Category also informs the selection
of the seismic Importance Factor. Although the Importance Factor is not the primary focus of
this discussion, it is directly derived from the Risk Category and is thus presented in the

following subsection.

4.5.3.1 Importance Factor (1)

The seismic Importance Factor is a direct numerical expression of the previously determined
Risk Category. It translates the qualitative assessment of a structure’s importance into a
quantitative factor used in seismic load calculations, ensuring that buildings with higher risk

classifications are designed to withstand greater seismic demands.

In accordance with the Risk Category, ASCE 7-16 Table 1.5-2 (shown in Figure 4.10)
provides the corresponding Importance Factor. For the selected Risk Category II, the

Importance Factor, I, is equal to 1.00.

¢ This excerpt is one of several conditions listed under Risk Category III in IBC Table 1604.5. Only the relevant
clause is included here, while the full list is available for reference in Appendix G.
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Table 1.5-2 Importance Factors by Risk Category of Buildings and
Other Structures for Snow, Ice, and Earthquake Loads

Risk Snow Ice Importance Ice Importance Seismic
Category from Importance Factor— Factor—Wind, Importance
Table 1.5-1 Factor, /; Thickness, /; 1, Factor, I,
1 0.80 0.80 1.00 1.00
I 1.00 1.00 1.00 1.00
1M 1.10 1.15 1.00 1.25
v 1.20 1.25 1.00 1.50

Note: The component importance factor, /,,, applicable to earthquake loads, is
not included in this table because it depends on the importance of the
individual component rather than that of the building as a whole, or its

occupancy. Refer to Section 13.1.3.

Figure 4.10: Importance factor by risk category (ASCE 7-16, Table 1.5-2)

4.5.4 Seismic Design Category (SDC)

To determine the Seismic Design Category, a series of calculations must first be performed,
beginning with the determination of the design spectral response accelerations, Syg and

SDl .
Sps and Sp;:

Using the site coefficients F, and F, previously determined, the mapped spectral response
accelerations Ss and S, are adjusted to compute the Maximum Considered Earthquake (MCE)

spectral accelerations:
o Syus=F,xSs=126x0.6=0.756
— Sys = 0.756
o S, =F,xS,=15x0.14=0.21
— Syp =0.21

These values are then reduced by a factor of two-thirds (%5) to obtain the design spectral

response accelerations, which are used in structural design:
® Sps=(%)x Sys= (%) x0.756 =0.504
— Sps = 0.504

® Sp =) %Sy =(%4)x021=0.14
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—> Sp, = 0.14

The Seismic Design Category was then determined using two criteria from ASCE 7-16: Table
11.6-1 (Figure 4.11) for the short-period design spectral acceleration (SDS) and Table 11.6-2
(Figure 4.12) for the 1-second period spectral acceleration (SD1).

Based on the short-period acceleration SDS, the building falls under Seismic Design
Category D. Based on the 1-second period acceleration SD1, it is classified as Category C.
Following standard practice, the more critical classification governs; therefore, Seismic

Design Category D was adopted.

TABLE 11.6-1 Seismic Design Category Based on Short-Period
Response Acceleration Parameter

Risk Category

Value of Sps lorllor lll v

Sps < 0.167 A A
0.167 < Sps < 0.33 B C
0.33 < Sps < 0.50 C D
0.50 < Sps D D

Figure 4.11: Seismic design category based on short period response acceleration parameter

TABLE 11.6-2 Seismic Design Category Based on 1-s Period
Response Acceleration Parameter

Risk Category
Value of Sp, lorlloril v
Spi < 0.067 A A
0.067 < 5p, <0.133 B C
0.133 < 85p, <0.20 C D
0.20 < Sp, D D

Figure 4.12: Seismic design category based on 1-s period response acceleration parameter
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4.6 Seismic-Force-Resisting System and design factors and coefficients

4.6.1 Seismic-Force-Resisting System

The Seismic Force Resisting System (SFRS) for this project was selected based on ASCE
7-16, Table 12.2-1, which outlines allowable systems by structural height (hn) and Seismic
Design Category (SDC). With an hn of 29.65 meters and SDC D, the permitted systems were
identified. While several options are allowed, the final choice also considered the existing

structure to minimize modifications.

Special reinforced concrete shear walls were selected as the most suitable option, aligning
with the original layout, which primarily includes load-bearing walls and lacks significant
frame elements. Alternative systems like moment frames would require major changes,
complicating the design. This selection supports a simpler, more compatible seismic upgrade.

Figure 4.13 illustrates the chosen SFRS.
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Figure 4.13: The selected Seismic Force-Resisting System (ASCE 7-16, Table 12.2-1)

Therefore, the selected Seismic Force-Resisting System—Special Reinforced Concrete
Shear Walls under the Bearing Wall Systems category—not only complies with seismic
design requirements but also fits naturally within the original structural layout, minimizing

the need for significant reconfiguration.
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4.6.2 Seismic design factors and coefficients

With the system identified, the next step involves defining the key seismic design

parameters associated with it. These include:
e Response Modification Coefficient (R)
e Deflection Amplification Factor (C,)
e Overstrength Factor (€0)

These coefficients are essential inputs in various stages of the seismic design process, such as

the calculation of base shear, drift checks, and force amplification for detailing requirements.
Response Modification and Amplification Coefficients:

The values of these parameters are specified in ASCE 7-16 Table 12.2-1, corresponding to
the selected system under the Bearing Wall Systems category. For Special Reinforced

Concrete Shear Walls, the coefficients are:
e Response Modification Coefficient (R) = 5.0
e Overstrength Factor (20) = 2.5
e Deflection Amplification Factor (C,) = 5.0

These values reflect the expected nonlinear behavior and energy dissipation capacity of the
selected system. They will be applied in later design stages, ensuring compliance with the

code's performance objectives related to strength, stiffness, and ductility.
Redundancy Factor (p)

The redundancy factor (p), defined in ASCE 7-16 Section 12.3.4, accounts for the structure’s
ability to redistribute seismic forces through alternate load paths. A value of 1.3 was used in

this project. This factor was assigned in ETABS and applied during the seismic design phase.

4.7 Seismic analysis methods: Comparison and selection

Seismic analysis methods reflect how a structure will respond under the influence of
earthquake forces. In the context of seismic design, understanding these methods is essential
to ensure that the structural response to seismic events is accurately captured and

appropriately designed for.
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There are various seismic analysis methods used in practice, ranging from simple to complex.

The four most commonly used methods in seismic analysis are:
e Equivalent Static Force Procedure.
e Response Spectrum Analysis.
e Nonlinear Static (Pushover) Analysis.
e Time History Analysis.

Each of such provides a unique approach to modeling the dynamic response of buildings
experiencing seismic effects, and each has its advantages and limitations. These methods vary
in complexity, accuracy, and applicability depending on the building’s size, design, and the

expected seismic risk.

While these four are the most widely applied in engineering practice, there are other
approaches available as well. Below is a detailed explanation of each method, followed by a
comparison of their advantages and limitations. Finally, the most suitable method for this

project is determined based on the project's specific requirements.
1. Equivalent Static Method

The Equivalent Static Method is one of the simplest and most widely used methods for
seismic analysis. It assumes the seismic forces acting on the structure are equivalent to a
static load, based on the building's mass, stiffness, and the seismic parameters defined for the
site. This method is typically used for buildings that are relatively regular and of low to

moderate height.
e Advantages:
o Simple to apply.
o Suitable for low-rise buildings and structures with minimal complexity.
e Limitations:
o Does not account for dynamic effects such as frequency-dependent response.
o Not suitable for highly irregular or tall structures.

2. Response Spectrum Method

174



The Response Spectrum Method accounts for the dynamic behavior of a structure by using a
response spectrum, which represents the maximum peak response of a structure to seismic
ground motion over a range of frequencies. This method considers the structure's natural
frequency and mass distribution, allowing for a more accurate prediction of the structure's

response to seismic forces.
e Advantages:
o Accounts for dynamic effects and mode shapes.
o Suitable for medium-rise buildings and buildings with higher complexity.
e Limitations:
o Assumes linear elastic behavior.
o Does not capture time-dependent effects such as duration of shaking.
3. Time History Analysis

The Time History Analysis is a dynamic analysis method that simulates the actual
time-dependent behavior of the structure under a specific ground motion record. This method
provides a detailed understanding of the structure's response, accounting for both the

frequency content and the duration of the seismic event.
e Advantages:
o Provides detailed and accurate predictions of structural behavior.
o Accounts for both the magnitude and duration of seismic events.
e Limitations:
o Requires significant computational resources.
o Sensitive to the selection of the ground motion record.
4. Nonlinear Analysis

Nonlinear Analysis considers the inelastic behavior of the structure under seismic loading,
taking into account factors such as material yielding, plastic deformations, and energy
dissipation mechanisms. This method is particularly useful for evaluating the performance of

structures in seismic zones with a higher risk of significant damage.

e Advantages:
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o Accurately captures the inelastic response of the structure.

o Essential for highly irregular structures and for assessing post-yield behavior.
e Limitations:

o More complex and computationally intensive.

o Requires detailed material and structural modeling.

Each method offers specific advantages and limitations, reflecting varying levels of
approximation and suitability for different project types. Some methods aim to capture peak
structural response, while others provide a more detailed representation of time-dependent
behavior during seismic events. Table 4.4 provides a comparative summary of the four
methods—highlighting their ease of application, strengths, drawbacks, and appropriate use

cases—enabling informed selection based on the characteristics and requirements of the

project.
Table 4.4: Comparison of seismic analysis methods
Ease of
Method Advantages Disadvantages Suitability
Application
Simple to apply, computationally |Assumes linear o
Equivalent Static . ) . . Best for low seismic risk
Easy efficient, suitable for small to behavior, not suitable for
Method . L areas, simple buildings
medium buildings arge/complex structures
. Requires more input ) .
Response Spectrum More accurate than static method, Suitable for medium to
Moderate ) ) date, more complex o
Analysis laccounts for dynamic behavior ) large buildings
calculations
Computationally
Used for high-risk
Time History ) [Most detailed, captures realistic intensive, requires )
Difficult o ] ) ) structures, irregular
Analysis seismic response, highly accurate |quality ground motion .
geometries
data
] ) ) Complex and Suitable for structures
Captures inelastic behavior, ) )
) ) time-consuming, expected to undergo
Nonlinear Analysis| Difficult [accurate for structures with ) ) o ) )
o ) requires detailed significant inelastic
significant deformation ) )
modeling behavior

Selection of Seismic Analysis Method for the Project:

In this project, the Equivalent Equivalent Static Method was selected as the primary

approach for seismic analysis and structural checks. This choice reflects the project’s relative
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simplicity and the method’s ability to provide a reasonable balance between accuracy and
computational efficiency for the given structural configuration and seismic hazard level.
However, due to the presence of certain irregularities and the need to better capture the
building's dynamic behavior, the potential necessity for a Response Spectrum Analysis
remains. Therefore, both methods were defined in the ETABS model (see Section 5.3), and
their application—along with an evaluation of their suitability for the project's specific

requirements—is discussed in detail in Chapter 5.
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CHAPTER 5: SEISMIC MODELING, ANALYSIS, AND
CHECKS

5.1 General

This chapter presents the modeling strategy, analysis procedure, and the key checks
performed to evaluate the structural behavior, compliance with code requirements, and
suitability of the selected seismic analysis method. These steps are essential to ensure that the
model accurately represents the real behavior of the structure under seismic demands, and to
confirm that the adopted design approach remains both safe and code-compliant before

moving to the final seismic design phase.

Minor preliminary modifications were made to the model prior to the checks in this chapter,
based on engineering judgment and prior seismic design experience. These adjustments

aimed to improve expected lateral performance. Details are provided in Section 6.4.

The chapter proceeds by presenting the base shear evaluation and scaling process, followed
by a series of checks that address stability, irregularities, and story drifts. Each check is
introduced with an explanation of its purpose and relevance, and results are interpreted in the
context of seismic adequacy. Further refinement and design decisions—including structural

modifications and reinforcement adjustments—are discussed in Chapter 6.

5.2 Modeling strategy and assumptions

The seismic modeling and analysis phase was executed using ETABS, extending from the
gravity-load model developed in Part I. In this stage, additional considerations specific to
seismic design were incorporated, including both loading definitions and lateral system
configuration. ETABS provided a suitable platform to perform the required analyses,

supporting both static and dynamic seismic procedures.

The scope of this section focuses solely on aspects related to seismic modeling. Elements
from the gravity phase—such as cracked section modifiers, materials, and structural member
dimensions—remained unchanged and are not revisited here. Instead, attention is directed to
the adaptations and refinements applied specifically for seismic purposes, in line with ASCE

7-16 requirements.
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5.2.1 Model framework and geometry

The starting point of the seismic modeling phase was the gravity-load model developed
earlier. The same three-dimensional frame and shell-based structural representation was
maintained. While the general layout, material assignments, and section properties were

preserved, certain model-level settings and configurations were adjusted in the seismic stage.

These included updates to modeling preferences and element-specific overwrites. Such
modifications were implemented in later stages of the design process to ensure compliance
with seismic design requirements. Importantly, the lateral force-resisting system was refined
through the introduction of a limited number of shear walls in targeted locations. These
additions were made after preliminary evaluation indicated that the original configuration
might exhibit torsional irregularities. Details on these adjustments are discussed further in

Section 6.3.

5.2.2 Seismic parameters and load case definitions

The seismic parameters used in the model were determined based on ASCE 7-16 provisions

and the site-specific hazard values discussed in Chapter 4. These included:
e Mapped spectral response accelerations at short periods (Ss) and at 1-second period
(S1)
e Site class and corresponding site coefficients
e Seismic Design Category (SDC)
e [ong-period transition period (TL)
e Importance factor (I,), based on Risk Category Il

These parameters were reflected in the definition of dynamic and static load cases and in the

design spectrum function. Two seismic load cases were defined:
e EX/EY: Equivalent static in X and Y directions
e EXD/EYD: Response spectrum in X and Y directions

Modal analysis was conducted in both principal directions (modal X and meodal Y), and a
consistent mass source was defined incorporating 100% of the dead and superimposed dead

load and 25% of the live load, as permitted by ASCE.
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5.2.3 Load combinations and software automation

Load combinations involving seismic effects were applied according to ASCE 7-16. These
included both strength and serviceability combinations accounting for seismic demands in
various directions and scenarios. To streamline the modeling process and reduce human error,
these combinations were not entered manually. Instead, ETABS’s built-in combination
generator was employed, enabling automatic creation of all code-compliant load
combinations. However, additional combinations were defined manually for evaluating
second-order effects (P-delta) and stress checks as they are not automatically defined by

ETABS.

5.2.4 Code-Based modeling assumptions

In configuring the seismic model, various assumptions required by ASCE 7-16 were
incorporated into ETABS. These assumptions reflect common modeling decisions that affect
the distribution and interpretation of seismic forces, and they were resolved following code

guidelines. These include:

e Diaphragm constraint assignment: rigid diaphragms were used for irregularity

checks; semi-rigid diaphragms were applied in later design stages
e Accidental torsion: modeled using 5% accidental eccentricity

e Mass source definition: included 25% of live load in addition to full dead and

superimposed dead load
e Directional combination method: 100% in one direction + 30% of the orthogonal
e Modal combination method: Complete Quadratic Combination (CQC)
e Modal analysis type: Ritz vectors
e Number of modes: 18
e Directional combination method (in dynamic results): absolute value method
e Damping ratio: 5% in the response spectrum function

e Response spectrum scale: applied using the factor g-I/R, as prescribed by ASCE
7-16 Section 12.9.1.2
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These modeling assumptions ensured that the behavior of the structure under seismic
excitation was represented in a manner consistent with national standards and design

expectations.

5.2.5 Secondary model for irregularity and drift checks

In addition to the primary seismic model, a secondary model was developed to isolate and
evaluate potential irregularities and drift behavior more clearly. This model excluded the 30%
orthogonal direction combination typically applied in seismic load cases. Its purpose was to
assess story drift, plan irregularities, and determine the necessity of P-Delta analysis under

pure directional loading conditions.

By distinguishing between the design model and the evaluation model, the structural
assessment remained both accurate and code-compliant, facilitating targeted checks without

compromising the integrity of the main analysis results.
5.3 Seismic load definitions

Seismic analysis and design requires extra software definitions. These definitions are related
to identifying the seismic parameters (coefficients and factors) which are the basis that
determine how the structure behaves due to assumed (conservative assumption and expected)
of seismic loading. In addition to the definition of the analysis method the software uses in

the analysis procedure.

Defined load patterns , seismic load in x and y direction in ETABS,as shown in Figure 5.1.

[3 Define Load Patterns *
Loads Click Ta:
Selff Weight Auto
Load Type Multiplier Lateral Load Add New Load

Pead Dead ~ [ Mody Load

sD A || Super Dead ] ~ ~

Snow Snow 0

Roof Live Roof Live 0

Rain Other 0

Wind Wind 0 None Delete Load

Soil Other 0

Water Other 0

EX Seismic 0 ASCE 7-16

Vv ismi v v 7- ]
EY Seismic 0 ASCE 7-16 Cancel

Figure 5.1: Defined load patterns for gravity and seismic in X and Y directions (ETABS)

Defined seismic load pattern in Y-direction and X-direction, as shown in Figures 5.2 and 5.3.
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Direction and Eccentricity
[ * Dir
[ * Dir + Eccentricity
[ * Dir - Eccentricity
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QOverwrite Eccentricities Qverwrite. ..

Time Period
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(® Program Calculated Ct ft).x = 0.02; 0.7 v
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Story Range
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. oK || Caneel |

Seismic Coefficients
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1 Sec Spectral Accel, 51
Long-Period Transition Period
Site Class
Site Coefficient, Fa
Site Coefficient, Fv
Calculated Coefficients
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Factors
Response Modification, R
System Owerstrength, Omega
Deflection Amplfication, Cd
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Figure 5.2: Defined load pattern, seismic load in X-direction in ETABS

Direction and Eccentricity
[ % Dir
[] % Dir + Eccentricity
[] % Dir - Eccentricity
Ecc. Ratio (All Diaph )

&  Dir
[ ¥ Dir + Eccentricity
[ ¥ Dir - Eccentricity

Overwrite Eccentricities Overwrite...

Time Period

() Approximate Ctft).x=

® Program Calculated Ct fit). x = 002, 075 ~

() User Defined =
Story Range

Top Story for Seismic Loads Story9 w

Bottom Story for Seismic Loads Basze w

. ok | | Cancel |

Seismic Coefficients
0.2 Sec Spectral Accel, Ss
1 Sec Spectral Accel, 51
Long-Period Transition Period
Site Class
Site Coefficient, Fa
Site Coefficient, Fv
Calculated Coefficients
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Factors
Response Modffication, R
System Cwverstrength, Omega
Deflection Amplification, Cd
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Figure 5.3: Defined load pattern, seismic load in Y-direction in ETABS

Definition of the mass source, as shown in Figure 5.4.




Mass Multipliers for Load Patterns

Mass Source Name |M55rc1 |

Load Pattern Multiplier

Mass Source

[] Element Self Mass

[ Additional Mass

[ Specified Load Patterns

[] Adjust Diaphragm Lateral Mass to Move Mass Centroid by: Mass Options

This Ratio of Diaphragm Width in X Direction ] Include Lateral Mass
This Ratio of Diaphragm Width in v Direction [] Include Vertical Mass

@ Lump Lateral Mass at Story Levels

[ ok | | cancel |

Figure 5.4: Mass source data in ETABS

Definition of the response spectrum function to be used in the response spectrum load case,

as shown in Figure 5.5.

Function Damping Ratio

E—

Function Name Func1 |

Parameters Function Graph

0.2 Sec Spectral Accel, Ss

1 Sec Spectral Accel, 51

©
e

ol B el L e
)
53]
<

Long-Period Transition Period

Site Class
Site Coefficient, Fa

Site Coefficient, Fv

i i X | 6.0 70 B.O an 10‘.0
Calculated Values for Response Spectrum Curve
SDS =(2/3)"Fa " Ss 0504
SD1=(2/3)" Fv " 51 014
Function Points Flot Options
Period Acceleration (® Linear X - Linear Y

() Linear X - Log ¥
() Log X - Linear ¥
() Log X-log ¥

Convert to User Defined

oKk | | Cancel

Figure 5.5: Response spectrum ASCE 7-16 function definition in ETABS

Both modal-X and modal-Y are defined in Figure 5.6 and 5.7 as a ritz.
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General

Load Case Mame |MODAL-X | Design...
Load Case Type/Subtype Modal ~ | Ritz ~ Notes...
Mass Source MsSrc

Analysis Model Default

P-Delta/MNonlinear Stiffness
(®) Use Preset P-Delta Settings Nene Modify/Show...

(O Use Nonlinear Case (Loads at End of Case NOT Included)

Menlinear Case

Loads Applied

. Target Dyn. Par.
Load Type Load Mame Maximum Cycles Ratio, % o

Ux 0 99 Delete

Other Parameters

Maximum Number of Modes
Minimum Number of Modes

oK Cancel

Figure 5.6: Definition of modal ritz in X-direction

General
Load Case Mame |MODAL-Y | Design...
Load Case Type/Subtype Meodal ~ | Ritz ~ Notes...
Mass Source MsSrct
Analysis Model Default

P-Delta/Monlinear Stiffness
(®) Use Preset P-Delta Settings MNone Modify/Show...

(O Use Nonlinear Case (Loads at End of Case NOT Included)

Nonlinear Case

Loads Applied

. Target Dyn. Par.
Load Type Load Mame Maximum Cycles Ratio, % T

uy 0 %9 Delete

Other Parameters

Maximum Number of Modes 8

Minimum Number of Modes

oK Cancel

Figure 5.7: Definition of modal ritz in Y-direction

Definition of the response spectrum load cases in both x and y directions, is shown in

Figures 5.8 and 5.9.

184



General
Load Case Name [ex0 | Design.. |
Load Case Type | Response Spectrum v | Notes.. |
Mass Source |P|eviuus {MsSrcT)
Analysis Model | Defautt

Loads Applied

Load Type Load Mame Function Scale Factor

(i)
Acceleration u Funcl 1862

[] Advanced

Acceleration Funcl

Other Parameters

Modal Load Case [MoADAL-x |

Modal Combination Method [cac v|

[ Include Rigid Response Rigid Frequency, f1
Rigid Frequency, f2 ’7
Periodic + Rigid Type ’7
Earthquake Duration, td ’7
Directional Combination Type Absolute e ‘
Absolute Directional Combination Scale Factor
Modal Damping | Constant at 0.05 Modify/Show...

Diaphragm Eccentricity | 0.05 for All Diaphragms Modify/Show...

Figure 5.8: Load case data-definition of EDX load case in ETABS

General
Load Case Name |EVD | | Design... |
Load Case Type |R5ponse Spectrum V| | Motes... |
Mass Source |P|eviuus {MsSrc1)
Analysis Model | Default

Loads Applied

Load Type Load Mame Function Scale Factor
Acceleration u2 Funcl 1962

Acceleration Funcl

[ Advanced

Other Parameters

Modal Load Case [moADAL-Y v

Modal Combination Method |cac v
[1 Include Rigid Response Rigid Frequency, f1
Rigid Frequency, f2 ’7
Periodic + Rigid Type |
Earthquake Duration, td ’7
Directional Combination Type Absolute v |
Absolute Directional Combination Scale Factor
Madal Damping | Constant at 0.05 Modify/Show...

Diaphragm ECCE”"‘C?‘}'lODS for All Diaphragms Modify/Show...

Figure 5.9: Load case data-definition of EDY load case in ETABS

30% of each seismic force EX and EY shall be added to the other direction as shown in both Figures
5.10 and 5.11.
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General
Load Case Name |E>( | Design...
Load Case Type Linear Static ~ Notes...
Mass Source MsSre
Analysis Model Default

P-Delta/Monlinear Stiffness
(® Use Preset P-Delta Settings None Modify/Show...
(0) Use Monlinear Case (Loads at End of Case NOT Included)

Nonlinear Case

Loads Applied

! Load Type Load Mame Scale Factor 0

! oad P EX 1 Add
Load Pattern EY 0.3 Delete
|

| OK Cancel

Figure 5.10: 30% of lateral load EY in EX

General
Load Case Mame |EY | Design...
Load Case Type Linear Static v Notes...
Mass Source MsSrct
Analysis Model Default

P-Delta/Menlinear Stiffness
(® Use Preset P-Delta Settings Mone Modify/Show...
(0) Use Monlinear Case (Loads at End of Case NOT Included)

Menlinear Case

Loads Applied

Load Type Load MName Scale Factor 0
oad P EY 1 Add
Load Pattern EX 0.3 Delete
0K Cancel

Figure 5.11: 30% of lateral load EX in EY

The concrete frame design preferences were adjusted to reflect the parameters relevant to our

project. Figure 5.12 shows the updated settings used in the design.

186



ltem Description

= e o) [Sckeoem i, Tkt
01 | Design Code ACI 31815
02 |Multi-Responze Caze Design Step-by-Step - Al
03 | Mumber of Interaction Curves 24
04 | Number of Interaction Points 1
05 |Caonsider Minimum Eccentricity 7 Yes
06 | Design for B/C Capacity Ratio? Yes
07 |lgnore Beneficial Pu for Beam Design? Yes
p 08 | Seismic Design Category —
09 |Design System Omegal 25
10 | Design System Rho 13
11 | Design System Sds 0504
12 | Phi (Tension Controlled) 09
13 | Phi {Compression Controlled Tied) 065
14 | Phi {Compression Controlled Spiral) 075
15 | Phi {Shear and.or Torsion) 075 Explanation of Color Coding for Values
16 | Phi (Shear Seismic) 0.6 v Blue: Defautt Value
Set To Default Values Reset To Previous Values Black: Mot s Detault Value
Alltems | Selected tems | | Alltems || Selected tems | Red:  Value that has changed during

the current session

Figure 5.12: Adjusted concrete frame design preferences

Load combinations were added in ETABS to capture the most critical lateral load scenarios,
ensuring a comprehensive design under seismic and wind actions. These combinations were
created in accordance with ASCE 7-16, which outlines the proper procedures for combining
various loads. Figure 5.13 illustrates the specific load combinations used in the ETABS

model.
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Combinations Click ta:

UCCons1 ~
UDConS2
UDConS3

| Add New Combo...
UDCon54 |

|

|

Add Copy of Combo...

UDCanSs
UDConS6
UDConS7
UDConSd
UDConsSo
UDConS510
UD{ConS11 |
UDCon512

UDCanS513
UDConS14 | Convert Combos to Nonlinear Cases... |

UDCan515 W
Cacs

Maodify/Show Comba...

Delete Combao

Add Default Design Combos... |

Figure 5.13: Lateral load combination

Diaphragms were added to define the center of mass and center of rigidity for each story throughout
the building structure. This ensures accurate distribution of lateral loads and proper dynamic behavior
under seismic forces. Figures 5.14 and 5.15 show the definition and application of the diaphragms
within the ETABS model.

Diaphragm Assignments

| Modify/Show Definitions... |

Lok Qe | | meoy |

Figure 5.14: Diaphragms definitions
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Figure 5.15: Diaphragms applied for each story

5.4 Base shear check and scaling

5.4.1 Modal mass participation check

To ensure that the modal response spectrum analysis adequately captures the dynamic
behavior of the structure, a check was performed on the modal participating mass ratios. This
process confirms that a sufficient number of vibration modes have been included to account

for the majority of the structure’s seismic response in both principal directions.
The ASCE 7-16 Section 12.9.1.2 Exception states the following:

“Alternatively, the analysis shall be permitted to include a minimum number of
modes to obtain a combined modal mass participation of at least 90% of the
actual mass in each orthogonal horizontal direction of response considered in

the model.”

This provision establishes a minimum threshold for acceptable dynamic representation,
allowing designers to limit the number of modes analyzed—as long as 90% of the total
mass is captured in each direction. This simplifies the modeling effort while ensuring the
primary modal contributions are included and the computed response reflects the actual
dynamic characteristics of the structure. Failing to meet this threshold could result in
underestimating lateral demands, potentially leading to an inaccurate or unconservative

design, especially in flexible or irregular structures where higher modes may be significant.
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The ETABS model was reviewed to verify compliance with this requirement. Figures 5.16

and 5.17, adapted from ETABS output tables, illustrate the modal participating mass ratios in

the X and Y directions, respectively.

Case Mode Period ux uy Uz Sumux Sumuy
sec
MODAL-X 1 05685 0.0001 07103 0.0001 07103
MODAL-X 2z 0.45 0.7596 0.0001 0.7596 07104
MODAL-X 3 0.328 0.0015 4 §93E-05 0.7812 07104
MODAL-X 4 0162 1.264E-05 01614 07612 08719
MODAL-X 5 01158 0.1676 4 B33E-06 0.9288 0.8719
MODAL-X G 0108 B6.003E-07 00018 0.9288 0.8737
MODAL-X T 0088 1.316E-05 0.0573 0.9238 0.9309
MODAL-X 8 0.069 0.0023 0.0285 0.831 0.9504
MODAL-X 9 0.069 0.0585 0.0014 0.9876 0.9518
MODAL-X 10 0.0685 0.0001 3.869E-05 0.9876 09619
MODAL-X 1 0.058 0.0006 n.0o0z 0.8382 0.89521
MODAL-X 12 0.053 0.001% 0 0.9501 0.9821
MODAL-X 13 0.044 0.0015 0.001 0.9917 0.9631
MODAL-X 14 0.041 0.0061 0.0003 0.9977 0.9534
MODAL-X 15 0.035 0.0015 0.0004 0.9952 0.9638
MODAL-X 16 0.031 0.0006 00002 0.9998 0.964
MODAL-X 17 002z 00002 0.0001 1 0.89541
MODAL-X 18 0.018 1.883E-05 0.0001 1 0.9542

Figure 5.16: Modal participating mass ratios in the X-direction for the building structure
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Case Made Period ux uy uz SumUx SumUy
sec
WMODAL-Y 1 0.685 0.0001 0.7103 0 0.0001 0.7103
MODAL-Y 2 0.45 0.7595 0.0001 0 0.7596 0.7104
MODAL-Y 3 0.328 0.0015 4 G9BE-05 0 0.7812 0.7104
MODAL-Y 4 0.162 1.264E-05 0.1614 0 0.76812 0.8719
MODAL-Y 5 0.115 0.1678 4 933E-06 0 0.9288 08719
MODAL-Y 6 0.108 6.003E-07 0.00128 0 0.5288 0.8737
WMODAL-Y 7 0.083 1.316E-05 0.0573 0 0.9288 0.9309
MODAL-Y 8 0.069 0.0021 0.02%4 0 0.9309 0.9503
MODAL-Y 9 0.069 0.0587 0.0014 0 0.9875 0.9817
MODAL-Y 10 0.064 1.199E-05 0.0001 0 0.9875 0.9518
MODAL-Y 1 0.059 9 287E-06 0.0115 0 0.9875 09734
WMODAL-Y 12 0.053 0 0.0169 0 0.9878 0.9903
MODAL-Y 13 0.048 3.135E-05 0.0055 0 0.9877 0.9958
MODAL-Y 14 0.044 6.213E-07 0.0027 0 0.9877 0.9985
MODAL-Y 15 0.038 2.584E-05 0.0007 0 0.9877 0.9993
MODAL-Y 16 0.031 2.351E-06 0.0006 0 0.9877 0.9999
MODAL-Y 17 0.023 5.169E-06 0.0001 0 0.9877 1
WMODAL-Y 128 0.015 8.36E-06 1.198E-05 0 0.9877 1

Figure 5.17: Modal participating mass ratios in the Y-direction for the building structure

The cumulative modal mass participation ratios in both the X and Y directions exceeded
90%, confirming that the number of modes considered in the analysis is adequate in

accordance with ASCE 7-16.

5.4.2 Base shear

The base shear resulting from the static seismic load case in the software analysis is
compared with the manually calculated value to ensure that the ETABS result is trustworthy.
This check is crucial, as base shear is the core of seismic design outputs. Manual calculations
are based on ASCE 7-16. Section 12.8 provides the guidelines for calculating the seismic
base shear V for the equivalent static analysis method (Equivalent Lateral Force (ELF)

Procedure). The base shear V' can be calculated using Equation 12.8-1, as follows:

V=C,-W (ASCE7-16, Eq. 12.8-1)

Where:
e C, = the seismic response coefficient.

e W = the effective seismic weight (defined in mass-source in the ETABS model)
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The effective seismic weight for the building includes the full dead load, full superimposed
load, and a quarter of the live load, as defined in the mass-source section of the ETABS

model. Therefore, it can be expressed as:
W=SD+D+0.25L

Referring to Figure 5.18 (ETABS output table), which shows the net load in the building for

each load type, the effective seismic weight ¥ can be calculated as:

18533+50829.4+(0.25x 14556.3)=73001.5 KN

Output Case Case Type Step Type Step Number FX FY FZ
kN kN kN
Dead LinStatic 9. T45E-07 S0825.3612
Live LinStatic 0 14556.3182
sD LinStatic 0 18532 9007

Figure 5.18: Total dead, superimposed, and live loads in the building

In order to calculate the seismic response coefficient C,, a set of previously discussed
parameters is required. A quick reference for these parameters is summarized in Table 5.1.

Detailed calculations for each parameter can be found in their respective sections.

Table 5.1: Summary of parameters relevant to C, calculations

Parameter Value
R 5
L. 1
TL 8
S, 0.14
Spi 0.14
Sps 0.504
c/ 0.0488
X 0.75
h, 29.65

7 The parameters C, and x, used in the approximate period calculation, were not discussed in Chapter 4. These
values are taken from ASCE 7-16 Table 12.8-2, which is provided in Appendix E.
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The seismic response coefficient C, is calculated using the following equation:

Sps
= ASCE 7-16, Eq. 12.8-2
C RIL ( 6, Eq. 12.8-2)

0.504
5/1

=0.1008

Where:

e S,s = the design spectral response acceleration parameter in the short period range.

Calculated previously in section 4.5.
e R = the response modification factor. Determined previously in section 4.6.
e [ =the Importance Factor. Determined previously in section 4.5.

According to the requirements of the same section, the value of C; computed shall not exceed
a specific value depending on the relationship between the fundamental period of the

structure T and the long-period transition period TL (i.e., T < TL or T > TL).

For T < TL (governing limit, which applies in the project case)::

C, < % (ASCE 7-16, Eq. 12.8-3)
In the X-direction:
Cs,ma,(:%: 0.061
In the Y-direction:
Cpa=——aa—=(.041 in Y direction

smax" 0.686(5/1)

The determination of period T used in the calculation, as per Section 12.8.2, must comply

with the following limit:

“The fundamental period, T, shall not exceed the product of the coefficient for upper
limit on calculated period (C,) from Table 12.8-1 and the approximate fundamental

period, T,, determined in accordance with Section 12.8.2.1.”
This means the analysis-based period (e.g., from ETABS) can be used only if:

Teraps < Cu T,
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Approximate period from ASCE 7-16, Equation 12.8-7:

T, = C, - h®

T, = C/he (ASCE 7-16 Eq. 12.8-7)

=0.0488 x 29.65°7° = 0.62 sec
Upper limit on the period:
C..T,=1.62.0.62 =1.004 sec
Where:
e h,: the structural height.
e (, and x: approximate period parameters (See Appendix D)

e C, : coefficient for upper limit on calculated period, based on ASCE 7-16 Table
12.8-1 provided in Appendix D.

ETABS analysis results (From Figure 5.17, corresponding to maximum UX and UY):
e X-direction: T=0.46 sec
e Y-direction: T=0.686 sec
Since both values are less than 1.004 sec, the ETABS values are valid and used.
Governing C, Value:
e In X-direction:
Calculated C, exceeds the upper limit:
C,=1.004 > C,,,, = 0.061 — C;=0.061 governs
e In Y-direction: 0.041 < 1.008 (not satisfied) — 0.041 governs
Similarly:
C,=1.004 > C,,,,x = 0.041 — C;=0.041 governs
Minimum C, Check:
According to the lower bound requirement in Section 12.8.1.1, the seismic coefficient must

not be less than:
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C_q. — 0-044 y SDS * L: 2 U-Ul (ASCE 7-16, Eq. 12.8'5)

0.044 x 0.504 x 1 =0.022 (>0.01)*

e X-direction: 0.061 > 0.022 — v Satisfied

o Y-direction: 0.041 > 0.022 — ¢ Satisfied

Substituting W= 73001.5 KN, C= 0.061 (X-direction), and C;= 0.041 (Y-direction) into the
base shear equation (ASCE 7-16, Eq. 12.8-1):

e X-direction:

V=0.061 x 73001.5 = 4453 KN

4453
4448

Difference percentage = ( -1)*100% = 0.11% < 2.0% ¢/

(Figure 5.19 presents the base reactions in both directions, as obtained from ETABS.)
Y-direction:

V=10.041 x 73001.5 = 2933 KN

2993
2978

Difference percentage=( -1)*100% = 0.5% < 2.0% ¢/

(Figure 5.19 presents the base reactions in both directions, as obtained from ETABS.)

Output Case Case Type Step Type Step Number FX FY
kN kN

EX LinStatic Step By Step 1 -4447F 3379 -893.3148

EX LinStatic Step By Step 2z -4447F 3379 -893.3148

EX Linstatic Step By Step 3 -4447F 3379 -893.3148

EY LinStatic Step By Step 1 -1334.3514 -2977.7181

EY LinStatic Step By Step 2 -1334.3514 -2977.7181

EY LinStatic Step By Step 3 -1334.3514 -2877.7181

Figure 5.19: Base reactions from static load cases EX and EY (Obtained from ETABS)

These results confirm that the difference between the manually calculated base shear and the

ETABS output is within acceptable limits.

¥ The alternative minimum requirement (i.e., if S;> 0.6g) does not apply here, as it is not satisfied in this case.
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5.4.3 Scaling

In ETABS dynamic analysis, if the calculated base shear is less than the static base shear

obtained from the equivalent lateral force procedure, it is necessary to scale the dynamic base

shear to the static value as mandated by ASCE 7-16 (Section 12.9.1.4).

Figure 5.20 indicates an exceedance of base shear in the static procedure compared to the

dynamic response spectrum analysis, necessitating a correction by scaling. Scale factors were

calculated and applied in both the EXD and EYD directions as follows:

In X-direction:

4448
W—l.l&’)

In Y-direction :

2978
2555

=1.165

Adjusted dynamic accelerations:
e Acceleration Ul=1.183 x 1962 = 2322
e Acceleration U2=1.165 x 1962 = 2287
e 30% of acceleration Ul= 2322 x 0.3 = 697

o 30% of acceleration U2= 2287 x 0.3 = 686

Output Case Case Type Step Type Step Number FX FY
kN kN

Ex LinStatic Step By Step 1 -2447 3375 -893.3148

Ex Linstatic Step By Step 2 -2447 3379 -883.3148

Ex LinStatic Step By Step 3 -4447 2379 -3893.31428

EY LinStatic Step By Step 1 -1334.3514 -2577. 7181

EY LinStatic Step By Step 2 -1334.3514 -2577.7181

EY LinStatic Step By Step 3 -1334.3514 -2577. 7181

EXD LinRespSpec Max 44486319 942 3521

EYD LinRespSpec Iax 1388.326 25975 3066

Figure 5.20: Static vs. dynamic base shear by software analysis

Figures 5.21 and 5.22 provide the dynamic load case definition in ETABS after applying the

required scaling adjustment.
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Other Parameters
Modal Load Case

Modal Damping

Figure 5.21: Scale factor adjustment in the dynamic load case in X

Modal Combination Method

[] Include Rigid Response

Earthquake Duration, td

Directional Combination Type

|MODALX

lcac

Rigid Frequency, f1
Rigid Frequency, f2

Periodic + Rigid Type

Absolute

Absolute Directional Combination Scale Factor

|Constant at 0.05

Modify/Show...

Diaphragm Eccentricity ‘ 0.05 for All Diaphragms

ok | | Canesl |

Modify/Show...

General
Load Case Name D | Design.. |
Load Case Type Response Spectrum v| | Notes.. |
Mass Source ‘P'evlous {MsSrct)
Analysis Model | Default

Loads Applied

Load Type Load Name Function Scale Factor o

Acceleration ul Funcl 2322 Add
Acceleration Uz Funcl 5'9[1 Delete
T ossencs

Other Parameters

Modal Damping

Figure 5.22: Scale factor adjustment in the dynamic load case in Y

Modal Load Case

Maodal Combination Method

[ Include Rigid Response

Earthquake Duration, td

Directional Combination Type

[moDAL-y

|cac

-

Rigid Frequency, f1

5
2

-+

Rigid Frequency,

Periedic + Rigid Type

Absolute

Absolute Directional Combination Scale Factor

| Constant at 0.05

Modify/Show...

Diaphragm Eccentricity | 0.05 for All Diaphragms

oKk | | cancel |

Meodify/Show...

General
Load Case Name [evo | | Design.. |
Load Case Type | Response Spectrum 3 | ‘ Notes... |
Mass Source |P|W.|s {MsSrct)
Analysis Model | Defautt

Loads Applied

Load Type Load Name Function Scale Factor o

Acceleration u2 Funcl 2287 Add
Acceleration u1 Funcl 700 &I
[ sy
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5.5 Participation check

The participation of the members not supposed to be part of the seismic force resisting
system should be minimized or diminished. The model is checked to estimate its convergence

to the actual structural behaviour, applying any modifications needed.

5.5.1 Implementation and results

A section cut was placed at the base level joint to determine the lateral load contribution of
the structural elements. As previously discussed, the structural system employed is a bearing
wall system; thus, the shear walls are expected to resist the majority of seismic forces in both

the X and Y directions.

Figures 5.23 and 5.24 present the total base shear resisted by all structural elements and the
portion resisted by walls only under the EY seismic load case. Similarly, Figures 5.25 and

5.26 illustrate the corresponding results for the EX seismic load case.

Section Cutting Line Load Case Resuttant Force Location and Angle
Start Poirtt End Paint |EY Global X o
Global X [-1 | [2 [m
Global Y m
Gobal Y [4.1 | a1 |m Objects to Include

Columns Beams Braces

U "
Floors Wals Links o =

m

Integrated Forces

Lek Side Right Side
1 2 z 1 2 z
Force [1312.258 |23423711 |-1.508E08 [-1312258 [-2842 3711 [ 1.508E-08 kN
Moment |-5g128 595 | 25729531 [17950.4398 [s8188.595 |-25729 5331 [-17950.4395 khbm
Save Left Side Cut Save Right Side Cut
oK Cancel

Figure 5.23: Base shear resisted by all structural elements under the EY seismic load case

Section Cutting Line Load Case Resultart Force Location and Angle
Start Point End Poirtt |EY Global X m
Global X [-1 | [18 |m
Glosal Y m
Global Y [4.1 | [41 |m Objects to Include Gl Z D
lobal m
" [ Columns [ Beams [ Braces
N "
[ Floors Walls [] Links = =
Integrated Forces
Left Side Right Side
1 2 z 1 2 z
Force [11893877 [2708 0184 [1070 6363 [-as.sarr [2708 0184 [1070 8363 kN
Moment [44926.6421 [29767.134 [15693.8167 [44828 8421 [-29767.194 [-15693.8167 khem
Save Left Side Cut Save Right Side Cut
QK Cancel

Figure 5.24: Base shear resisted by walls under the EY seismic load case
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Section Cutting Line Load Case Resultant Force Location and Angle
Start Poirt End Point = @b X [ m
Global X [-1 | 33 |m
Global Y [4.1 | 21 |m Objects to Include
m Columns Beams Braces
. N
Floors Walls Links
Integrated Forces
Lsft Side Right Side
1 2 z 1 2 z
Force 4369 0454 |880.6425 [10.8951 |-4369.0454 |-880.6425 [10.8951 kN
Moment [17338.2314 [85532.4512 [-21402.6051 [17339.2312 |-85532.4512 [21402.6051 kM
Save Left Side Cut Save Right Side Cut
Lok | [ canon |

Figure 5.25: Base shear resisted by all structural elements under the EX seismic load case

Section Cutting Line Load Case Resultant Force Location and Angle
Start Poirt End Poirt [ex Gob X [0 |m
Global X [-1 | 38 [m
: Global ¥ m
Global Y [41 | [4a [m Objects to Include ot Z Cl
iobal m
m [1 Columns [] Beams [] Braces
A
[ Aoors Walls [ Links mE B
Integrated Forces
Left Side Right Side
1 2 z 1 2 z
Force |3966.7863 8112662 4054459 |-zs65.7883 [-811.2882 [ 405 4453 kN
Moment [-14750.4304 675753945 20491 8202 [14750.4324 |-67575.3325 | 20491 8202 khem
Save Left Side Cut Save Right Side Cut
[oc | | cancer | | Refresh

Figure 5.26: Base shear resisted by walls under the EX seismic load case

The obtained values confirm the predominance of shear walls in resisting lateral forces,
where:
e Y-direction:

2708

297)( 100 =92.046 %

e X-direction:

3967
4369

x 100 = 90.799%

5.5.2 Modifications

Although these percentages demonstrate that the majority of the lateral load is already carried
by the walls, a further modification was introduced to isolate their contribution and obtain a
more representative assessment. The ETABS model was adjusted to eliminate the lateral

force-resisting role of the frames by assigning moment releases—specifically in Moment 22
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and Moment 33—to all columns. This effectively prevents the columns from resisting lateral

forces, thereby transferring the entire lateral demand to the shear walls.

Figures 5.27-5.28 illustrate the applied moment releases in the ETABS model.

Frame Releases

Release Frame Partial Fixity Springs

Start End Start End
Axial Load o o | | kN/m
Shear Force 2 (Majer) (1 [ | | kM/m
Shear Force 2 (Miner) [] [ | | kM/m
Tarsion O O | | kM-m/rad
Moment 22 (Minor) o |0 | kn-myrad
Moment 33 (Major) o | 0 | kN-m/rad
[] Mo Releases

o] [Came ] [hw

Figure 5.27: Assignment of column releases in ETABS

Object ID
Stary Label Unique Name

Storyd C32 8

GUID: 9e90f3ch-35b1-4ch6-8cb6-24cc 1 1edebel

Object Data

Geometry Assignments Loads Design Diesign Overwrites

v  Assignments
Section Property COINM 300°800
> Propery Modifiers Mone
Al End Releases M22; M33
> Mudal None
> Shear 2 (Major) MNone
> Shear 3 {Minor) MNone
> Torsion Naone
»  Moment 22 (Minor) End |; End J
»  Moment 33 (Major) End |; End J
» End Length Offsets Auto
»  Insertion Point CP at 5 - Middle Center
> Output Stations Min Number of Stations
Local Axis 2 Angle (deg) Default
Springs MNone
Line Mass (kg/m) [1]
¥ TC Limis Naone
Fier Nane
Matenial Overwnite Naone
» Rebar Ratio From Design
> Auto Mesh Yes: k. Int
Include in Analysis Mesh Program Determined
» Groups 1 Group
End Releases
Releases and partial fisity spring stiffnesses at the ends of the frame object.

[ ok | | Cancel |

Figure 5.28: Assignments of a random column showing releases
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Story®

storys

Story?

Storys

StoryS

Stoys

Storyd

Story2

Storyt
Base

Figure 5.29: Screenshot showing column releases along a random gridline

5.5.3 Final result

The obtained results after applying the moment releases confirm a near-perfect convergence
in total base shear between the “walls only” and “all structural members” cases—indicating
that the entire lateral load is now effectively resisted by the walls. This outcome validates the

intended modeling adjustment.

Figures 5.30-5.33 present the corresponding base shear values for both the EX and EY

seismic load cases.

Section Cutting Line Load Case Resultant Force Location and Angle
Start Point End Point ev Giobal X o
Global X |1 15 m
| I | o ¥ "
Global Y [41 | 21 |m Objects to Include iz I ]
lobal m
Columns Beams Braces

N —"
Floors Walls Links o =

Integrated Forces

Left Side Right Side
1 2 z 1 2 z
Force [1307.4853 25241386 |-1.278E.08 [-1307 4853 |-2924 1388 [1.278E06 kN
Moment [-57841 2712 |25635.961 [17824 2689 578812712 [-25635.961 |-17824.2669 kN
Save Left Side Cut Save Right Side Cut
oK Cancel

Figure 5.30: Base shear resisted by all structural elements under the EY seismic load case
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Section Cutting Line Load Case Resultant Force Location and Angle
Start Poirt End Paint [ev Global X m

Global X [1 | [18 |m oo v 21
41 m

Global Y [4.1 | a1 |m Objects to Includs o
S Gwdz I n

m [ Columns [] Beams

A .
[1 Pocrs Walls [ Links e =

Integrated Forces
Left Side Right Side
1 2 z 1 2 z
Force [1307.3992 [3140.827 [-1153.8283 [-1307 8992 [3120.827 [1153.8883 kN
Moment |-46320 5945 |30634 2335 [18805.1441 [46320.5045 |-30834 2235 [-12205.1441 KNm

Save Left Side Cut Save Right Side Cut

[ ok ] | Cancel |

Figure 5.31: Base shear resisted by walls under the EY seismic load case

Section Cutting Line Load Case Resultant Force Location and Angle

Start Point End Point |E)( Global X El"“
Giobal X [-1 | [33 [m
nd ¥ "
Global Y [4.1 | [a |m Objects to Include

Columns Beams Braces

m
A
Floors Walls Links = =

Integrated Forces
Left Side Right Side
1 2 z 1 2 z
Force |4358 2844 |877.2596 [5.1288 [-4358.2844 |-877.2595 |5.1288 kN
Momert [17305 6031 253547047 [-21330.3970 (173055031 |-e5354.7047 1213303878 kN-m

Save Left Side Cut Save Right Side Cut

[ ook | | cancel |

Figure 5.32: Base shear resisted by all structural elements under the EX seismic load case

Section Cutting Line Load Case Resultant Force Location and Angle
Start Point End Point |EX Global X El =
Global X [-1 | [38 |m
Global Y m

Global Y [4.1 | [41 [m Obijects to Include

[ Columns [1 Beams [ Braces

m
wge 0o
[ Floors Walls [ Links 2k o

Integrated Forces
Left Side Right Side
1 2 z 1 2 z
Force |a366.3122 [542 4077 [4321413 [4386.3142 [-044 4077 [432.1413 KN
Moment [-15381.3425 | sa583.0825 [-21420.2381 [15381.3425 |-68563 0628 [21420 2381 kNem

Save Left Side Cut Save Right Side Cut

[ ok | | cancel |

Figure 5.31: Base shear resisted by walls under the EX seismic load case

202



The values of base shears indicate that the structural walls are effectively resisting the
majority of the seismic forces acting on the building. This confirms the efficiency of the

bearing wall system in lateral load resistance, as intended in the structural design..

5.6 Check irregularities

According to seismic design provisions, when checking for structural irregularities, 30% of
the seismic load in the opposite direction must be excluded. This ensures that the effects of

accidental torsion and asymmetrical behavior are properly considered.

Figures 5.32 and 5.33 show the new EX and EY for the check.

General

Load Case Name |EX ‘ | Design... |
Load Case Type |Linear5tatic V‘ | Notes... |
Mass Source |MsSu:|
Analysis Model |Dafault

P-Delta/Nonlinear Stiffness
@® Use Preset P-Delta Settings | None Madify/Show...

(O Use Nonlinear Case (Loads at End of Case NOT Included)

Nonlinear Case |

Loads Applied

Load Type Load Name Scale Factor i
Load Pattern ~ | EX 1
[k | | Cancel |

Figure 5.32: Adjusted EX for irregularity check
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General

Load Case Name |EY | | Design... |
Load Case Type |Lineal Static V| | Notes... |
Mass Source |MsSu:I
Analysis Model | Default

P-Delta/Monlinear Stiffness
(®) Use Preset P-Delta Settings |Nor1e Modify/Show...

(0) Use Monlinear Case (Loads at End of Case NOT Included)

Monlinear Case

Loads Applied

Load Type Load Name Scale Factor

i)
Add

[ ok | | Cancel |

Figure 5.33: Adjusted EY for irregularity check

define combination , exclude 30% of other directions.

5.6.1 Horizontal structural irregularity

Horizontal Irregularity: Structures that have one or more of the irregularity types listed in
Table 12.3-1 shall be designated as having a horizontal structural irregularity. Such structures
assigned to the Seismic Design Categories listed in Table 12.3-1 shall comply with the
requirements in the sections referenced in those tables, Figure 5.34 shows the horizontal

structural irregularity .
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Table 12.3-1 Horizontal Structural Irregularities
Seismic Design
Reference Category

Type Description Section Application

la. Torsional Irregularity: Torsional irregularity is defined to exist where the maximum story 12334 D.E. and F
drift, computed including accidental torsion with A, = 1.0, at one end of the structure 12.7.3 B,C,D,E and F
transverse to an axis is more than 1.2 times the average of the story drifts at the two ends of 12.84.3 C,D.E and F
the structure. Torsional irregularity requirements in the reference sections apply only to 12.12.1 C,D.E, and F
structures in which the diaphragms are rigid or semirigid. Table 12.6-1 D.E. and F

16.3.4 B.C.D,E and F

1b. Extreme Torsional Irregularity: Extreme torsional irregularity is defined to exist where 12.33.1 Eand F
the maximum story drift, computed including accidental torsion with A, = 1.0, at one end of 12334 D
the structure transverse to an axis is more than 1.4 times the average of the story drifts at the 12342 D
two ends of the structure. Extreme torsional irregularity requirements in the reference 1273 B. C, and D
sections apply only to structures in which the diaphragms are rigid or semirigid. 12.84.3 Cand D

12.12.1 Cand D
Table 12.6-1 D
16.3.4 B, C, and D

2. Reentrant Corner Irregularity: Reentrant corner irregularity is defined to exist where 12.3.34 D.E. and F
both plan projections of the structure beyond a reentrant corner are greater than 15% of the Table 12.6-1 D.E. and F
plan dimension of the structure in the given direction.

3. Diaphragm Discontinuity Irregularity: Diaphragm discontinuity irregularity is defined to 12334 D, E. and F
exist where there is a diaphragm with an abrupt discontinuity or variation in stiffness, Table 12.6-1 D.E.and F
including one that has a cutout or open area greater than 50% of the gross enclosed
diaphragm area, or a change in effective diaphragm stiffness of more than 50% from one
story to the next.

4. Out-of-Plane Offset Irregularity: Out-of-plane offset irregularity is defined to exist where 12333 B,C,D,E, and F
there is a discontinuity in a lateral force-resistance path, such as an out-of-plane offset of at 12334 D.E. and F
least one of the vertical elements. 12.7.3 B.C.D,E and F

Table 12.6-1 D. E. and F
1634 B.C, D, E and F

5. Nonparallel System Irregularity: Nonparallel system irregularity is defined to exist where 1253 C,D.E, and F
vertical lateral force-resisting elements are not parallel to the major orthogonal axes of the 1273 B.C,D,E and F
seismic force-resisting system. Table 12.6-1 D.E, and F

16.3.4 B.C.D,E and F

Figure 5.34: Horizontal irregularities (ASCE 7-16, Table 12.3-1)

5.6.1.1 Type 1.a: Torsional irregularity
Check horizontal irregularities in the building structure (Torsional irregularity)

Torsional Irregularity: Torsional irregularity is defined to exist where the maximum story
drift, computed including accidental torsion with Ax = 1.0, at one end of the structure
transverse to an axis is more than 1.2 times the average of the story drifts at the two ends of
the structure. Torsional irregularity requirements in the reference sections apply only to

structures in which the diaphragms are rigid or semi rigid.

In determining the torsional irregularities , the applied horizontal forces EX and EY shall
consider the accidental eccentricity of £0.05 and shall be aligned in the considered direction

only without a ratio of the force in the perpendicular direction.

671’1(1..96'

A = 1.20 404

(ASCE 7 — 16 equation 12.8 — 14) (5.1)

1.293 > 1.2 in X-Direction (Story3)

1.309 > 1.2 in Y-Direction (Story3)
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Ay

Ay

(dmax/davg)* =(1.073/1.2)?

(0dmax/davg)* =(1.112/1.2)?

0.8 in X-Direction

0.86 in Y-Direction

Figure 5.35 and 5.36 illustrate the Diaphragm Max. Over Avg Drift for both X and Y direction.

Story Output Case Case Type Step Type Step Number Item Max Drift Avg Drift Ratio Label Max Loc X Max Loc Y Max Loc Z
m m m

» Storyd EX LinStatic Step By Step 1 Diaph D X 0.00018 0.000177 1.8 amnm 33125 181 28.2
Story8 EX LinStatic Step By Step 2 Diaph D8 X 0.000183 0.000178 1.021 anm 33128 18.1 282
Story8 EX LinStatic Step By Step 3 Diaph D& X 0.000177 0.000177 1.002 anm 33125 18.1 262
Story7 EX LinStatic Step By Step 1 Diaph D5 X 0.000187 0.000194 1.014 95 33.55 18.1 2285
Story7 EX LinStatic Step By Step z Diaph D5 X 0.000201 0.000195 1.033 95 33.55 18.1 2265
Story7 EX LinStatic Step By Step 3 Diaph DS X 0.000195 0.000194 1.005 1192 30.335 0 22,85
Storys EX LinStatic: Step By Step 1 Diaph D4 X 0.000214 0000212 1.01 95 3355 181 191
Storys EX LinStatic: Step By Step 2 Diaph D4 X 0.000215% 0000212 1.032 95 3355 181 191
Storys EX LinStatic: Step By Step 3 Diaph D4 X 0.000214 0000212 1012 1182 30335 0 191
Story5 EX LinStatic Step By Step 1 Diaph D3 X 0.000228 0.000228 1.004 95 3355 181 1555
StoryS EX LinStatic Step By Step 2| DiaphD3X 0.000234 0.000228 1.028 85 33.55 181 15.55
StoryS EX LinStatic Step By Step 3| DiaphD3X 0.000232 o.000227 1.02 1182 30.335 0 15.55
Storyd EX LinStatic Step By Step 1 Diaph DZ X 0.000241 0.000239 1.0m 182 30.335 0 12
Story4 EX LinStatic Step By Step 2 Diaph DZ X 0.000242 0.000239 1.013 anm 33128 18.1 12
Storyd EX LinStatic Step By Step 3 Diaph DZ X 0.000247 0.000239 1.035 1182 30.335 0 12
Story3 EX LinStatic Step By Step 1 Diaph D1 X 0.000381 0.000303 1.288 252 39.205 10.75 8.45
Story3 EX LinStatic Step By Step z Diaph D1 X 0.000382 0.000306 1.284 252 39.205 10.75 B8.45
Story3 EX LinStatic Step By Step 3 Diaph D1 X 0.000389 0.000301 1.293 252 39.205 10.75 3.45
Story2 EX LinStatic: Step By Step 1 Diaph DT X 0.000138 0.000123 1.115 3652 3485 74964 405
Story2 EX LinStatic: Step By Step 2 Diaph DT X 0.000137 0.000123 111 3652 3485 74964 405
Story2 EX LinStatic: Step By Step 3 Diaph DT X 0.000138 0.000123 112 3652 3485 74964 405

Figure 5.35: Diaphragm Max. Over Avg Drift X-direction
Story Output Case Case Type Step Type Step Number Item Max Drift Avg Drift Ratio Label Max Loc X Max LocY Max Loc Z
m m m

3 Story8 EY LinStatic Step By Step 1 Diaph D8 0.000325 0.000323 1.006 262 ».2 0.55 6.2
Storyd Ev LinStatic Step By Step 2| Diaph D&Y 0.000333 0.000324 1028 262 3.2 0.55 6.2
Story8 EY LinStatic Step By Step 3| DiaphD&Y 0.000328 0.000323 117 265 (1] 0.55 262
Story7 EY LinStatic Step By Step 1| DiaphDSY 0.000354 0.000352 1.007 262 362 0.55 2285
Story7 EY LinStatic Step By Step 2| DiaphD5Y 0.000385 0.000352 1035 262 382 0.55 2285
Story7 EY LinStatic Step By Step 3| DiaphD5Y 0.000359% 0.000351 1022 265 1] 0.55 2285
Story8 EY LinStatic Step By Step 1 Diaph D4 % 0.000373 0.000377 1004 262 382 055 181
Story8 EY LinStatic Step By Step 2| Diaph D4 0.000381 0.000377 1038 262 382 055 181
Storys EY LinStatic Step By Step 3| DiaphD4Y 0.000387 0.000376 1.03 265 o 055 181
Story5 EY LinStatic Step By Step 1 Diaph D3 0.000391 0.000351 1002 265 o 055 15.55
StoryS EY LinStatic Step By Step 2| DiaphD3Y 0.000405 0.000351 1038 262 382 055 15.55
StoryS EY LinStatic Step By Step 3| DiaphD3Y 0.000406 0.00039 1038 265 o 055 15.55
Story4 EY LinStatic Step By Step 1 Diaph D2 0.000328 0.000334 101 265 (] 0.55 12
Storyd EY LinStatic Step By Step 2| DiaphDZY 0.000396 0.000384 1.03 262 %2 0.55 12
Storyd EY LinStatic Step By Step 3| DiaphDZY 0.000403 0.000384 1.05 265 (] 0.55 12
Story3 EY LinStatic Step By Step 1 Diaph D1 0.000434 0.00038% 1288 76 16.4375 0 B8.45
Story3 EY LinStatic Step By Step 2| DiaphD1Y 0.000514 0.000405 1289 231 39.205 7 B8.45
Story3 EY LinStatic Step By Step 3| DiaphD1Y 0.000513 0.000382 1.308 75 55 0 B8.45
Story2 EY LinStatic Step By Step 1 Diaph D7 0.000188 0.000187 1.058 3652 3485 74564 405
Story2 EY LinStatic Step By Step 2| Diaph D7 0.000205 0.000182 1.087 3652 34.85 74954 405
Story2 Ev LinStatic Step By Step 3| DiaphD7TY 0.00018 0.000181 1.051 3652 34.85 74954 405

Figure 5.36: Diaphragm Max. Over Avg Drift Y-direction

Both Figures 5.37 and 5.38 show the story max. over avg displacement X and Y -direction.
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Story Output Case Case Type Step Type Step Number | Step Label Direction Maximum Average Ratio
mm mm

» Storyd EX LinStatic Step By Step 1 X 5524 5475 1.009
StoryT EX LinStatic Step By Step 1 X 4505 4,345 1.012
Storys EX LinStatic Step By Step 1 X 4725 4156 1.017
StoryS EX LinStatic Step By Step 1 X 348 3.403 1.023
Storyd EX LinStatic Step By Step 1 X 2673 2.595 1.0
Story3 EX LinStatic Step By Step 1 X 1.818 1.748 1.04
Story2 EX LinStatic Step By Step 1 X 0.542 0.501 1.068
Storyd EX LinStatic Step By Step 2 X 5563 5478 1.018
Story7 EX LinStatic Step By Step 2 X 4513 4,345 1.014
Storys EX LinStatic Step By Step 2 X 4188 4.155 1.01
StoryS EX LinStatic Step By Step 2 X 342 34 1.006
Storyd EX LinStatic Step By Step 2 X 2.504 2.592 1.001
Story3 EX LinStatic Step By Step 2 X 1.758 1.744 1.008
Story2 EX LinStatic Step By Step 2 X 0827 08 1.045
Storyd EX LinStatic Step By Step 3 X 5658 5473 1.034
StoryT EX LinStatic Step By Step 3 X 5.0 4,845 1.038
Storys EX LinStatic Step By Step 3 X 4339 4157 1.044
Storys EX LinStatic Step By Step 3 X 3.579 3.405 1.051
Story4d EX LinStatic Step By Step 3 X 2755 2558 1.068
Story3 EX LinStatic Step By Step 3 X 1.879 1.751 1.073
Story2 EX LinStatic Step By Step 3 X 0857 0.503 1.09

Figure 5.37: Story Max. Over Avg Displacement X-direction
Story ‘Output Case Case Type Step Type Step Number Step Label Direction Maximum Average Ratio
mm mm

» Story8 EY LinStatic Step By Step 1 Y B.747 B.678 1.008
StoryT EY LinStatic Step By Step 1 Y 7605 753 1.01
Storys EY" LinStatic Step By Step 1 Y 6.364 6.281 1.013
StoryS EY LinStatic Step By Step 1 Y 5032 45448 1.018
Storyd EY LinStatic Step By Step 1 Y 3643 3.558 1.024
Story3 EY LinStatic Step By Step 1 Y 2268 2185 1.038
Story2 EY LinStatic Step By Step 1 A 0.854 0.718 1.18%
Storyd EY LinStatic Step By Step 2 Y 2942 8872 1.031
Story7 EY LinStatic Step By Step 2 Y 7784 7.523 1.032
Storys EY LinStatic Step By Step 2 Y 5473 6273 1.032
Storys EY LinStatic Step By Step 2 Y 5.088 4934 1.0
Storyd EY" LinStatic Step By Step 2 Y 3655 3.547 1.03
Story3 EY LinStatic Step By Step 2 Y 227 2183 1.036
Story? EY LinStatic Step By Step 2 ¥ 0.9z 0.754 1232
Storyd EY LinStatic Step By Step 3 Y 8.092 8.683 1.047
Story7 EY LinStatic Step By Step 3 A 7828 7.537 1.052
Storys EY LinStatic Step By Step 3 Y 6.656 5.29 1.058
StoryS EY LinStatic Step By Step 3 Y 5283 4954 1.066
Story4d EY LinStatic Step By Step 3 Y 3.847 3.569 1.078
Storyd EY LinStatic Step By Step 3 Y 2421 2178 112
Story2 EY" LinStatic Step By Step 3 Y 0.735 0.582 1.153

Figure 5.38: Story Max. Over Avg Displacement Y-direction

5.6.1.2 Type 1.b Extreme Torsional Irregularity

Extreme Torsional Irregularity: Extreme torsional irregularity is defined to exist where
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the maximum story drift, computed including accidental torsion with A1 = 1.0, at one end of
the structure transverse to an axis is more than 1.4 times the average of the story drifts at the
two ends of the structure. Extreme torsional irregularity requirements in the reference

sections apply only to structures in which the diaphragms are rigid or semi-rigid.

5.6.1.3 Type 2: Reentrant Corner Irregularity

Reentrant corner irregularity is defined to exist when both plan projections of the structure
extending beyond a reentrant corner exceed 15% of the plan dimension of the structure in that
direction. Figure 5.39 illustrates the building layout and relevant dimensions used to assess

this condition.

T -

TTTITT

oy
IIIIIIIILH

b I - -

Figure 5.39: Building layout dimensions

In X direction - Ratio: 4.3/33.5=0.128 <0.15.
In Y direction - Ratio: 7.35/18.1=0.41 > 0.15.

So, reentrant corner irregularity exists.

5.6.1.4 Type 3: Diaphragm Discontinuity Irregularity

Diaphragm discontinuity irregularity is defined to exist where there is a diaphragm with an

abrupt discontinuity or variation in stiffness, including one that has a cutout or open area
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greater than 50% of the gross enclosed diaphragm area, or a change in effective diaphragm

stiffness of more than 50% from one story to the next.
By inspection, this irregularity does not exist, here are openings. But less than 50%.

Figure 5.40 shows the building openings layout.

Figure 5.40: Building openings

5.6.1.5 Type 4: Out-of-Plane Offset Irregularity

Out-of-plane offset irregularity is defined to exist where there is a discontinuity in a lateral

force-resistance path, such as an out-of-plane offset of at least one of the vertical elements.

There is no discontinuity in the lateral forces system, all floors are symmetric in the direction

of interest.

5.6.1.6 Type 5: Non Parallel System Irregularity

Nonparallel system irregularity is defined to exist where vertical lateral force-resisting

elements are not parallel to the major orthogonal axes of the seismic force-resisting system.
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Referring to the building layout, there is no inclined at the building, so no Non Parallel

System Irregularity.
5.6.2 Forces and stiffness (Vertical irregularity)

ASCE 7-16 12.3.2.2 Vertical Irregularity: Structures that have one or more of the irregularity
types listed in Table 12.3-2 shall be designated as having a vertical structural irregularity.
Such structures assigned to the Seismic Design Categories listed in Table 12.3-2 shall comply

with the requirements in the sections referenced in that table.

Figure 5.41 shows the vertical irregularities; ASCE 7-16 Table 12.3-2

Table 12.3-2 Vertical Structural Irregularities

Seismic Design

Reference Category
Type Description Section Application
la. Stiffness—Soft Story Irregularity: Stiffness—soft story irregularity is defined to exist where there is a Table 12.6-1 D, E, and F

story in which the lateral stiffness is less than 70% of that in the story above or less than 80% of the
average stiffness of the three stories above.

1b. Stiffness—Extreme Soft Story Irregularity: Stiffness—extreme soft story irregularity is defined to exist 12.3.3.1 Eand F
where there is a story in which the lateral stiffness is less than 60% of that in the story above or less than Table 12.6-1 D, E, and F
70% of the average stiffness of the three stories above.

2. Weight (Mass) Irregularity: Weight (mass) irregularity is defined to exist where the effective mass of Table 12.6-1 D, E, and F
any story is more than 150% of the effective mass of an adjacent story. A roof that is lighter than the
floor below need not be considered.

3. Vertical Geometric Irregularity: Vertical geometric irregularity is defined to exist where the Table 12.6-1 D, E, and F
horizontal dimension of the seismic force-resisting system in any story is more than 130% of that in an
adjacent story.

4. In-Plane Discontinuity in Vertical Lateral Force-Resisting Element Irregularity: In-plane 123.3.3 B,C.D.E, and F
discontinuity in vertical lateral force-resisting element irregularity is defined to exist where there is an 12334 D, E, and F
in-plane offset of a vertical seismic force-resisting element resulting in overturning demands on Table 12.6-1 D, E, and F

supporting structural elements.

5a. Discontinuity in Lateral Strength-Weak Story Irregularity: Discontinuity in lateral strength-weak 12.3.3.1 Eand F
story irregularity is defined to exist where the story lateral strength is less than 80% of that in the story Table 12.6-1 D, E, and F
above. The story lateral strength is the total lateral strength of all seismic-resisting elements sharing the
story shear for the direction under consideration.

Sb. Discontinuity in Lateral Strength-Extreme Weak Story Irregularity: Discontinuity in lateral 12.33.1 D, E, and F
strength—extreme weak story irregularity is defined to exist where the story lateral strength is less than 12332 Band C
65% of that in the story above. The story strength is the total strength of all seismic-resisting elements Table 12.6-1 D, E, and F

sharing the story shear for the direction under consideration.

Figure 5.41: Vertical irregularities (ASCE 7-16, Table 12.3-2)

5.6.2.1 Type 1: Stiffness - Soft story

Stiffness—Soft Story Irregularity: “Stiffness—soft story irregularity is defined to exist where
there is a story in which the lateral stiffness is less than 70% of that in the story above or less

than 80% of the average stiffness of the three stories above.

Figure 5.42 and 5.43 shows the Story stiffness in both X and Y directions.
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Story QOutput Case Case Type Step Type Step Number Shear X Drift X Stiff X ShearY Drift Y Stiff Y

kN mm kN/m kN mm kN/m
Story® EX LinStatic Step By Step 1 797754 0.641 124379.958 o 0.021 0
Storyd EX LinStatic Step By Step 1 1163.3164 0.66 1763885.662 o 0.031 0
Story7T EX LinStatic Step By Step 1 2090.1659 0.721 2859432 .49 o n.02 0
Story6 EX LinStatic Step By Step 1 28740711 0.779 3690686.683 o 0.9 0
Storys EX LinStatic Step By Step 1 3512.2766 0.833 4214452898 o 0.035 0
Story4 EX LinStatic Step By Step 1 40057274 0.847 4727083.28 0 0.013 0
Story3 EX LinStatic Step By Step 1 43564534 1.335 3271517.589 o 0.081 0
Story2 EX LinStatic Step By Step 1 911.4041 0.424| 2147342928 56613 0.026 0
Story1 EX LinStatic Step By Step 1 o o o 1] o o

Figure 5.42: Story stiffness X-direction

Story Output Case Case Type Step Type Step Number Shear X Drift X Stiff X Shear Y Drift ¥ Stiff Y

kN mm kN/m kN mm kN/m
Story® EY LinStatic Step By Step 1 0 0.005 0 55.6451 1.103 50458.755
Storyd EY LinStatic Step By Step 1 0 0.014 0 B803.2764 119 675133.613
Story7T EY LinStatic Step By Step 1 0 0.007 0 14345108 1.285 1116297 663
Story6 EY LinStatic Step By Step 1 0 0.008 0 1950.5908 1.359 1443175135
Storys EY LinStatic Step By Step 1 0 0.014 0 2381.0967 1.357 1755213.02
Story4 EY LinStatic Step By Step 1 0 0.005 0 2698.8619 1.363 1980174.801
Story3 EY LinStatic Step By Step 1 0 0.059 0 25240718 1.713 1706744165
Story2 EY LinStatic Step By Step 1 0.1445 0.027 0 504.0734 0.654 TT0347.171
Story1 EY LinStatic Step By Step 1 o o o o 1] o

Figure 5.43: Story stiffness Y-direction

The stiffness irregularity is applied in both X and Y direction, the results and check are both

shown in Figures 5.44 and 5.45.

Permitted analytical procedures are shown in Figure 5.46.

Stiffness Irregularity Check in X-Direction

Soft-Story Irregularity Check

Extreme Soft-Story Irregularity Check

i K,
é o check
5
o 0.7
124379.97 B B N
Story$ 1763885.66 1418 Regular B
Story7 289948249 164 Regular B
Story6 3600686.68 127 Regular | 159591604 | 231 | Reglar 127 Regular | 159591604 231 Regular
Story3 421449290 114 Reglar | 279468495 | 151 | Reglar 114 Regular | 278468495 151 Regular
Story4 472708328 112 Remlar | 360155402 | 131 | Regular 112 Regular | 360155402 131 Regular
Story3 3271517.59 069 | SoRStory | 421075429 | 078 | SoftStory | 0.69 Regular | 421075429 0.78 Regular
Story2 214734293 066 | SoRStory | 407103126 | 033 | SoftStory |  0.66 Regulr | 407103126 0353 |EsSoft Story]

Figure 5.44: Stiffness irregularity check in X-direction
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Stiffness Irregularity Check in Y-Direction

Soft-Story Irregularity Check

Extreme Soft-Story Irregularity Check

3 K;
% = check
o 07
Story® 50456.76 - - -
Story8 67513361 13.38 Remular -
Story7 1116297 66 163 Fegular -
Story6 1443175.14 129 Regular 613962.68 233 Regular 129 Regular 613962.68 235 Regular
Story3 1755213.02 122 Fegular 1078202.14 1.63 Fegular 122 Fegular 1078202.14 163 Fegular
Story4 1980174.80 113 Regular 1438228 61 138 Regular 113 Regular 1438228 61 138 Regular
Story3 1706744.17 0.86 Remular 1726187 63 099 Regular 0.86 Regular 1726187 63 099 Regular
Story2 77034717 043 Soft Story 181404400 042 Soft Story 043 Ex-Soft Story|  1814044.00 042 | Ex-Soft Story
Figure 5.45: Stiffness irregularity check in Y-direction
Table 12.6-1 Permitted Analytical Procedures
Modal Response Spectrum
Seismic Equivalent Lateral Analysis, Section 12.9.1, or Nonlinear Response
Design Force Procedure, Linear Response History History Procedures,
Category Structural Characteristics Section 12.87 Analysis, Section 12.9.2% Chapter 167
B.C All structures. P P P
D.E F Risk Category I or II buildings not exceeding two stories P P P
above the base
Structures of light-frame construction P P P
Structures with no structural irregularities and not exceeding P P P
160 ft (48.8 m) in structural height
Structures exceeding 160 ft (48.8 m) in structural height with P P P
no structural irregularities and with T < 3.5T
Structures not exceeding 160 ft (48.8 m) in structural height P P P
and having only horizontal irregularities of Type 2, 3,4, or
5 in Table 12.3-1 or vertical irregularities of Type 4, 5a, or
5b in Table 12.3-2
All other structures NP P P
“P: Permitted; NP: Not Permitted; T, =Sp, /Sps.

5.6.2.2 Type 2: Weight (Mass) Irregularity

Figure 5.46: Permitted analytical procedures (ASCE 7-16, Table 12.6-1)

Weight (mass) irregularity is defined to exist when the effective mass of any story exceeds

150% of the effective mass of an adjacent story. To evaluate this, a load combination of

1D + 1SD + 0.25L was used to represent the total structural weight (mass).

A roof that is lighter than the floor below need not be considered.

Tables 5.2 show the mass of the building:
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Table 5.2: masses of each story

Story Masses kg
Story8 1132183.739
Story7 990513.4736
Story6 990598.7919
StoryS 990598.7919
Story4 994399.7236
Story3 1049118.478

Check story 3:

1049118.478 <1.5 *994399.7236
No weight (Mass) irregularity
Check story 4:

994399.7236 < 1.5*1049118.478
994399.7236 < 1.5%990598.7919
No weight (Mass) irregularity
Check story 5:

990598.7919 < 1.5*%994399.7236
983280.22 < 1.5*%990598.7919
No weight (Mass) irregularity
Check story 6:

990598.7919< 1.5%990598.7919
990598.7919 < 1.5*%990513.4736
No weight (Mass) irregularity
Check story 7:

990513.4736< 1.5%990598.7919

990513.4736< 1.5*%1132183.739
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No weight (Mass) irregularity
Check story 8:
1132183.739 < 1.5%990513.4736

No weight (Mass) irregularity

5.6.2.3 Type 3: Vertical Geometric Irregularity

Vertical geometric irregularity is defined to exist where the horizontal dimension of the

seismic force-resisting system in any story is more than 130% of that in an adjacent story.

From the layout of the building structure, there is no vertical geometric irregularity.

5.6.2.4 Type 4: In-Plane Discontinuity in Vertical Lateral Force-Resisting

Element Irregularity

In-plane discontinuity in vertical lateral force-resisting element irregularity is defined to exist
where there is an in-plane offset of a vertical seismic force-resisting element resulting in

overturning demands on supporting structural elements.

From the layout of the building structure, there is no In-Plane Discontinuity.

5.6.2.5 Type 5: Discontinuity in Lateral Strength-Extreme Weak Story

Irregularity
5.a Same as b but 80%

5.b Discontinuity in lateral strength-extreme weak story irregularity is defined to exist where
the story lateral strength is less than 65% of that in the story above. The story strength is the
total strength of all seismic-resisting elements sharing the story shear for the direction under

consideration.

If the checks show that there is no Type 5.a irregularity, thus, Type 5.b won’t exist.

5.7 P-delta

P-delta effects on the members internal forces and drifts can be neglected where the stability

coefficient, 0, as calculated by ASCE 7-16 equation 12.8-16 is equal to or less than 0.1.
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P.AI

g =—" ASCE 7 — 16 equation 12.8 — 16 (4.13)
Vxhsxcd

ASCE 7-16 equation 12.8-16 (4.13)
Where:

P,: total vertical design load at and above level x; where computing Px, no individual load

factor need exceed 1.0.

A: design story drift as defined in ASCE 7-16 Section 12.8.6 occurring simultaneously with
V..

l.: importance factor determined in accordance with ASCE 7-16 Section 11.5.1.
V,: seismic shear force acting between levels x and x - 1.

h,,: story height below level x.

C,: deflection amplification factor in ASCE 7-16 Table 12.2-1.

The deflection at level x, 0x, used to compute the design story drift, 4, shall be determined in

accordance with the following equation:

_ Cabye .
8y = I ASCE 7 — 16 equation 12.8 — 15 (4.10)
e
Where:
9 — Pxﬂxe
VXh’SI

Axe: story drift from elastic analysis.

The stability coefficient, @ shall not exceed 0,,,,, determined as follows:

Omax = E <0.25

Where (3 is the ratio of shear demand to shear capacity for the story between levels x and x -
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This ratio is permitted to be conservatively taken as 1.0, so:

Oa= 0.5/(1*%5)=0.1 < 0.25 so take 0,,,=0.1.

Figures 5.47 and 5.48 illustrate the load combination definitions used for the P-Delta check

in both the X and Y directions.

General Data
Load Combination Name |P—deha—}( |
Combination Type | Linear Add v |
Notes | Modfy/Show Nates... |
Auto Combination | No

Define Combination of Load Case/Combo Results

Load Name | Scale Factor
Dead 1 I Add |
Live 1 Delete
sD 1
1

| ok | cancal |

Figure 5.47: load combination for P-delta check in X direction

General Data
Load Combination Name |P-delta-Y |
Combination Type | Linear Add ~ |
Notes | Modify/Show Notes... |
Auto Combination | No

Define Combination of Load Case/Combo Results

Load Name | Scale Factor
Dead 1 | Add |
Live 1 Delete
sD 1
1

| ok | cancel |

Figure 5.48: load combination for P-delta check in Y direction
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define combination , exclude 30% of other directions.

Where the stability coefficient, @ is greater than 0.10 but less than or equal to max, the
incremental factor related to P-delta effects on displacements and member forces shall be
determined by rational analysis. Alternatively, it is permitted to multiply displacements and

member forces by 1.0/(1 — a).

Where 0 is greater than emax, the structure is potentially unstable and shall be redesigned.
The used load combination in determining the need for P-delta effects in a direction is:
U=10DEAD+1.0SD+1.0LIVE+1.0E

This load combination is applied in both X and Y directions substituting EX and EY,

respectively.

Figures 5.49 and 5.50 present the story forces in both the X and Y directions, while
Figures 5.51 and 5.52 show the center of mass displacements of the diaphragms across

the building.

Story Output Case | Case Type Step Type | Step Number |  Lacation 3 VX VY T MX MY

kN kN kN kN-m kN-m kN-m
Storyd P-delta-X Combination Max Bottom 1088 7855 -79.626 0 7434582 9934 1289 -19587.5147
Storyg P-defta-X Combination Max Bottom 14386.6094 -1161.1373 0 11026.5771 123857675 | -264106.8371
StoryT P-deita-X Combination Max Bottom 25439.8917 -2086.2508 o 19786.3725 2184342723 | -4T1156.8609
Storyé P-defta-X Combination Max Bottom 354942037 -2868.6876 0 27157.5323 313027.8927 | -680990.1404
Storys P-defta-X Combination Max Bottom 47548.5156 -3505.6876 o 33174.9425 407621.5131 | -893085.0057
Story4 P-defta-X Combination Max Bottom 58540.1026 -3558 2241 0 37826.9812 502512 5347 -1107570
Story3 P-defta-X Combination Max Bottom T0264.5845 -4358.2844 0 413954479 608459.3185 -1346096
Story2 P-delta-X Combination Max Bottom 26368 0449 -854 3085 -583 0851 -6328.5807 2175480184 | 8871378347

Figure 5.49: Screenshot of ETABS output table showing story forces in X-direction

Story Output Case Case Type Step Type Step Number Location P VX VY T MX MY

kN kN kN kN-m KN-m kN-m
Story9 P-defta-v" Combination Max Bottom 1068.7855 0 -55.8511 -1005.5601 10176.1262 -19282.8051
Story8 P-deita- Combination Max Bottom 14388 6094 1 .435E-08 -803.3072 -13182 4275 128501 4117 -255709.89
Story7 P-defta-y Combination Max Bottom 25439.8917 2.56E-06 -1434.6672 -23428.6105 226571.0776 | -458353.7236
Storyé P-defta-y" Combination Max Bottom 354042037 3.423E-08 -1960.6699 -31979.7903 328125.0762 | -6580032.3823
Story5 P-delta- Combination Max Bottom 47548 5158 4 3B6E-08 -2381.1853 -38816 2343 43117184 | -858853.0008
Story4 P-defta-v" Combination Max Bottom 58640.1026 5.055E-08 -2698.9765 -43981.8597 5356443281 -1058945
Story3 P-deita- Combination Max Bottom 70284 5845 5 137E-08 -2524 1938 -47772.0374 B54457 5855 -1278294
Story2 P-defta-y Combination Max Bottom 256878589 -28.9645 -1008.6539 -27160.2608 2178223825 | 6657289801

Figure 5.50: Screenshot of ETABS output table showing story forces in Y-direction

Story Diaphragm | OutputCase | CaseType | StepType | Step Number ux uy RZ Point X ¥ z
mm mm rad m m m
Storys 06 P-detta-x Combination Max 4.505 0.543 1E06| 5378 18.07 86031 262
Story? DS P-detta-X Combination Max 4035 0.441 2E06|  S3TI9 13.082 8.5849 2265
Storyg D4 P-delta-X Combination Max 35 0.336 3E-08 53720 18.0585 85639 191
Storys D3 P-detta-x Combination Max 29 0.226 40| 5321 18.0585 8.5639 1555
Story4 02 P-delta-X Combination Max 2243 0.098 3E06| 5322 18,0569 8.5627 12
Story3 D1 P-delta-X Combination Max 1.548 -0.112 2E-06 53723 187844 8.0337 845
Storyz o7 P-detta-X Combination Max 0.557 -0.352 23605 53724 259944 8.4859 405

Figure 5.51: Screenshot of ETABS output table showing diaphragms center of mass displacements in
X-direction
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Story Diaphragm Output Case Case Type Step Type Step Number ux uy RZ Point X Y z

mm mm rad m m m
Storyg D6 P-deta-v Combination Max -1.012 9.304 -4E-06 53718 18.07 8.60 262
StoryT D5 P-delta-¥ Combination Max -0.851 8.035 -4E-06 53719 18.062 8.5649 2265
Story6 D4 P-delta-y" Combination Max -0.6%6 6.662 -6E-06 53720 18.0585 8.5639 19.1
Storys D3 P-delta-v" Combination Max -0.543 5197 -TE-06 53721 18.0585 8.5639 15.55
Story4 D2 P-delta-¥' Combination Max -0.381 3.668 -BE-06 53722 18.0569 8.5627 12
Story3 D1 P-delta- Combination Max -0.229 2078 -9E-08 53723 187844 9.0337 845
Story2 o7 P-delta-¥' Combination Max -0.072 0.328 3.3E-05 53724 25.0944 8.4858 4.05

Figure 5.52: Screenshot of ETABS output table showing diaphragms center of mass displacements in
Y-direction

The P-Delta output calculations in both the X and Y directions are illustrated in Figures

5.53 and 5.54, respectively.

P-dealta, X-Direction
Floor  Axial Force, P(kN) Shear Force, V(kN)  Displacement{mm) Drift(mm) Drift{m) Story Height(m) Stability Coeffecient, 8
Storys 14387 1161 4.51 0.47 0.00047 3.55 0.0016
Story7 25440 2086 4.04 0.54 0.000535 3.55 0.0018
Storye 36494 2869 3.50 0.60 0.0006 3.55 0.0022
Storys 47549 3506 2.50 0.66 0.000657 3.55 0.0025
Story4 58640 3998 2.24 0.70 0.000695 3.55 0.0029
Story3 70265 4358 1.55 0.99 0.000591 4.4 0.0036
Story2 26368 955 0.56 0.56 0.000357 3.05 0.0050

Figure 5.53: Screenshot of EXCEL output table showing P-delta calculations in X-direction

P-dealta, Y-Direction

Floor  Axial Force, P(kN) Shear Force, V(kN) Displacement{mm) Drift{mm) Drift(m) Story Height{m) Stability Coeffecient, 8
Story8 14387 803 9.30 1.27 0.001269 3.55 0.0064
Story7 25440 1435 8.04 1.37 0.001373 3.55 0.0069
Story6 36494 1961 6.66 1.47 0.001465 3.55 0.0077
Storys 47549 2381 5.20 1.53 0.001529 3.55 0.0086
Story4 58640 2699 3.67 1.59 0.001592 3.55 0.0097
Story3 70265 2924 2.08 1.75 0.001748 4.4 0.0095
Story2 25688 1009 0.33 0.33 0.000328 3.05 0.0027

Figure 5.54: Screenshot of EXCEL output table showing P-delta calculations in Y-direction

5.8 Check story drift

The values of displacements are obtained at the center of mass in the floors taking the load

combination U= 1.0 DEAD + 1.0 SD + 1.0 LIVE + 1.0 E for drift computations.’

Drifts along all stories are shown in Figures 5.55 and 5.56 for X and Y directions,
respectively. The design story drift is the inelastic drift, so these elastic drifts are multiplied
by the value Cy/I. = 5.0/1.0= 5.0 in both directions. The final story drifts are shown in the

same figures.

The maximum allowed story drift ratio is 0.020 (Risk category II, all other structures)
according to ASCE 7-16 Table 12.12-1 (shown in Figure 5.57)and the maximum story drift

° If a torsional irregularity is found, the designer shall obtain the displacements and the drifts at an edge that
gives the maximum values according to Arman 2025a. For this building structure, torsional irregularity can be
neglected, so, the drifts were obtained at the center of mass.
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ratio in Table 5.2 is 0.01405 which is less than the allowable limit, so, the story drifts are

within the allowable limits.

Story Drift, X-Direction
Floor Elastic Drift{m] Inelastic Drift(m) Story Height(m) Inelastic Drift ratio
Storya 0.00047 0.00235 3.535 0.000662
Story7 0.000535 0.002675 3.55 0.000754
Storye 0.0006 0.003000 3.55 0.000845
Storys 0.000657 0.003285 3.55 0.000925
Story4 0.000695 0.003475 3.55 0.000979
Story3 0.000991 0.004955 4.4 0.001126
Story2 0.000557 0.002785 3.05 0.000913

Figure 5.55: Screenshot of EXCEL output table showing story drift calculations in X-direction

Story Drift, Y-Direction

Floor Elastic Drift{m] Inelastic Drift{m) Story Height(m) Inelastic Drift ratio
Storyg 0.001269 0.006345 3.535 0.001787
Story7 0.001373 0.006865 3.535 0.001934
Storye 0.001465 0.007325 3.55 0.002063
Storys 0.001529 0.007645 3.55 0.002154
Story4d 0.001592 0.007360 3.55 0.002242
Story3 0.001748 0.008740 4.4 0.001986
Story2 0.000328 0.001640 3.05 0.000538

Figure 5.56: Screenshot of EXCEL output table showing story drift calculations in Y-direction

Table 12.12-1 Allowable Story Drift, A%

Risk Category

Structure lorll mn v

Structures, other than masonry shear wall structures, four stories 0.025h,,° 0.020h,, 0.015h,,
or less above the base as defined in Section 11.2, with interior
walls, partitions, ceilings, and exterior wall systems that have
been designed to accommodate the story drifts

Masonry cantilever shear wall structures? 0.010h,, 0.010h,, 0.010h,,
Other masonry shear wall structures 0.007hy, 0.007hy, 0.007hy,
All other structures 0.020h,, 0.015h,, 0.010h,,

“hs is the story height below level x.

For seismic force-resisting systems solely comprising moment frames in Seismic Design Categories D, E, and F, the allowable story drift shall comply with the
requirements of Section 12.12.1.1.

“There shall be no drift limit for single-story structures with interior walls, partitions, ceilings, and exterior wall systems that have been designed to accommodate
the story drifts. The structure separation requirement of Section 12.12.3 is not waived.

“Structures in which the basic structural system consists of masonry shear walls designed as vertical elements cantilevered from their base or foundation support
that are so constructed that moment transfer between shear walls (coupling) is negligible.

Figure 5.57: Allowable story drifts (ASCE 7-16, Table 12.12-1)
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CHAPTER 6: STRUCTURAL DESIGN FOR SEISMIC LOADS

6.1 General

This chapter presents the redesign of the structural system to ensure reliable performance
under seismic loading, building on the gravity-based design developed in Part I of the project.
As seismic forces impose additional demands beyond those of gravity, several structural
modifications were necessary to meet these requirements. These included both proactive
adjustments—applied early based on prior experience—and reactive changes, introduced in

response to the results of seismic analysis.

The redesign process considered the results of the seismic analysis model developed in
ETABS, alongside code-based design. The structural system was evaluated in terms of
strength, stiffness, and detailing requirements under seismic forces. The modifications aimed
to retain as much of the original design intent as possible, while addressing deficiencies

revealed through analysis and code checks.

This chapter also outlines the adopted seismic design methodology, including how structural
elements were treated depending on their role in seismic resistance, the rationale behind
specific changes, and how the final design complies with ACI seismic provisions. It also
discusses the proactive and reactive design changes made to ensure the structure could safely

resist both gravity and lateral loads.

The final seismic design is verified against the relevant seismic codes to ensure compliance.
Detailed design checks are carried out for key structural components such as shear walls,

columns, and foundations to guarantee the building’s performance during an earthquake.

6.2 Seismic design approach

This section outlines the approach adopted for designing the structure under seismic loads. It
begins with the conceptual framework that guides seismic design according to ACI 318-19
and ASCE 7-16, emphasizing the performance-based philosophy that underpins modern code
provisions. Building on this foundation, the section then moves to describe how these
principles were interpreted and applied within the context of this project, including how
design forces were evaluated, how structural responsibilities were distributed between walls

and frames, and how code requirements were incorporated into the redesign process.
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Together, these parts form a cohesive framework that connects code-driven objectives with

project-specific decisions.

6.2.1 Seismic design philosophy (Conceptual Basis)

The seismic design philosophy, as previously introduced in Chapter 4, is grounded in the
principle that structural design does not aim to eliminate all damage, but rather to protect
human life and maintain core structural integrity during extreme seismic events. This
fundamental concept is consistent across various building codes. In this section, the
philosophy is examined from a more technical perspective, with emphasis on the specific

interpretations and requirements of the adopted design code.

6.2.1.1 Code concepts and guidance

The redesign process under seismic loading follows the performance-based philosophy
embedded in ACI 318-19 and ASCE 7-16. These standards acknowledge that structural
systems are not expected to remain fully elastic during strong ground shaking. Instead, the
goal is to ensure that the structure can dissipate energy through controlled, ductile inelastic

behavior—allowing damage to occur without leading to collapse.
ACI 318-19 defines the scope and intent of its seismic provisions in Section 18.1.2, stating:

"Structures designed according to the provisions of this chapter are intended to resist

earthquake motions through ductile inelastic response of selected members."

This philosophy assumes that structural members may yield under strong shaking, but they
must do so in a safe, predictable manner. Ductility is therefore a fundamental requirement,
especially in regions of high seismic risk. To this end, ACI 318-19 includes special provisions
to ensure that inelastic deformation occurs primarily in designated energy-dissipating
zones—such as plastic hinges or confined boundary regions—while maintaining overall

system integrity.

In addition to ductility, interaction between axial and lateral demands is a critical concern.
A structural system must be capable of resisting the combined effects of gravity and
earthquake-induced forces. Stability is another key consideration; members are required to
remain stable under lateral displacements and to account for second-order (P-A) effects,
especially in slender or flexible systems (ASCE/SEI 7-16, Section 12.8 and Commentary
C12.8).
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Design strength is still the initial measure used for member proportioning, but it is not the
ultimate criterion. Instead, the code assumes that strength may be exceeded in localized areas,
and that through appropriate detailing, the structure can continue to function without collapse.
This places strong emphasis on reinforcement detailing—such as confinement, bar
anchorage, and minimum steel ratios—and on ensuring that the system’s geometry and
member hierarchy support the intended inelastic mechanisms. The code also provides
specifications for the relative strength of frame members—such as ensuring that columns are
stronger than beams—to promote desirable failure modes and preserve overall system
stability. These strength relationships support the core principles and objectives of seismic

design.

6.2.1.2 Summary

Ultimately, the intent is to deliver a structural system that can sustain damage without
collapse, while ensuring the safety and stability of the building during strong seismic events.
To achieve this, special attention must be given to the detailing of energy-dissipating
regions, the relative strength and interaction of structural members, and the overall
system stability under combined axial and lateral demands. Other aspects of structural
stability, including vertical and horizontal irregularities, story drift limits, and the need for
P-A analysis, are important considerations. These aspects were addressed in Chapter 5
through focused stability checks and are not discussed again in this chapter unless directly
relevant to certain modifications. These principles serve as the foundation for the practical
design approach adopted in this project, where code requirements are translated into

engineering strategies and modeling decisions in the following section.

6.2.2 Application in this project (Seismic design approach in practice)

This section translates the seismic design philosophy outlined in Section 6.2.1 into a practical
engineering approach tailored to the specific characteristics of the building. The focus is on
how the three central design pillars—strength, ductility, and stability—were achieved
through analysis, modeling decisions, and detailing strategies used to ensure seismic
compliance. Each of these aspects was addressed through a combination of code-based

requirements, engineering judgment, and interpretation of ETABS results.
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Stability Considerations:

Stability was primarily addressed and verified in Chapter 5. It included checks for
irregularities, story drift limits, and the need for second-order (P-A) effects, which was found
to be negligible for this project. These assessments confirmed that the selected structural
system maintains adequate stability under expected lateral displacements, and no further

adjustments were required within this section unless needed for design modifications.

Ductility Considerations:

Ductility is a central objective in seismic design. As noted in the previous section, controlled
inelastic behavior is essential for energy dissipation during major earthquakes. In this project,
the provision of ductility is addressed in detail in Section 6.6, where reinforcement detailing

and compliance with ACI 318-19 Chapter 18 are examined.

Strength Considerations:

Strength, the focus of Section 6.4, is achieved by ensuring that member dimensions and
reinforcement quantities are sufficient to resist the imposed seismic actions. Structural
elements were evaluated and, where necessary, modified based on force demands obtained
from the ETABS model developed for seismic considerations. Where results indicated

deficiencies, cross-sectional capacities were increased accordingly.

While ETABS was used to perform linear static analysis and extract design forces, its primary
role was to inform and verify decisions grounded in ACI 318-19. ETABS results were

interpreted within the context of code provisions, not treated as standalone solutions.

Code Application:

Design decisions and detailing approaches were based on ACI 318-19, particularly Chapter
18 for seismic provisions. Since the lateral system was primarily composed of walls, relevant
wall design criteria were applied. Frame members, though not designated as part of the
LFRS, were still evaluated using code provisions to ensure adequate strength and
confinement under accidental or secondary lateral demands. The requirements of Section

18.14 were referenced to address such cases.
Wall-Frame Interaction and Modeling Approach:

One of the key steps in implementing the seismic design was confirming the behavior of the
designated lateral force-resisting system (LFRS). Based on initial design considerations,

reinforced concrete walls were selected to act as the primary LFRS. To validate this
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assumption, lateral force participation was assessed using ETABS. As discussed in Chapter 5,
the walls attracted approximately 90-95% of the total base shear, while the frames

contributed only a small portion.

These findings supported the decision to treat the walls as the primary seismic-resisting
elements and to model them accordingly. Within this framework, two modeling strategies
were considered. Model 1 assumes that 100% of the lateral load is resisted by shear walls,
as intended in the design (i.e., the frames are not part of the lateral force-resisting system).
Model 2, however, reflects the realistic structural behavior observed in the analysis,
where frame members resist a small portion of the seismic forces due to stiffness interaction,
even though they are not intended to be part of the LFRS. Each for specific purpose

mentioned below with their clarification:
Model 1 — Wall-Only Seismic Resistance:

In the first model, moment releases (Moment 22 and Moment 33) were assigned at both the
start and end of each column, effectively preventing the frames from developing lateral
stiffness. This ensured that nearly 100% of the lateral seismic forces were resisted by the
structural walls. The forces and moments from this model were used to design and detail
wall elements in accordance with ACI 318-19 Chapter 18. This approach guaranteed that
wall design reflected the full demand expected from seismic actions, with no unintended

contribution from the frames.
Model 2 — Realistic Participation for Secondary Elements

The second model retained full continuity in the frame elements (i.e., no releases were
applied), allowing them to contribute naturally to lateral resistance. This model represented a
more realistic interaction between walls and frames, where the frames resisted 5-10% of

the total base shear.

ACI 318-19 permits a simplified treatment for frame members not explicitly part of the
LFRS. Sections 18.14.2.1 and 18.14.3.1 of ACI 318-19 states:

Section 18.14.2.1:

“Members not designated as part of the seismic-force-resisting system shall be
evaluated for gravity load combinations of 5.3 including the effect of vertical ground

motion acting simultaneously with the design displacement ou.”
Section 18.14.3.1:

224



“Cast-in-place beams, columns, and joints shall be detailed in accordance with
18.14.3.2 or 18.14.3.3 depending on the magnitude of moments and shears induced in
those members when subjected to the design displacement ou. If effects of ou are not

explicitly checked, the provisions of 18.14.3.3 shall be satisfied.”

Although not explicitly stated in the code, two practical approaches can be inferred for

dealing with the frame members in the case of this project:

1. The first approach involves directly considering the amplified displacement effects
(Su).

2. The second allows these effects to be neglected provided certain relevant code

requirements are satisfied.

While this provision allows for reduced requirements if the frame does not resist significant
seismic actions, our design opted to check and detail all frame elements conservatively using
results from the second model. ETABS outputs were used to size and reinforce beams and
columns based on actual force demands, regardless of their primary role in resisting gravity

only. This ensured that even minor participation was adequately addressed.

This second model also formed the basis for evaluating and modifying the design of slabs,
footings, and other members that could be affected by seismic load paths. In cases where
ETABS outputs indicated differences from gravity-only conditions, redesign was performed

accordingly to ensure compliance with seismic design criteria.

6.3 Evaluation of gravity design response to seismic loading

This section presents a systematic evaluation of the original structural design, which was
developed under gravity load assumptions, to determine its adequacy under seismic demands.
The focus is on assessing the suitability of both the structural layout and the cross-sectional
dimensions of members, as seismic effects may introduce additional force demands that
could render the gravity-based design insufficient. Although reinforcement quantities and
detailing requirements are also relevant, only changes in reinforcement ratios are addressed
here; comprehensive reinforcement quantities and seismic detailing provisions are

intentionally omitted and deferred to later sections of the report.

The evaluation is divided into two main parts. The first is a preliminary engineering

assessment, relying on experience and conceptual seismic understanding to judge the general
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layout and configuration of the structure, particularly its ability to resist lateral loads through
appropriate load paths. The second is a software-based assessment, which draws on ETABS
seismic analysis results to evaluate the adequacy of individual member dimensions and

reinforcement under lateral load effects.

By the end of this evaluation, a deliberate judgment is to be made as to whether the existing
layout, member dimensions, and reinforcement can adequately resist seismic effects, or if
structural modifications are required. It is important to emphasize that this section is limited
to the evaluation process; any resulting structural modifications are presented in the

subsequent main section.

6.3.1 Structural layout and resisting system

The structural layout—including the arrangement of vertical and horizontal elements as well
as the distribution of non-structural mass—directly affects a building’s response to seismic
excitation. Particular attention was given to the placement and continuity of shear walls,
which were intended to serve as the primary lateral force-resisting system. A preliminary
assessment of the layout was conducted based on engineering judgment and conceptual
understanding of seismic behavior, prior to running the seismic analysis. This early review
aimed to identify potential sources of irregularity—both in plan and elevation—allowing
proactive improvements to be made before the software modeling phase. This approach

helped minimize the need for iterative corrections during the analysis stage.

The original ground floor layout exhibited asymmetry in the Y-direction due to irregular wall
placement, in contrast to the basement and typical floors, which showed more symmetric wall
distribution. This suggested a possible torsional irregularity, which was anticipated even
before modeling. As a result, the initial configuration was flagged as requiring improvement
in terms of symmetry and lateral stiffness distribution. Plan views of the basement, ground,

and typical floors are shown in Figures 6.1-6.3.

In addition, an elevation view along grid-line 1 (Figure 6.4) suggested a potential vertical
discontinuity in wall alignment at the ground level. Based on observation and prior
experience, this type of discontinuity corresponds to a well-known form of vertical
irregularity that may compromise seismic performance. While the exact impact would be
clarified through detailed analysis, the condition was considered noteworthy during the early

evaluation phase and was anticipated to require specific design attention in later stages.
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Despite some layout concerns, the overall number and distribution of shear walls in the
building were deemed sufficient in terms of strength and stiffness. The structure incorporates
numerous vertical elements capable of resisting lateral forces. Based on engineering
judgment, the building appeared strong enough to withstand seismic demands without the
need for additional walls beyond those already included in the gravity design. Therefore, the
primary concerns were related to layout irregularities, rather than a deficiency in lateral

resistance.

It 1s important to note that the observations made during this preliminary
evaluation—particularly the asymmetry identified in the ground floor wall layout—prompted
early adjustments to the structural configuration prior to running the seismic model. Although
these modifications are not discussed in detail here, they directly influenced the outcome of
the seismic analysis. Accordingly, the ETABS model used for the seismic evaluation already
incorporates the revised layout, and the results presented in Section 6.3.2 are based on this
updated configuration. The specific modifications and their justification are presented in

Section 6.4.

6.3.2 Software-Based evaluation of structural design

6.3.2.1 General

Following the preliminary layout-based assessment discussed earlier, a more rigorous
evaluation of the structure was carried out using the updated ETABS model that incorporates
both gravity and seismic loads. The primary aim of this stage was to determine whether the
cross-sectional  sizing of structural members—originally designed for gravity
loads—remained adequate when subjected to code-defined earthquake effects. While the
evaluation primarily focused on member sizing, reinforcement was only briefly addressed in

terms of changes, with detailed quantities and provisions deferred to later sections.

Seismic loads are known to introduce new challenges not typically encountered in
gravity-only design. These include significant increases in lateral forces, potential uplift or
overturning in foundations, combined axial and flexural demands in columns, shear
amplification in beams and walls, and overall changes in the distribution of internal forces.

Anticipating such effects, it became important to assess whether the original member sizes
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could accommodate the added seismic demands or whether resizing would be required to

maintain structural integrity and compliance with code provisions.

Overall, while many members retained acceptable performance under the revised loading,
others—particularly walls—displayed increased force demands that signaled a need for
resizing or further detailing. The remainder of this section presents a detailed evaluation of

each element type based on these findings.

6.3.2.2 Evaluation strategy

To carry out this evaluation, the ETABS model enhanced by defining new lateral load
cases—namely, EX and EY for static earthquake forces, and EDX and EDY to account for
dynamic base shear components—was used as previously explained in Chapter 5'°. The
design modules within ETABS were then used to extract internal force demands across all

relevant structural elements as follows:

e For beams and columns, the Concrete Frame Design module provided a direct

assessment of force capacities and sizing adequacy.

e For shear walls, the Shear Wall Design module provided a full design, including
boundary element checks, longitudinal and transverse reinforcement requirements,
and detailing provisions in accordance with ACI 318-19. This process helped verify
whether the existing wall dimensions could accommodate the required reinforcement

and served to check the adequacy of wall thickness.

e For slabs and footings, internal force contours were reviewed under the updated

seismic load combinations to capture any substantial shifts.

6.3.3.3 Frames (Beams and Columns)

The design output revealed increased demands in several columns. While some experienced
minor overstressing, others—particularly those located on the upper floors—required modest
increases in longitudinal reinforcement ratios. In contrast, the beams generally exhibited

performance consistent with the gravity-only design. Both column-supported and

1 The analysis results presented in this section are not solely a product of seismic loads being introduced. The
preliminary modifications applied to the structural layout—most notably the redistribution of shear walls—also
played a direct role in shaping the behavior of the system under seismic loading. These modifications were
made before the software analysis, meaning the results here inherently reflect both the adjusted configuration
and the expanded loading conditions.
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wall-supported beams remained adequate in terms of cross-sectional dimensions and did not

require reinforcement adjustments, as no significant increases in demand were observed.

Specifically, Columns E13 and R13 at the 5th floor (Story 8 in ETABS) showed increased
reinforcement ratios, reaching up to approximately 1.38%. Minor overstressing was also
observed in Columns D4, P4, G11, N11, and E13 at the ground floor (Story 3 in ETABS),
primarily due to increased demands from seismic load combinations. These outcomes reflect

localized effects rather than a systemic deficiency in the structural design.

Such results are considered reasonable, as the frame members (both columns and beams) are
not part of the designated lateral force-resisting system. Figures 6.1-6.4 illustrate the frame
members that experienced overstressing or reinforcement changes, while the complete design

results are provided in Appendix B.

It is also worth noting that several very short beams exhibited overstressing due to combined
shear and torsion demands. However, this overstress was disregarded, as the affected beams
are wall-supported and, consequently, are not expected to develop significant shear forces
(design shear force Ve) during seismic events. Therefore, the software results in this case are
not considered representative. The relevant ETABS output for these overstressed beams is

also included in the appendix mentioned above.
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Figure 6.2: Design output of columns along grid-line 11 (Screenshot from ETABS)
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6.3.3.4 Shear walls

Wall thicknesses remain unchanged, with external walls having a thickness of 200 mm and
internal walls 300 mm. However, the reinforcement layout was revised to meet ACI 318-19
requirements, ensuring adequate strength and ductility under seismic loading. These changes
were made to enhance the wall’s performance as a primary lateral force-resisting element in

the structural system.

6.3.3.5 Slabs

While most slab zones remained within acceptable limits, internal force envelopes extracted
under seismic load combinations revealed localized increases in bending moments,
particularly near support lines and wall-slab connections. These stress concentrations may
require additional top reinforcement to ensure adequate structural performance and crack
control. Figure 6.5 and 6.6 highlights the specific areas where slab reinforcement was

enhanced accordingly.
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Figure 6.5: Enhanced reinforcement at story 8
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6.3.3.6 Footings

In terms of sizing, footings are evaluated for the following:

e Soil bearing pressure: as the updated load combinations—namely, the seismic
combinations—may lead to increased pressures that could exceed the allowable
bearing capacity. This check is highly relevant to footings areas where an adjustment

may be necessary.

e Overturning stability should also be checked to ensure that tension zones do not
develop; otherwise, a different design approach may be required to address the

resulting compression zones.

e Wide-beam shear and punching shear: a general verification of shear is conducted to

confirm that the footing thicknesses are sufficient.

Although envelope results were initially reviewed to identify critical locations, final soil
pressure values were extracted from individual governing load combinations to ensure
realistic and consistent evaluation. The maximum values were found to occur under a specific
combination which is [1.05 D+0.75 L+0.75 SD+0.68 EY] , which was used in the bearing

capacity checks and footing design.
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6.3.3.6.1 Assessment of soil pressure in footings

Although envelope results were initially reviewed to identify critical locations, final soil
pressure values were extracted from individual governing load combinations to ensure
realistic and consistent evaluation. The maximum values were found to occur under a specific
combination which is [1.05 D+0.75 L+0.75 SD+0.68 EY] , which was used in the bearing

capacity checks and footing design.

The soil pressure beneath the footings must be checked to verify that the provided footing
areas are sufficient to safely transfer loads to the ground. The soil pressure values obtained
from the structural analysis must not exceed the allowable bearing capacity, which is 250

kN/m? for this project.

As shown in Figures 6.7 and 6.8, the calculated soil pressures from ETABS remain below
this limit, confirming that the foundation dimensions are adequate with respect to soil

pressure.
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Figure 6.7: Contour map of soil pressure in footings for the determinant load combination (ETABS
Output)
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Figure 6.8: Contour map of soil pressure in basement (ETABS Output)

6.3.3.6.2 Shear check

Shear forces were evaluated using an envelope load combination defined in ETABS, which
includes all ultimate seismic combinations as required by ASCE 7-16 for analysis and design.
The resulting shear values were found to be satisfactory and, in all cases, did not exceed those
obtained from gravity-only combinations. This indicates that the existing footing
thicknesses are adequate and do not require modification. Contour maps of shear

distributions in the X and Y directions are presented in Figures 6.9 and 6.10, respectively.
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Figure 6.9: Contour map of shear force V13 in footings for the ENVELOPE load combination
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Figure 6.10: Contour map of shear force V23 in footings for the ENVELOPE load combination

6.3.3.6.3 Punching operation

Figure 6.11 shows the punching shear values, all of which are less than 1. This indicates that

the provided footing thicknesses are adequate to resist punching shear.
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Figure 6.11: Punching shear values under seismic loading
6.3.3.6.4 Flexural reinforcement

Footing flexural reinforcement is shown later in section 6.7.4.
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6.3.3.7 Tie beams

Tie beams at the foundation level are important structural elements that serve multiple
purposes. They help connect individual footings together, improving the overall stability of

the foundation system. Figures 6.12, 6.13 and 6.14 illustrate the total, flexural and torsional

longitudinal reinforcement for tie beams
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Comparing these values with those obtained in Chapter 3, it was found that the tie beams
require adjustments. These modifications are necessary to ensure proper force transfer
between footings and to improve overall foundation integrity, especially under seismic
loading. The revised design will enhance the connectivity and stiffness of the foundation

system, aligning it with ACI 318-19 requirements.

6.4 Structural modifications

This section focuses on the adjustments made to structural elements following the evaluation
process. It outlines changes in dimensions, positioning, and the addition of structural
components—such as walls, columns, or beams—introduced to accommodate seismic
requirements. Where necessary, reinforcement modifications are also noted; however, a
comprehensive discussion of reinforcement details is reserved for the final section presenting

the completed design.

6.4.1 Frame members

The dimensions of beams remained unchanged, as they were found to be sufficient even
under the additional seismic demands. In contrast, several overstressed columns required
adjustments to ensure adequate load-carrying capacity. Table 6.1 summarizes the
dimensional changes made to these columns to address the increased demands, and Table 6.2

shows the changes in steel ratio.
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Table 6.1: Dimensional changes of columns

Floor Grid location Previous dimension Adjusted dimension (mm)
D4 300%1000 400%1000
P4 300*%800 400%1000
Ground Floor N11 300%1200 400%1200
Gl1 300*%1000 400%1200
E13 300*%600 300%700

Table 6.2: Changes in steel ratio in columns

Column, Story Previous steel ratio Adjust steel ratio

E13, story 8 1% 1.4%

R13, story 8 1% 1.4%

As the gross cross-sectional area of certain columns increased—while maintaining the same
steel ratio of 1% —the required area of steel also increased proportionally. This was addressed
by using larger bar diameters. Additionally, some columns that were not overstressed still
exhibited increased longitudinal reinforcement demands; in these cases as well, the bar
diameters were adjusted accordingly. The final reinforcement layout, reflecting these
diameter changes, is presented in Section 6.8 after the application of all relevant code

detailing provisions.
6.4.2 Shear walls

Some modifications to the structural walls were implemented prior to conducting the
software analysis and design, as previously discussed. Specifically, three new walls, each of
200 mm thickness, were added along grid line 1 at the ground floor. This modification was
expected to play a crucial role in mitigating potential torsional irregularities and was
therefore carried out in the early stages.. Figure 6.15 presents a screenshot from ETABS

illustrating the ground floor plan after this adjustment, highlighting the newly added walls."

' The figure, originally intended to demonstrate wall preliminary modifications, was mistakenly captured
post-analysis, and thus also shows column adjustments.
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Wall thicknesses varied throughout the project, adapting to structural requirements. These
changes are summarized in Table 6.3. Figure 6.16-6.18 presents the corresponding walles

naming for those presented in the table.

1
| |
| |
| |
| |

L

Figure 6.15: Plan view of ground floor, preliminary adjustment of walls distribution

Table 6.3: Wall modifications

Walls Old thickness Modified thickness
W8 300 450

W1l 300 400

w14 300 400

W23 200 300

W24 200 300

W25 200 300

W26 200 300
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Figure 6.17: Wall naming layout at the ground floor level
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Figure 6.18: Wall naming layout at typical floors

6.4.3 Slabs

Slab thicknesses across the structure remained unchanged; however, in certain areas, the

reinforcement was enhanced with additional top and bottom bars to meet higher demand

requirements. Figures 6.19 and 6.20 illustrate the regions where increased reinforcement was

necessary to ensure adequate strength and serviceability under seismic loading conditions.
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Figure 6.19: Enhanced reinforcement at story 8
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Figure 6.20: Enhanced reinforcement at story 7

6.4.4 Footings

Footing thicknesses and dimensions remained unchanged throughout the design process. The
reinforcement layout also stayed consistent with the initial design, as structural analysis
confirmed that the original configuration provided adequate strength and stability under the

applied lateral loads.

6.4.5 Tie beams

The tie beam cross-section remains unchanged from the preliminary design; however, the
reinforcement detailing has been modified. These changes were made based on updated
analysis under seismic load combinations, which indicated increased demand in certain
regions. The new reinforcement layout ensures adequate shear and flexural strength, meeting

the requirements of ACI 318-19.

6.5 Software design vs. Code requirements

In this section, key design checks were performed to ensure that the seismic design results
generated by ETABS are consistent with the provisions of ACI 318-19. The focus here is
specifically on seismic-related checks, as gravity load design checks were already addressed

in Part 1 of the project and are not repeated. The verification process concentrated on critical
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structural elements, including beams, columns, and structural walls. For each element type,

representative members were selected and evaluated through code-based checks.

6.5.1 Beams

Beams were checked to ensure that the required reinforcement ratios correspond to singly
reinforced sections, avoiding the need for doubly reinforced designs for practical execution.

In addition, the beams were examined with respect to the design shear force (Ve).

6.5.1.1 Singly vs. Doubly reinforced sections

The maximum area of tensile reinforcement for singly reinforced sections is limited so that
the net tensile strain in the extreme tension steel at nominal strength is at least 0.005, as
stipulated by ACI 318-19. This strain threshold promotes ductile behavior and is a key
criterion distinguishing singly from doubly reinforced sections. Based on strain compatibility
and force equilibrium (assuming a balanced section where tensile strain just reaches 0.005),
and for a rectangular cross-sectional beam, Arman (2025b) derives the following expression

for the maximum reinforcement ratio in singly reinforced beams (Equation 3.26):

0.85f.
 —— e

u

Prmax singly, e,—0.005 = 0.375 3 (Arman, 2025h, Eq. 3.26)

By applying Equation 3.26 with a concrete compressive strength f'. = 28 MPa and a steel
yield strength f; = 420 MPa, the maximum reinforcement ratio for singly reinforced sections
is calculated as pn. = 0.0181. Since ETABS expresses reinforcement ratios relative to the
effective depth d, rather than the total section depth h, this theoretical value was adjusted by
multiplying it with the ratio d/h = 0.92, resulting in a modified limit of approximately 1.66%.
This adjustment ensures consistency between the theoretical limit and the software output for
comparison purposes.

Figures 6.21 show that the total rebar percentage in all beams ranges from 0.3% in the
wall-supported beams, to 0.46% in the column-supported beams, well below the calculated
limit of 1.66%. This confirms that all beams are singly reinforced and meet the criteria for

ductile, tension-controlled behavior.
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Figure 6.21: Rebar percentage in all beams

6.5.1.2 Design shear force check (V)

This check verifies the design shear force, Ve, in accordance with ACI 318-19 Section

18.6.5.1. The intent is to validate that the beam design accounts for critical shear demands

arising from moment reversal due to seismic loading, in combination with factored gravity

effects, thereby ensuring compliance with code-based strength assumptions.

Objective and methodology:

According to ACI 318-19 Section 18.6.5.1, the design shear force Ve must be evaluated for

the segment of the beam between the faces of the joints, assuming moments of opposite sign

at the supports equal to the probable flexural strength (M,,,) and considering the full factored

gravity and vertical seismic loads. The equation applied is:

Mpr (left) +Mpr (right)
L clear

Ve =

+ gravity shear

Where:

e M, = probable flexural strength at each end of the beam.

® L .. = clear span between joint faces.
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Unlike the conventional nominal moment 2M,, the probable moment M,, excludes the
strength reduction factor @ and includes a multiplier of 1.25 to reflect strain-hardening and

overstrength during seismic loading (per ACI commentary guidance):

Where 1.25fy, representing the probable yield strength of transverse reinforcement, is

commonly denoted as fyt in seismic design provisions.
Inputs and Assumptions:
e Beam section: 300 mm width x 500 mm total depth.
e Effective depth, d=460 mm.

e Flexural reinforcement area used for M, calculation: 455 mm?, representing the
minimum required area for flexure only, excluding any reinforcement added for
torsion. This isolates the contribution relevant to flexural moment strength, which

governs M,,..
e Steel yield strength: =420 MPa.
o Asper ACI 318-19 Section 18.6.3, the probable yield strength is taken as:
f,=1.25xf=525 MPa
e Concrete compressive strength: f'c=28 MPa.
e (lear span between joint faces: 5.55 m (out of 6.25 m total length).

Calculation:

Step 1: Compute depth to the compression block (a) using the simplified equation derived
from internal force equilibrium (tension = compression), as proposed by Arman (20255,

Eq. 3.10):

(Arman, 2025b, Eq. 3.10)

455 x 525
0.85x28x 300

=33.45 mm
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This calculated value uses the expected steel strength (f;,) rather than the nominal yield

strength (f;) to maintain consistency with the moment strength calculation (M,,), as the

original equation is derived for standard conditions rather than for expected strength

scenarios.

Step 2: Compute M,,:
a
M, = A,f, (d 5)

33.45

=455 x 525 x (460 - >

) =105.88 KN.m

Step 3: Compute Ve (due to seismic effects only):

2 x105.88

Ve= BT =38.15 KN

Comparison with ETABS Output:
e Seismic only:
Manual Ve =38.15 KN
Software Ve = 34.77 KN (shown in Figure 6.22)
% difference = (38.15 - 34.77) / 34.77 * 100 = 9.721 %
e Total (gravity + seismic):

Manual Ve = 37.97 + 38.15=76.12 KN

Software Ve, = 37.97 + 34.77 = 72.74 KN (shown in Figure 6.X)

% difference = (76.12 - 72.74) / 72.74 * 100 = 4.647 %

Design Forces

Factored | Factored | Design | Capacity | Gravity | Factored
Ve M.z Ve Ve Vs Te
kN kN-m KN kN kN kN-m
42,7345 -35.2825 | 72.7421 3477 37.9721 1.6087

Design
Te
kN-m

18.5363

Figure 6.22: Design shear force

Comment:
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The manually calculated shear force exhibits a slight divergence from the ETABS design
output. This discrepancy may be attributed to ETABS typically using the center-to-center
distance between supports—in this case, the full span length of 6.25 m—which does not
reflect the actual clear span used in the manual check. When this center-to-center length is
used in the manual calculation instead, the resulting shear force Ve becomes 33.87 kN,

leading to a percentage difference of only 2.56%, which is considered acceptable.

6.5.2 Columns

As required by ACI 318-19, all columns must undergo detailed checks to ensure they meet
strength, ductility, and confinement requirements under both gravity and seismic loading

conditions.

cheeks:

6.5.2.1 Axial force and biaxial moment design for P,, M,,, and M,;
For column N11 at story 3:

Column element details are shown in Figure 6.23, where it is located at ground floor

(story3).

Column Element Details

Level |Element | Unique Name SectionID | Combo ID | Station Loc | Length (mm) | LLRF Type

Story3 Cc19 626 column 12007400 | UDConS2 0 4400 0421 Sway Special

Section Properties

b (mm) | h (mm) | dc (mm) | Cover (Torsion) (mm)
1200 400 59 273

Material Properties

E.(MPa) | '.(MPa) | LtWt Factor (Unitless) | f,(MPa) | f,.(MPa)
24870 28 1 420 420

Design Code Parameters

®- © cre Deson e . b it Q,
09 0.65 075 075 0.6 0385 25

Axial Force and Biaxial Moment Design forP, , M, , M

Design P, Design M, Design M_; | Minimum M2 | Minimum M3 | Rebar Area | Rebar %
kN kN-m kN-m kN-m kN-m mm? %

3192.1406 174.806 -86.9539 163.5653 86.9539 4800 1

Figure 6.23: Column N11 details
ACI commentary gives the following equation, originally presented byBresler, for calculating
the capacity of a column under biaxial bending .

1 1 1 1
Opn  Ppnx Opny dpno
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®Pno= reduced nominal axial nominal axial load capacity for ex and ey equal zero.

OPn=0*A[0.85fc'(Ag—As)HyAs]

¢Pn=0.65*0.8*[0.85*28(480000—4800)+(420*4800]=6929.4KN

Mu3=174.806 KN.m
Mu2=-86.95 KN.m
oPn=6929.4KN
dPnx=6929.4KN.m

oPny= 6929.4KN.m

Figure 6.24 shows the values of axial load, Mu2 and Mu3 along with their corresponding

interaction diagrams, used to verify the column capacities under combined axial and bending

moments.

M3(KN.m)

P(KN)

0

6929.395

208.734

6929.395

329.7806

6409.623

420.5055

5396.127

479.3275

4321.56

513.1731

3117.29

555.4237

2741.788

570.1162

2146.95

428.24438

912.8054

194.1004

-698.004

0

-1814.4

M2(KN.m)

P(KN)

0

6929.395

579.6141

6929.395

932.0331

6569.428

1195.321

5648.241

1376.074

4672.649

1484.892

3607.866

1681.01

3113.705

1785.44
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Figure 6.24: Values of axial load, Mu2 and Mu3 for column C3

1

1

Opn 6929.4

6929.4

6929.4
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Opn=6929.4 KN
Pu=3192.14KN

@pn > Pu — Satisfied

6.5.2.2 Check for V,

Figure 6.25 illustrates the values of M, (up), M,,, (down), and V5 as obtained from ETABS.

for column W13

VP=Mpr(up) + Mpr(down)/L
L=4.4m

Mpr (up)=703.991KN.m

Mpr (down)=703.991 KN.m
VP=703.991+703.991/4.4=314 KN
VP from ETABS=0

314 <VP (ETABS) OK.
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ETABS 22.4.0 License #15RKRS4986Q44DA
Capacity Shear (Part 1 of 2)
ShearV: Long.Rebar A sz Long.Rebar A s Cap.Moment M:zesze
kN % % kN-m
Major Shear{V2) 0 1 1 703.991
Minor Shear(V3) 0 1 1 703.991
Capacity Shear (Part 2 of 2)
Cap.Moment M =572 Cap.Moment M-=z= Cap.Moment M zes7ee
kN-m kN-m kN-m
703.991 703.991 703.991
703.991 703.991 703.991
Design Basis
Shr Reduc Factor | Strength f.s Strength fes Area A;
Unitless MPa MPa cm?
1 420 28 3000
Concrete Shear Capacity
Design V. Conc.Area A .. Tensn.Rein A
kN cm? mm?
Mejor Shesr(v2) | 17.881 | 2826 1500
Minor Shear(V3) 25.103 2826 1500
Shear Rebar Design
Stress v | Conc.Cpcty v Uppr.Limit v -a v . BV e RebarArea A . /s
MPa MPa MPa MPa MPa mm3/m
Major Shear(V2) 1 o0s 0.96 4.43 0.58 2.69 820.8
Minor Shear(V3) 0.09 0.96 4.48 0.58 2.69 24524

Figure 6.25: Column details of M,, and V,

6.5.3 Walls

Walls must be checked in accordance with ACI 318-19. The shear check was performed

based on the provisions of Section 18.10.4 of ACI 318-19. This check was specifically

applied to Wall W1, located in the basement, as illustrated in Figure 6.26. The corresponding

shear design results obtained from ETABS are shown in Figure 6.27.

In addition, walls must also be checked for boundary elements in accordance with Section

18.10.6 of ACI 318-19. This check was also conducted for Wall W1 to ensure it meets the

required detailing and confinement criteria. The axial load and moment used for the boundary

check are shown in Figure 6.28.
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Figure 6.26: Wall W1 layout

6.5.3.1 Checks for walls

6.5.3.1.1 shear check

Shear Design (Part 2 of 2)
PV - [
kN kN

2455.6849 | 4411.8349
2455.6849 | 4411.8349

Boundary Element Check (ACI 18.10.6.3, 18.10.6.4)

Station D Edge Governing P M. Stress Comp | Stress Limit | C Depth | C Limit
Location Length (mm) | Combo kN kN-m MPa MPa mm mm
Top-Left Leg 1 | Not Required | UDConS25 | 803.1417 [877.8558 0.09 5.6
Top-Right Leg 1 | Mot Required | UDConS25 | 803.1417 |877.8558 0.42 5.6

Bottom—Left Leg 1 Mot Required | UDConS24 |3290.6593 |641.8191 0.94 56
Botttom—Right | Leg 1 Not Required | UDConS24 |3290.6593 [641.8191 1.18 5.6

Figure 6.27: Shear design from ETABS
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for W1
L=10.35m
thickness=0.3m

hw=3.05m

Vo = (@cAVF'c + pefie) Acw
hw/Lw=3.05/10.35=0.29<1.5
oc=0.25
Vn=(0.25*1*v28+0.0025*420)*300%10350/1000=7367.78KN
OVn=0.6*7367.78=4420 KN
OVn(ETABS)=4411.84 KN

%different percentage=((4420/4411.84)-1)=0.2%

oV, = @acl\/f’cﬂcv

dVe=0.6*0.25%1*28*10350%300/1000=2464.52KN.
®Vc(ETABS)=2455.69KN
%difterent percentage=((2464.52/2455.69)-1)=0.4%

the maximum shear strength for the wall:

OV, = 00.66\F Acy

=0.6%0.66*V28*10350*300/1000=6506.32 KN>4411.84 OK
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6.5.3.1.2 Check for boundary elements

Flexural Design forP. M« and M.z

Station Required Required Current Flexural Pe Minimum M = Mz M
Location | Rebar Area (mm?®) | Reinf Ratio | Reinf Ratio Combo kN kN-m kN-m KN-m
Top 7762 0.0025 00022 |ENVELOPE-SER | 4422224 10.7195 33.0984 |-109.3994
Bottom 7762 0.0025 0.0022 |ENVELOPE-SER |1927.9682 46.7339 -187.0661 | -920.542
Axial Force and Minor Moment Factors
Station C - Factor 0 -s Factor des El e= P
Location Unitless Unitless Unitless kN-m?* kN
Top Minor Bend(M2) 1 1.003853 0.6 144790.0313 | 153616.8051
Bottom Minor Bend(M2) 1 1.017018 0.6 144790.0313 | 153616.8051
Shear Design Capacity Parameters
Station 1D Shear Combo M cemgjer Q. w- Q. "w.
Location kN-m Unitless Unitless Unitless
| 4 !
Top Leg 1 ENVELCPE 27840.4677 30.243561 1 1
Bottom Leg 1 ENVELOPE 27B840.4677 30.243561 1 1
Shear Design (Part 1 of 2)
Station D Rebar | Shear Combo Pu M. Ve V coesign hw lw ac
Location mm*/m kN kN-m kN kN Unitless | Unitless

1 1 1 !
Top Leg 1 750 ENVELOPE 192.6186 |877.8558(985.7966| 985.7966 0.254686 3
Bottom Leg 1 750 ENVELOPE 1031.7894 |858.8949|357.9774| 9579774 0.254686 3

For W1

Figure 6.28: Axial load and moment used for the boundary

Pu=Nu=1031.789 KN

Mu=920.542 KN.m

_ Ny My

A

I

=((1031.789*1000)/(300*1030))+((920.542*10°6*5175)/(*5)(300)(10350)"3

=0.3323+0.172=0.5043 < 5.6 OK.

no boundary needed.

6.6 ACI provisions for detailing considering seismic effects

This section delves into the detailing provisions outlined by ACI 318-19, specifically for the
elements of the structure under seismic loads. It discusses how the structural components

(such as walls, beams, and columns) are designed in compliance with ACI’s requirements for




seismic detailing. The section addresses things like reinforcement detailing, minimum

reinforcement ratios, and any other relevant code specifications to ensure seismic resilience.

Frame members include the beams and columns. Frame members that are designated as part
of the seismic-force-resisting system are treated differently from those dedicated to
gravity-only resistance. ACI 318-19, Section 18.14 specifies the seismic design and detailing
requirements of members not designated as part of the seismic-force-resisting system. Section
18.14.3 is concerned with cast-in-place beams, columns, and joints specifications.
Slab-column connections are also of concern, detailed in Section 18.14.5 of the same code.
Wall piers — Section 18.14.6. These requirements ensure wall piers have adequate strength
and ductility to resist seismic forces, with proper reinforcement and detailing to prevent

failure under lateral loads.

6.6.1 Beams

During this process, several conditional code provisions were reviewed. However, these

provisions are triggered only under specific conditions that did not occur in this project.

As such, they were not applicable and are not discussed further. The requirements presented
here are those directly applicable to the beam design without additional conditions, and thus

represent the relevant limits that needed to be satisfied.

During this process, several code provisions were reviewed. However, many of these
provisions are conditional in nature, that is, they apply only when specific criteria or
circumstances are met. Since such conditions did not arise in this project, those provisions
were not applicable. Therefore, they are not included or discussed in this report. The
requirements presented here are limited to those that were directly applicable to the beam
design, without reliance on additional or untriggered conditions. This approach ensures the

report remains focused on the relevant and necessary design considerations.

The seismic evaluation confirmed that all relevant reinforcement requirements for beam
members, as specified in ACI 318-19, were already satisfied in the original gravity design. In

particular:

e Section 18.14.3.2(a) limits the maximum spacing of transverse reinforcement to d/2.
With an effective depth d of 460 mm, the allowable spacing was 230 mm. The

provided stirrup spacing was 90 mm for all beams, which satisfies this requirement.
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e Section 9.6.1.2 specifies a minimum required flexural steel area, A, This area
corresponds to a reinforcement ratio of approximately p = 0.0033. The steel ratio

provided matches this minimum, confirming compliance.

e Section 18.6.3.1 requires a minimum of two longitudinal bars at both the top and
bottom faces of the beam and limits the reinforcement ratio, p, to a maximum of
0.025. All beam sections were detailed with 318 bars at both the top and bottom
faces, thereby satisfying the minimum bar count requirement. However, since a
portion of this reinforcement is designated for torsional resistance, only the remaining
portion—intended for flexural action—was considered in the steel ratio calculation,
which resulted in p = 0.0033. This value is well below the maximum limit specified
by the code. ETABS results for steel ratios, discussed in a previous section, align with

this detailing approach too.

All of these conditions were already met in the original gravity design, and no revisions were

necessary during the seismic detailing phase.

Note: It is not immediately obvious why provisions from sections typically not associated
with LFRS members are applied here. However, Section 18.14 explicitly refers to earlier
parts of the code — including Sections 18.6.3.1 and 9.6.1.2 — to define limits and detailing
rules. This reference chain explains the necessity of considering requirements from other

parts of the code.

6.6.2 Columns

According to Section 18.14.3.3(¢c) of the code, columns must comply with Sections 18.7.4,
18.7.5, and 18.7.6. Sections 18.7.4 and 18.7.5 address detailing provisions for longitudinal
and transverse reinforcement, respectively, while Section 18.7.6 ensures that design
provisions are sufficient to maintain safe behavior during seismic events. The latter has been

handled by the software design and verified in Section 6.5.2.
6.6.2.1 Longitudinal reinforcement requirements

e Steel Ratio:
The total area of longitudinal reinforcement must be at least 0.01Ag and not more

than 0.06Ag.
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e Bar Development Length:
The selection of bar diameters must ensure that 1.25 €d<Cu/2, where ¢d is the

development length and ¢u is the clear column height.

e Lap Splices:
Lap splicing is allowed only within the central half of the column clear height and
must be designed as tension lap splices.
These splices must also be enclosed by transverse reinforcement in accordance with
Sections 18.7.5.2 and 18.7.5.3, to be examined after the current detailing

requirements.
Application to the Project:

e Regarding the steel ratio, although the upper limit in the code is 0.06Ag, a more
conservative limit of 0.03Ag is typically adopted near joints due to localized increases
in reinforcement. All columns in the project satisfy this, with steel ratios ranging
between 1% and 3%. The detailed output from the software is included in Appendix
C.

o The development length condition was satisfied by selecting bar diameters that meet
the specified inequality. A practical check was performed using the worst-case
combination of maximum bar diameter and minimum clear height. The detailed
methodology and calculations are presented following the third point, confirming that

the condition is satisfied.

e For lap splicing, the gravity design did not restrict splice placement to the central
region. This issue was addressed in the seismic design phase, and the updated lap
splice locations now comply with the code requirement. These are shown in the
structural drawings provided in Appendix B.

Furthermore, the required transverse reinforcement around lap splices is considered in

the following discussion of Section 18.7.5.
Development Length Check for Bar Diameters:

To verify compliance with development length requirements, the check focused on the most
critical group of columns: those along grid line 1 in the upper floors. These columns have the

following specifications:

o Column dimensions: 500 mm % 500 mm
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e Story height: 3.55 m (shortest in the project)
e Longitudinal bar diameter: 18 mm (largest in the project)

If this most critical case satisfies the condition, then all other columns—having either smaller
bar diameters or greater clear heights—will inherently comply. This approach was chosen to
streamline and expedite the verification process, as satisfying this condition for the most
critical case ensures compliance for all other columns, removing the need for individual

checks.

The required development length was calculated using the simplified expression proposed by

Arman (2025b, Eq. 5.1), which is based on Table 25.4.2.2 of the code:

0.48,

"1

dy for barsless than 20 mm (Arman, 2025b, Eq. 5.1)

l dt —

[

Where:
o fy=420MPa
o f{'c=28 MPa

e d=18mm
Substituting values:

0.48 x 420 201.6

728) X =5, X 18 =~ 686 mm
The check condition is:
f'ﬂ
1.254,; < E
3550
1.25 x 686 = &857.5mm < > =1775mm

The condition is satisfied, confirming that development length requirements are met in the
worst-case columns. As this scenario involves the shortest columns and largest bar diameter

used, all other columns in the structure can be considered compliant as well.
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6.6.2.2 Transverse reinforcement requirements

This section outlines the required configurations for transverse reinforcement of columns in
special frames. Transverse reinforcement requirements include proper anchorage and
engagement with longitudinal bars, acceptable crosstie arrangements, maximum allowable
spacing, and additional provisions relevant to minimum transverse reinforcement area

required.

Firstly, Section 18.7.5.1 mandates that closely spaced transverse reinforcement be provided
over a defined length £, at both the top and bottom ends of each column to enhance ductility
and confinement in critical regions. Then Section 18.7.5.3 sets maximum spacing limits for
transverse reinforcement to ensure adequate shear strength in seismic loading. Section

18.7.5.4 then establishes the minimum required area of transverse reinforcement.

6.6.2.2.1 Zones of transverse reinforcement densification (£,)
The length £, is taken as the greatest of the following three values:

(a) The depth of the column at the joint face or at the section where flexural yielding is

expected.
(b) One-sixth of the clear span of the column.
(c) 450 mm.

For criterion (a), the maximum column depth at locations where flexural yielding is
expected is summarized in Table 6.3, which presents the dimensions of each column across
different stories of the structure. This table also includes the final £, values, determined by

comparing all three criteria.
For criterion (b), one-sixth of the clear span of the column is calculated as follows:

e Ground floor: (1/6) x 4400 mm = 733 mm, rounded to 750 mm

e Typical floors: (1/6) x 3550 mm = 591.6 mm, rounded to 600 mm

Since this criterion governs for certain columns (i.e., provides the maximum among the three

cases), the required transverse reinforcement length is taken as:
e [, =750 mm for columns at the ground floor (story3)
e [,=600 mm for columns at typical floors (stories 4 to 8)
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These values are used in cases where neither the column depth (criterion a) nor the minimum

limit of 450 mm (criterion c¢) controls, and one-sixth of the span (criterion b) governs.

Table 6.4: Column ex

pected depth to undergo flexural yielding

Flexural yielding

Column Story Dimension dimension to
G11 3 1200*400 1200 1200
I 3 1200*300 1200 1200
D4 3 1000*400 1000 1000
G4 3 800*300 800 800
S4 3 1000*300 1000 1000
D1 3 500%500 500 750
El3 3 700*300 700 750
G13 3 500*300 500 750
Gl1 5 600*300 600 600
Gl1 7 300*300 300 600

6.6.2.2.2 Spacings of transverse reinforcement

Spacing is applied according to section 18.7.5.3, spacing shall not exceeds the lesser of four

values:

(a) One-fourth of the minimum column dimension
(b) For Grade 420, 6db of the smallest longitudinal bar

(c) For Grade 550, 5db of the smallest longitudinal bar

(d) s,, as calculated by:

Case (a) the minimum dimension of columns are 400mm, 500mm and 300mm, so the spacing

of transverse reinforcement for those columns are, %4*400= 100 mm, “4*500= 125 mm and

4*300= 75 mm.
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Between both cases (b) and (c), case (b) is selected due to steel grade 420, the spacing

between transverse reinforcement is different from each column, it relies on the bar diameter.

Table 6.4 shows the 6db of the smallest longitudinal bar:

Table 6.5: 6d,, of the smallest longitudinal bar for each column

Column dimension (mm) Bar Diameter d,, (mm) 6 *d,
300*%800 14 84
300*%600 14 84
500%500 18 108
300*%700 14 84
1200%400 18 108
1200%300 16 96
1000%300 16 96
1000%400 16 96
300*%300 14 84
500%300 14 84

Lastly case (d), a value of S, shall be calculated for each column, Table 6.5 shows S, value

for each column.

Table 6.6: Value of S, for columns

column dimension (mm) S, (mm)
300*800 130
300*600 130
500*500 150
300*700 150
1200*400 120
1200*300 120
1000*300 130
1000*400 130
300*300 150
500*300 150
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Table 6.6 shows the value transverse reinforcement spacing within £, for each columns

section across the building.

Table 6.7: transverse reinforcement spacing and length

Transverse reinforcement spacing
Column dimension (mm) , within £, (mm)
300*%800 800 75
300%600 600 75
500*500 (Ground floor) 750 100
500*500 (typical floors) 600 100
300*%700 750 75
1200%400 1200 100
1200*300 1200 75
1000%300 1000 75
1000%400 1000 100
300*300 750 75
500%300 600 75

6.6.2.2.3 Minimum transverse reinforcement ratio evaluation

Table 18.7.5.4 in ACI 318-19 specifies transverse reinforcement for columns of special

frames. In this table, the transverse reinforcement ratios are calculated for the condition that

complies with the case, taking the greatest value from them, Figure 6.29 illustrates transverse

moment reinforcement for columns.
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Table 18.7.5.4—Transverse reinforcement for
columns of special moment frames
Transverse
reinforcement Conditions Applicable expressions
P, =0.34,/" and Greater of 4 7
f/<70MPa | (a)and(b) 0-3{14; - IJ: ()
A.ﬁ.,z.-’sb‘. for 0.09 L (b)
rectilinear hoop P> 0.34,f." or Greatest of 31
(a), (b), and
=70 MP,
. ‘ © 0.2k, %, —2— (¢)
f-J'FAdi
P,=034,/"and | Greater of A £
cht »
P for spiral or 0.12 £ ©
circular hoop Py > 0.3A4,f) or Greatest S
of (d), (e). ’
=170 MP;
. ‘ and (f) 035k, LA
vt Tch

Figure 6.29: Transverse moment reinforcement for columns

In the case of this project, Equations (a), (b) and (c) are those of interest, (a) is calculated

and presented in Table 6.8, while (b) and (¢ ) are as follows:
(b) 0.09 * (28/420) = 0.006

As for Equation (c), it was evaluated under an imaginary extreme case that does not actually
occur in any column, but rather assumes the worst combination of parameters across all
columns. This approach eliminates the need to repeat the complex and time-consuming
calculations of Equation (¢) for every individual column, as even the most extreme

theoretical case does not exceed the minimum value dictated by Equation (a). :
e Maximum k,=1.3 (found in 300%300, 300x500, and 300x600 mm columns)
e Minimum transverse confined core area: A ;=48400 mm? (found in columns 300x300)
e Maximum axial load: Pu=3231032 N (found in column 1200400 mm at the ground

floor — see Figure 6.30)

28
o Kk 175 +0.6=0.76 <1 — 1 is considered
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e Yield strength: fy=420 MPa

Substituting into Equation (c):

0.2 *%1.33*%1*3231032 /(420 * 358400) = 0.0057

Thus, even under an artificially constructed worst-case scenario that combines the most

unfavorable values of all parameters in Equation (c), the resulting ratio is approximately

0.0057. This value remains lower than the corresponding results from both Equation (a)

and Equation (b). Since Equation (a) provides the highest required reinforcement ratio, it is

clearly the governing criterion in all cases. Accordingly, Equation (a) is adopted as the

controlling minimum transverse reinforcement requirement across all columns in the

project.

Figure 6.30 shows the axial force Pu in column 1200*400 at the ground floor.

Table 6.8 presents the calculated values of equation (a) for all column sections throughout the

structure.
Story Label UniqueName Section Location P M Major M Minor PMM Combo
kN KN-mi kN-mi
Story3 c18 826 celumn 12002400 Bottom 3231.0318 -32.0133 150.8212 uDConS2

Figure 6.30 : Axial force Pu in column 1200*400 at the ground floor

Table 6.8: Values of equation (a) for all column sections

column dimension

(mm) A, (mm2) A, (mm2) k, Equation (a)
300%800 240000 158400 1.25 0.01030303
300%600 180000 114400 1.333333333 1.333333333 0.011468531
500%500 250000 176400 1.2 0.008344671
300%700 210000 136400 1.25 0.010791789
1200%400 480000 358400 1.166666667 1.166666667 0.006785714
1200%300 360000 246400 1.2 0.009220779
1000*300 300000 202400 1.2 0.009644269
1000%400 400000 294400 1.166666667 1.166666667 0.007173913
300%300 90000 48400 1.333333333 1.333333333 0.017190083
500%300 150000 92400 1.333333333 1.333333333 0.012467532
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According to Table 18.7.5.4 from ACI 318-19 the largest value from the three equations (a),

(b), and (c), must be compared with Ash/sbc value, which is shown in Table 6.8.

Table 6.9: Value of Ash/sbc for columns across the structure

Column | Bars area x be x Bars area y bey S Ash/sbe (x) | Ash/sbe (y) | Ash/sbe
300%800 235.5 220 314 720 75 0.014272727]0.005814815|  0.0142
300%600 235.5 220 2355 520 75 0.014272727]0.006038462|  0.0142
500%500 314 420 314 420 100 0.00747619 | 0.00747619 |  0.0074
300%700 235.5 220 314 620 75 0.014272727]0.006752688|  0.0142
1200%400 314 320 392.5 1120 100 0.0098125 [0.003504464| 0.0098
1200%300 235.5 220 392.5 1120 75 0.014272727]0.004672619|  0.0142
1000*300 2355 220 392.5 920 75 0.014272727]0.005688406|  0.0142
1000%400 314 320 392.5 920 100 0.0098125 ]0.004266304| 0.0098
300%300 314 220 314 220 75 0.019030303]0.019030303| 0.0190
300%500 235.5 220 235.5 420 75 0.014272727] 0.00747619 |  0.0142

The spacing between transverse reinforcement bars in the 500x500 mm column was selected

as 75 mm, which is greater than the required minimum value of *(a)*.

Ash/sbc=314/75*420= 0.00996> 0.0083

After comparing the values in Table 6.7 and Table 6.8, Table 6.9 summarizes the final

transverse reinforcement requirements for all columns across the structure.
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Table 6.10: value of minimum Transverse reinforcement across the section

Column Transverse reinforcement
300*800 0.0142
300*%600 0.0142
500%500 0.00996
300%700 0.0142
1200%400 0.0098
1200*300 0.0142
1000%300 0.0142
1000%400 0.0098
300*300 0.019
300%500 0.0142

6.6.3 Walls

According to ACI 318-19, wall transverse reinforcement vertical spacing shall satisfy the

provisions of Section 18.10.6.5(b). The detailing and placement of this reinforcement,

ensuring adequate resistance to out-of-plane moments, is illustrated in Figure 6.31.
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Table 18.10.6.5(b)—Maximum vertical spacing of
transverse reinforcement at wall boundary
Grade of Maximum vertical
primary flexural Transverse spacing of transverse
reinforcing bar | reinforcement required reinforcement!'!
Within the greater of £, 6d;,
and M,/4V, above and| Lesser of:
420 below critical sections!®! 150 mm I
8dp
Other locations Lesser of:
200 mm
Within the greater of £, 5d,
and M /4V, above and Lesser of:
ow eritical seetionel?] 150 mm
550 below critical sections
b,
Other locations Lesser of:
150 mm
Within the greater of £, dd,
and M, /4V, above and Lesser of® 0
N PR s o[ 2] 150 mm
690 below critical sections
e,
Other locations Lesser of:
150 mm
\UIn this table, d), is the diameter of the smallest primary flexural reinforcing bar.
PlCritical sections are defined as locations where yielding of longitudinal reinforce-
ment is likely to occur as a result of lateral displacements.

Figure 6.31: Transverse reinforcement spacing for boundaries (ACI 318-19, Table 18.10.6.5(b))

The vertical spacing for transverse reinforcement in all boundary elements has been uniformly taken
as 150 mm, ensuring compliance with ACI 318-19 requirements for confinement and structural

integrity.

6.7 Final design with specified detailing requirements

This section highlights the finalized design under combined gravity and seismic loading,
emphasizing the resulting cross-sectional dimensions, reinforcement quantities, and detailing
of all structural elements. It provides a clear overview of the structural outcomes developed

throughout this chapter, serving as a concise reference to the adopted design solutions.
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6.7.1 Frame members design

Frame members generally retained their original gravity-only design requirements, with only
minor increases in demand observed in a limited number of elements. Although these
increases were modest—given that the frames do not serve as the primary lateral resisting
system—they were addressed with full consideration. The final design presented here reflects

these adjustments.

6.7.1.1 beams design

The beam design remained unchanged in terms of longitudinal reinforcement, transverse
reinforcement, and cross-sectional dimensions. The original gravity design was found to be
satisfactory in resisting the relatively minor seismic effects. The complete design is presented

in Chapter 3 (Part One) and can be referred to for full design details.

6.7.1.2 columns design

Column flexural and transverse final design will be discussed in this section. The design
includes the final selection of longitudinal reinforcement to resist bending moments, as well
as transverse reinforcement to ensure adequate confinement and shear capacity. Design
checks were performed according to ACI 318M-19 provisions to ensure the columns meet

strength and ductility requirements under seismic loading conditions.

6.7.1.2.1 flexural design

Table 6.10 illustrates the flexure design for all columns in each floor.
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Table 6.11: Column flexural design

Column Column|Column| Column | Column | Column |Column|Column|Column | Colum
Columns Column 2
1 3 4 5 6 7 8 9 10 n 11
400*120 1000*40300*50
Dimension [300*300] 300*500 |300*600[300*8001300*1000f 500*500/300*1200 0 300*700 0 0
Basement
- - - P4, S4 N11
grid line
D1, FI, C13,
Ground floor] G13,113, B2, U2, H1, K1, Gll1, W13,
- T13 S4 J11 D4, P4
grid line N13,R13 G4 Ml, Ol, NI11 W10,
Ql, S1 El13
C13,E13, Gll,
D1, F1,
G13,113, J11,
1st floor grid H1, K1,
- N13, R13, - N11,
line Ml, Ol,
T13, B2, D4, G4,
Ql1, S1
U2 P4, S4
Cl13,E13,| Gl1,
D1, Fl,
G13,113,] J11,
2nd floor H1, K1,
- N13,R13,| NII,
grid line M1, Ol,
T13, B2, | D4, G4,
Ql, S1
U2 P4, S4
C13,E13,| GIll,
D1, Fl,
G13,113,| J11,
3rd floor grid H1, K1,
- N13,R13,| NIl1,
line Mi1, Ol,
T13, B2, | D4, G4,
Ql1, S1
U2 P4, S4
Cl13, E13,| Gl1,
D1, Fl,
G13,113,| J11,
4th floor grid| H1, K1,
- N13,R13,| NII,
line M1, Ol,
T13, B2, | D4, G4,
Ql, S1
U2 P4, S4
Gl1,
C13, G13, D1, Fl,
J11,
113, N13, H1, K1, E13,
5th grid line [N11, D4 -
T13, B2, Ml, Ol, R13
o4 P4, U2 Q1, S1
S4
Area of steel
o, 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1.40%
(1)
Area of steel| 900 1500 1800 | 2400 3000 2500 3600 4800 2100 4000 2100
Longitudinal
b 8al14 12014 | 12014 | 16014 | 18016 | 12018 20016 | 22018 | 16014 | 20016 | 12016
ars
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Table 6.10 illustrates the area of steel for each column along with the bar distribution. The

development length for each section will be indicated in the column drawings.

6.7.1.2.2 Transverse reinforcement

Transverse reinforcement will be designed in accordance with ACI 318M-19. The transverse

reinforcement length €, for each column in Story 3 is shown in Table 6.11, while the £,

values for the remaining stories are provided in Table 6.12.

Table 6.12: Transverse length £, of each column in story 3

Column
Dimension| 300*700 | 300*500 | 300%600 | 1200%400 | 1200*300 | 1000*400 | 1000%*300 | 800*300 | 500*500
Lo (mm) 750 750 750 1200 1200 1000 1000 800 750
Table 6.13: Transverse length {, of each column in all stories expect story 3
Column
Dimension| 300*700 | 300%500 | 300*600 [1200%400|1200*300|1000%4001000*300 | 800*%300 | 500*500 | 300*300
fo (mm) 600 600 600 1200 1200 1000 1000 800 600 600

Spacing between each bar of transverse reinforcement is shown in Table 6.13.

Table 6.14: Spacing between each bar of transverse reinforcement

Column dimension (mm)

Transverse reinforcement spacing within £, (mm)

300%800 75
300%600 75
500%500 75
300%700 75
1200%400 100
1200*300 75
1000*300 75
1000%400 100
300%300 75
500%300 75
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Minimum Transverse Reinforcement for each column

Table 6.14 shows the amount of transverse reinforcement provided in each column

throughout the structure.

Table 6.15: Minimum Transverse Reinforcement for each column

Column Transverse reinforcement
300%800 0.0142
300%600 0.0142
500*500 0.0093
300%700 0.0142
1200%400 0.0098
1200%300 0.0142
1000*300 0.0142
1000%400 0.0098
300%300 0.019
300%500 0.0142

summary

The column transverse reinforcement design will be taken as shown in Table 6.15, bars

distribution within £, is shown in Table 6.16, and out side {,is shown in Table 6.17 .
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Table 6.16: Transverse reinforcement design

Transverse reinforcement | Transverse reinforcement Transverse length €,
Column spacing within £, (mm)
300%800 0.0142 75 800
750 (story 3)
300%600 0.0142 75 600 (other stories)
750 (story 3)
500%500 0.0083 100 600 (other stories)
750 (story 3)
300%700 0.0142 75 600 (other stories)
1200%400 0.0098 100 1200
1200%300 0.0142 75 1200
1000*300 0.0142 75 1000
1000%400 0.0098 100 1000
300%300 0.019 75 600
750 (story 3)
300*500 0.0142 75 600 (other stories)
Table 6.17: Distribution of transverse bars within (,.
Column Transverse reinforcement Reinforcement within £,
300*%800 0.0142 010/75 mm
300%600 0.0142 010/75 mm
500%500 0.0083 010/75 mm
300*%700 0.0142 010/75 mm
1200%400 0.0098 910/100 mm
1200%300 0.0142 ©10/75 mm
1000%300 0.0142 ©10/75 mm
1000%400 0.0098 910/100 mm
300*300 0.019 010/75 mm
300*500 0.0142 010/75 mm
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Table 6.18: Distribution of transverse bars outside {,

Column Reinforcement outside €,
300%800 910/200 mm
300%600 910/200 mm
500%500 910/250 mm
300%700 910/200 mm
1200%400 910/250 mm
1200%300 910/250 mm
1000*300 910/250 mm
1000%400 910/250 mm
300*%300 910/200 mm
300%500 910/200 mm

6.7.2 Structural walls design

Structural wall design was carried out in accordance with the provisions of ACI 318M-19.

The naming and layout of the structural walls are illustrated in Figures 6.32-6.34. Tables

6.18-6.20 present the reinforcement details of the structural walls across the various

elevations of the building, including both vertical and horizontal reinforcement. For walls

requiring boundary elements, the corresponding reinforcement details are provided in Table

6.21. The reinforcement of spandrels, both vertically and horizontally, is shown in Table

6.22.
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Figure 6.34: Wall naming layout at typical floors
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Table 6.19: Walls piers reinforcement across structure

Thicknesses Horizontal
Grid Walls (mm) Boundary Vertical reinforcement reinforcement

3 Wi 300 no need ®12/200mm ®14/300mm
W2 300 no need ®12/200mm ®14/300mm

4 w3 300 no need ®12/200mm ®14/300mm
6 W5 300 need one side ®12/200mm ®14/300mm
7 W6 300 no need ®12/200mm ®14/300mm
8 W7 300 no need ®12/200mm ®14/300mm
9 w8 450 no need ®12/200mm ®20/250mm
10 W9 300 no need ®12/200mm ®14/300mm
12 W10 300 no need ®12/200mm ®14/300mm
J W4 300 no need ®12/200mm ®14/300mm
L W17 300 no need ®12/200mm ®14/300mm
Wil 300 no need ®12/200mm ®14/300mm

M W12 300 no need ®12/200mm ®14/300mm
N Wi2 300 no need ®12/200mm ®14/300mm
P W13 300 no need ®12/200mm ®14/300mm
w14 400 no need ®12/200mm ®16/300mm

R W15 300 need ®12/200mm ®14/300mm
W16 300 no need ®12/200mm ®14/300mm

U W17 300 no need ®12/200mm ®14/300mm
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Table 6.20: Walls piers reinforcement across structure

Thicknesses Horizontal

Grid Walls (mm) Boundary Vertical reinforcement reinforcement
W19 200 no need ®12/300mm ®12/300mm
W20 200 no need ®12/300mm ®12/300mm
1 W21 200 no need ®12/300mm ®12/300mm
4 W3 300 no need ®14/300mm ®14/300mm
6 W5 300 need one side ®12/300mm ®14/300mm
W22.1L 200 no need ®16/300mm ®12/300mm
W22.1M 200 no need ®20/300mm ®12/300mm
13 W22.1R 200 no need ®20/300mm ®12/300mm
W16 300 no need ®12/200mm ®14/300mm
B W26 300 need one side ®14/300mm ®20/300mm
C w23 300 need ®14/300mm ®16/300mm
J w4 300 no need ®12/300mm ®14/300mm
L w17 300 no need ®12/300mm ®14/300mm
M Wil 300 no need ®12/300mm ®14/300mm
T W23 300 need ®14/300mm ®16/300mm
W16 300 no need ®12/200mm ®14/300mm
U W26 300 need one side ®14/300mm ®20/300mm
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Table 6.21: Walls piers reinforcement across structure

Thicknesses Horizontal

Gride Walls (mm) Boundary Vertical reinforcement reinforcement
W22.1L 200 no need ®16/300mm ®12/300mm
W22.1M 200 no need ®20/300mm ®12/300mm
W22.1R 200 no need ©20/300mm ®12/300mm
W22.2L 200 no need ®16/300mm ®12/300mm
1 W22.2R 200 no need ®20/300mm ®12/300mm
2 W27 200 no need ®12/300mm ®12/300mm
10 W9 300 no need ®12/300mm ®14/300mm
W22.1L 200 no need ®14/300mm ®12/300mm
13 W22.1R 200 no need ®12/300mm ®12/300mm
W27L 200 no need ®12/300mm ®12/300mm
14 W27R 200 no need ®12/300mm ®12/300mm
W1eL 300 no need ®12/300mm ®14/300mm
WI16R 300 no need ®12/300mm ®14/300mm
W26L 300 need ®14/300mm ®14/300mm
B W26R 300 no need ®14/300mm ®14/300mm
W25 300 no need ®14/300mm ®14/300mm
W23.L 300 no need ®14/300mm ®14/300mm
C W23.R 300 no need ®14/300mm ®14/300mm
E W15 300 need ®12/300mm ®14/300mm
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Table 6.22: Boundary walls reinforcement

spacin
Walls length long .ren boundary b.boundary | #long bar PU(kn) [ cheak(equ) b:twe:l
walls(mm) Jength hoops legs
wSL 805 708 300 300 ®12/200mm 858.4 2028.6 300
wil 2250 1688 300 300 ®12/200mm| 2509.59 5670 350mm,300
wi15L 1152 886 200 300 ®12/200mm| 1374.23 1935.36 [ 350mm,300
w1SR 577.4 403 100 300 ®12/200mm 510.3 485.016 200
w23L 833 625 150 300 ®14/300mm 941.6 1049.58 | 350mm,300
w23R 833 1757.87 100 300 ®14/300mm| 848.88 699.72 350mm,300
w24B 6250 4688 250 300 ®14/300mm 1094 13125 200mm
w24L 1562 1238 250 300 ®14/300mm| 1788.45 3280.2 350mm,300
w24R 1562 1172 250 300 ®14/300mm| 1879.66 3280.2 350mm,300
w26M 2925 2194 350 300 ®14/300mm| 2849.68 8599.5 350mm,350
w26R 487 366 100 300 ®14/300mm| 521.29 409.08 200mm
w26L 1850 1462 200 300 ®14/300mm| 1757.87 3108 350mm,200

The spandrel reinforcement for all structural walls across the building is detailed in Table

6.22.
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Table 6.23: Spandrel reinforcement

Wall Stories Horizontal bars Vertical bars
W5 1-8 ®14/300mm ®14/300mm
W15 1-9 ®14/300mm ®14/300mm
W19.200 2-8 ®12/300mm ®12/300mm
W20.200 2-8 ®12/300mm ®12/300mm
W21.200 2-8 ®12/300mm ®12/300mm
W221,200 2-8 ®12/300mm ®12/300mm
W222.200 2-8 ®12/300mm ®12/300mm
Wall Stories Horizontal bars Vertical bars
3-8 ®14/300mm ®14/300mm

W23 8 Top ®14/300mm ®14/300mm
W24 2-7 ®14/300mm ®14/300mm
W26 1-7 ®14/300mm ®14/300mm
w27 3-8 ®12/300mm ®12/300mm

6.7.3 Slabs design

The flexural reinforcement design of the slabs remained consistent with the initial design
across most of the structure. However, in stories 7 and 8, specific areas exhibited increased
internal forces requiring additional longitudinal reinforcement. These adjustments were made

to enhance performance under seismic and gravity loading.

Figure 6.5 and 6.6 presented earlier illustrate the revised reinforcement zones in the affected

slab regions.

6.7.4 Footings design

The reinforcement design for both the ground floor isolated footings and the basement mat
foundation remains unchanged from the initial design presented in Chapter 3. Figures
6.35-6.38 illustrate the reinforcement layout for the ground floor foundations. Table 6.23
summarizes the required steel areas across all footing types, confirming that the

reinforcement quantities are consistent with those previously calculated.
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L TR 180 2410 240 2700 50 330 20
Figure 6.35: Top rebar of footings direction 1

Figure 6.36: Bottom rebar of footings direction 1
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Figure 6.37: Top rebar of footings direction 2
i
S oo o 300 350 <00 1 550 5
Figure 6.38: Bottom rebar of footings direction 2
Table 6.24: Footings area of steel in each direction

Footings F1 Upper Left 1 Stair case Left 2 Down Right 1 Right 2
Top rebar 1 1530 1600 990 1260 990 1200 1260 1260

Bottom

rebar 1 1530 1080-1600 990 1260 1260 990 1260 1170
Top rebar 2 1530 1080 1550 1260 1260 990 1260 1170

Bottom

rebar 2 1530 1080 990 1260 990 990 1260 1170
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6.7.5 Tie beams design

The tie beam naming layout is illustrated in Figure 6.39, and the corresponding

reinforcement details are provided in Table 6.24. The largest reinforcement values were

adopted to ensure enhanced stability and strength for the ground beams.

11 12
10
Figure 6.39: Ground beams naming layout
Table 6.25: Ground beams reinforcement
Spacing Flexural
Tie Beam Flexural Top Flexural Bottom Torsional Stirrups (mm)

1 614 6d14 2916 2910/(20)cm 40
2 614 6d14 2916 2910/(20)cm 40
3 6014 6014 2016 2010/(20)cm 40
4 614 6d14 2916 2910/(20)cm 40
5 614 6d14 2916 2910/(20)cm 40
6 6014 6014 2016 2010/(20)cm 40
7 6014 6014 2016 2010/(20)cm 40
8 6d14 6d14 2916 2910/(20)cm 40
9 6D14 6014 2016 2010/(20)cm 40
10 6014 6014 2016 2010/(20)cm 40
1 614 6d14 2916 2910/(20)cm 40
12 6014 6014 2016 2010/(20)cm 40
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Design of slabs:

reinforce the slabs in accordance with Chapter 3 Table 3.15 except in specific areas that

require additional reinforcement.

top 4016
bottom2®d12

zones around column :

top 1 and 2 direction , use top ®18/200mm ,bottom ®16/200mm
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[Reinforcing Direction and Location
() Direction 1 - Top Rebar
() Direction 1 - Bottom Rebar
© Direction 2 - Top Rebar
() Direction 2 - Bottom Rebar

[Show Rebar Above Specified Value
) None

© Typical Uniform Reinforcing Specified Below
() Reinforcing Specified in Slab Rebar Objects
Typical Uniform Reinforcing

© Define by Bar Size and Bar Spacing

() Define by Bar Area and Bar Spacing

Bar Size Spacing {mm)
Top 18 v | 200
Bottom 16 v | 200

[Rebar Averaging At Peaks
[[) Average At Peaks

E Apply
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Table 6.26:column design

Area of
Floors Column New dimensions p steel
(mm)”2
Cl13 500*300 1% 1500
El13 300*500 1.4% 1500
G13 300*500 1% 1500
113 300*500 1% 1500
N13 300*500 1% 1500
R13 300*500 1.4% 1500
T13 500*300 1% 1500
Gl1 300*300 1% 900
J11 300*300 1% 900
N11 300*300 1% 900
D4 300*300 1% 900
8

G4 300*300 1% 900
P4 300*300 1% 900
S4 300*300 1% 900
B2 500*300 1% 1500
V2 500*300 1% 1500
D1 500*500 1% 2500
F1 500*500 1% 2500
Hl 500*500 1% 2500
K1 500*500 1% 2500
Ml 500*500 1% 2500
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01 500*500 1% 2500
Q1 500*500 1% 2500
S1 500*500 1% 2500
C13 500*300 1% 1500
E13 300*500 1% 1800
G13 300*500 1% 1800
113 300*500 1% 1800
N13 300*500 1% 1800
R13 300*500 1% 1800
T13 500*300 1% 1800
Gl11 300*600 1% 1800
J11 300*600 1% 1800
NI11 300*600 1% 1800
D4 300*600 1% 1800
G4 300*600 1% 1800
P4 300*600 1% 1800
S4 300*600 1% 1800
B2 500*300 1% 1500
V2 500*300 1% 1500
D1 500*500 1% 2500
F1 500*500 1% 2500
H1 500*500 1% 2500
K1 500*500 1% 2500
M1 500*500 1% 2500
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01 500*500 1% 2500
Q1 500*500 1% 2500
S1 500*500 1% 2500
C13 500*300 1% 1500
E13 300*500 1% 1800
G13 300*500 1% 1800
113 300*500 1% 1800
N13 300*500 1% 1800
R13 300*500 1% 1800
T13 500*300 1% 1800
Gl11 300*600 1% 1800
J11 300*600 1% 1800
NI11 300*600 1% 1800
D4 300*600 1% 1800
G4 300*600 1% 1800
P4 300*600 1% 1800
S4 300*600 1% 1800
B2 500*300 1% 1500
V2 500*300 1% 1500
D1 500*500 1% 2500
F1 500*500 1% 2500
H1 500*500 1% 2500
K1 500*500 1% 2500
M1 500*500 1% 2500
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01 500*500 1% 2500
Q1 500*500 1% 2500
S1 500*500 1% 2500
C13 500*300 1% 1500
E13 300*500 1% 1800
G13 300*500 1% 1800
113 300*500 1% 1800
N13 300*500 1% 1800
R13 300*500 1% 1800
T13 500*300 1% 1800
Gl11 300*600 1% 1800
J11 300*600 1% 1800
NI11 300*600 1% 1800
D4 300*600 1% 1800
G4 300*600 1% 1800
P4 300*600 1% 1800
S4 300*600 1% 1800
B2 500*300 1% 1500
V2 500*300 1% 1500
D1 500*500 1% 2500
F1 500*500 1% 2500
H1 500*500 1% 2500
K1 500*500 1% 2500
M1 500*500 1% 2500
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01 500*500 1% 2500
Q1 500*500 1% 2500
S1 500*500 1% 2500
C13 500*300 1% 1500
E13 300*500 1% 1500
G13 300*500 1% 1500
113 300*500 1% 1500
N13 300*500 1% 1500
R13 300*500 1% 1500
T13 500*300 1% 1500
Gl11 300*800 1% 2400
J11 300*800 1% 2400
NI11 300%800 1% 2400
D4 800*300 1% 2400
G4 300*800 1% 2400
P4 300*800 1% 2400
S4 800*300 1% 2400
B2 500*300 1% 1500
V2 500*300 1% 1500
D1 500*500 1% 2500
F1 500*500 1% 2500
H1 500*500 1% 2500
K1 500*500 1% 2500
M1 500*500 1% 2500
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01 500*500 1% 2500
Q1 500*500 1% 2500
S1 500*500 1% 2500
C13 300*700 1% 2100
E13 700*300 1% 2100
G13 300*500 1% 1500
113 300*500 1% 1500
N13 300*500 1% 1500
R13 300*500 1% 1500
T13 300*600 1% 1800
W13 300*1000 1% 3000
Gl1 1200*400 1% 4800
J11 1200*300 1% 3600
NI11 1200*400 1% 4800
W10 300*1000 1% 3000
D4 1200*400 1% 4000
G4 300*800 1% 2400
P4 1000*400 1% 4000
S4 300*1000 1% 3000
B2 300*800 1% 2400
V2 300*800 1% 2400
D1 500*500 1% 2500
F1 500*500 1% 2500
H1 500*500 1% 2500
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K1 500*500 1% 2500

M1 500*500 1% 2500

01 500*500 1% 2500

Q1 500*500 1% 2500

S1 500*500 1% 2500

N11 1200*400 1% 4800

BASEMENT P4 300*1000 1% 3000
S4 300*1000 1% 3000
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APPENDIX

A Architectural Drawings

The architectural drawings for the project are provided in the accompanying AutoCAD file.

The following is a summary of the architectural drawings:
B Structural Drawings

The structural drawings for the project are provided in the accompanying AutoCAD file. The

following is a summary of the structural drawings:
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C ETABS Design Results for Combined Gravity and Seismic Forces

> X

1.00% 1.00% 1.00% 1.00% 1.00%

1.00%

1.00% z 1.00% ;

1.00% i 1.00% “ 1.00% “ 1.00% i 1.00% i

-
3
EEETIREE
#
g
iR iR
-
[=J
=1
- & B & & - -
g g 8 g S 3 g

P

Figure D.1: Design output of columns along grid-line 1
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Figure D.2: Design output of columns along grid-line 2
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Figure D.4: Design output of columns along grid-line 11
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Figure D.6: Longitudinal Reinforcement in wall-supported beams
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Figure D.8: Overstressing in very short wall-supported beams
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Table 12.8-1 Coefficient for Upper Limit on Calculated Period

Design Spectral Response Acceleration

Parameter at 15, Sp4 Coefficient C,
=04 1.4

0.3 1.4

0.2 1.5

0.15 1.6
<0.1 1.7

Figure D.4: ASCE 7-16 Table 12.8-1 — Coefficient for Upper Limit on Calculated Period

Table 12.8-2 Values of Approximate Period Parameters C; and x

Structure Type C X

Moment-resisting frame systems in which the
frames resist 100% of the required seismic
force and are not enclosed or adjoined by
components that are more rigid and will
prevent the frames from deflecting where
subjected to seismic forces:

Steel moment-resisting frames 0.028 (0.0724) 0.8
Concrete moment-resisting frames 0.016 (0.0466)" 0.9
Steel eccentrically braced frames in 0.03 (0.0731)° 0.75
accordance with Table 12.2-1 lines
Bl or DI
Steel buckling-restrained braced frames 0.03 (0.0731)" 0.75
All other structural systems 0.02 (0.0488)° 0.75

“Metric equivalents are shown in parentheses.

Figure D.5: ASCE 7-16 Table 12.8-2 — Values of Approximate Period Parameters C, and x
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E Supplementary Code and Reference Excerpts

TABLE 4-2
Bearing-capacity factors for the
Terzaghi equations

Values of N, for ¢ of 0, 34, and 48° are original
Terzaghi values and used to back-compute K,

¢, deg N, N, N, K,,
0 5.7% 1.0 0.0 10.8
5 7.3 1.6 0.5 12.2

10 9.6 2.7 1.2 14.7
15 12.9 4.4 2.5 18.6
20 17.7 1.4 5.0 25.0
25 25.1 12.7 9.7 35.0
30 37.2 22.5 19.7 52.0
34 52.6 36.5 36.0

35 57.8 41.4 42.4 82.0
40 95.7 81.3 100.4 141.0
45 172.3 173.3 2975  298.0
48 258.3 2879 780.1

50 347.5 415.1 1153.2 800.0

*N. = 157 + 1. [See Terzaghi (1943), p. 127.]

Figure E.1: Bearing-capacity factors for the Terzaghi equations (Table 4-2, Bowles 1996)
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TABLE 1604.5
RISK CATEGORY OF BUILDINGS AND OTHER STRUCTURES

AT Ry NATURE OF OCCUPANCY
Buildings and other structures that represent a low hazard to human life in the event of failure, including but not limited to:
= Agricultural facilities.
! » Certain temporary facilities.
* Minor storage facilities.
il Buildings and other structures except those listed in Risk Categories L III and IV.
Buildings and other structures that represent a substantial hazard to human life in the event of failure, including but not
limited to:
* Buildings and other structures whose primary occupancy is public assembly with an occupant load greater than 300.
+ Buildings and other structures containing one or more public assembly spaces, each having an occupant load greater than
300 and a cumulative occupant load of the public assembly spaces of greater than 2,500.
* Buildings and other structures containing Group E or Group I-4 occupancies or combination therof, with an occupant
load greater than 250,
* Buildings and other structures containing educational occupancies for students above the 12th grade with an occupant
load greater than 500.
il = Group [-2, Condition 1 oecupancies with 50 or more care recipients.
* Group [-2, Condition 2 occupancies not having emergency surgery or emergency treatment facilities.
+ Group [-3 occupancies.
* Any other occupancy with an occupant load greater than 5,000.°
* Power-generating stations, water treatment facilities for potable water, wastewater treatment facilities and other public
utility facilities not included in Risk Category IV.
* Buildings and other structures not included in Risk Category I'V containing quantities of toxic or explosive materials that:
* Exceed maximum allowable quantities per control area as given in Table 307.1(1) or 307.1(2) or per outdoor control
area in accordance with the International Fire Code: and
= Are sufficient to pose a threat to the public if released.”
Buildings and other structures designated as essential facilities, including but not limited to:
* Group -2, Condition 2 occupancies having emergency surgery or emergency treatment facilities.
* Ambulatory care facilities having emergency surgery or emergency treatment facilities.
= Fire, rescue, ambulance and police stations and emergency vehicle garages
» Designated earthquake, hurricane or other emergency shelters.
* Designated emergency preparedness, communications and operations centers and other facilities required for emergency
response.
v + Power-generating stations and other public utility facilities required as emergency backup facilities for Risk Category IV
structures.
* Buildings and other structures containing quantities of highly toxic materials that:
» Exceed maximum allowable quantities per control area as given in Table 307.1(2) or per outdoor control area in
accordance with the Imternational Fire Code:; and
= Are sufficient to pose a threat to the public if released.”
* Awviation control towers, air traffic control centers and emergency aircraft hangars,
* Buildings and other structures having critical national defense functions.
» Water storage facilities and pump structures required to maintain water pressure for fire suppression.

a. For purposes of occupant load calculation, occupancies required by Table 1004.5 to use gross foor area calculations shall be permitied to use net floor
areas lo determine the total occupant load.

b. Where approved by the building official, the classification of buildings and other structures as Risk Category I or IV based on their quantities of toxic,
highly toxic or explosive materials is permitted to be reduced 1o Risk Category 1, provided that it can be demonstrated by a hazard assessmient in accor-
dance with Section 1.5.3 of ASCE 7 that a release of the toxic, highly toxic or explosive materials is not sufficient o pose a threat 1o the public.

Figure E.2: Risk Category Classification Table (IBC 2021 Table 1604.5)
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