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Executive Summary 
The purpose of this report is to analyze the structural impacts of creating an open floor space for Office 

Building-G. Office Building-G is a 14-story office building located in the Eastern United States. The 

redesign of the structure was performed following the provisions set forth by the IBC, local building 

codes, ASCE and AISC Manuals. Changes to the structural system affected the mechanical and 

architectural designs and these implications were investigated as part of this report.  

Office Building-G’s current gravity system is a series of cast-in-place concrete columns located on the 

interior and perimeter of the floor plan. A concrete shear wall core is also responsible for carrying some 

of the gravity loads but the main purpose of the core is to resist all of the lateral loads which Office 

Building-G may experience. The floor system is a 7” one way slab which spans 20’ between post-

tensioned concrete girders.  

The goal of the proposed change is to create a column free space in which the structural system would 

not impact the design of the tenant fit out spaces. The redesign was performed as if the only core 

elements were those used for vertical transportation. These criterions were addressed in the redesign 

by creating an external structural system capable of resisting both gravity and lateral loads.  Internal 

columns were positioned around the elevator shafts and stairwells and were designed to take a portion 

of the gravity loads. The design process was based on strength and serviceability requirements.  

ETABS, RAM Structural System and SAP 2000 models were created to aid in the design of the new 

structure for Office Building-G. Components of the analysis given by these programs were checked 

through hand calculations to confirm correct modeling techniques were used. AISC design guides were 

referenced for the design of castellated beams and braced frames. 

The final redesign of Office Building-G makes use of structural steel members. Composite castellated 

beams distribute gravity loads to the W-Flange interior and exterior columns. Lateral loads are 

distributed to the braced frames through the floor diaphragm which consists of lightweight concrete on 

composite metal decking.  Two story chevron frames, alternating between normal and inverted frames, 

resist the lateral forces and distribute them to the foundation.  

This new structural system is capable of resisting the design loads and provides a column free space 

available for tenant fit outs. Through adjusting the way in which the cavity space between floors was 

used, the floor to floor height and overall building height was not affected. Due to the external braced 

frame, the existing façade architecture was affected and these changes were considered.  
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Existing Design 

Due to owner restrictions, the building name, location and tenant of Office Building-G cannot be 

disclosed. Neighboring an existing metro station, this 14 story building will become one the tallest of the 

modest skyline.  Beneath the superstructure is a below grade, 4-story parking garage with space for 662 

cars.  On the first two floors of the building, a larger floor plan is used to accommodate the rentable 

space for retail, a restaurant, a bank and a loading dock. Typical floors have a square footage of 25,376 

sf with a floor to floor height of 12’-3”. The roof of the mechanical penthouse is 195 ft above grade and 

the gross square footage of the superstructure and garage combined is 649,461 sf.  

The majority of the building façade is precast concrete panels but the southern façade is a curved glass 

curtain wall. On the first and second floor there is a restaurant which has a glass façade with concrete 

pilasters between the panes of glass. Figures 1 is a view of the South-West corner of the building.  The 

orange lines outline the restaurant while the blue show the extents of the parking garage. 

 

Figure 1 

 

Directly to the right of the restaurant in Figure 1 is the main entrance of the building.  The upscale lobby, 

along with the entire first floor, has a 17 ft floor to floor height, compared to the typical height of 12 ft 3 

in.  Figure 1 also shows how the perimeter columns supporting the glass façade are on the exterior of 

the building on the first floor due to a setback on the first floor.  
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Figure 2 is a view of the North-East corner of Office Building-G.  Again, the extents of the below grade 

parking garage are outlined in blue.  Other building aspects displayed in this figure are the bank in green, 

the loading dock in red, architectural screen wall in purple and the mechanical penthouse in orange.  

 

Figure 2 

Figure 3 is a typical floor plan which is followed for the majority of the structure. On the 12th and 13th 

floors of the building the exterior columns slope in, creating a slightly smaller square footage for the 13th 

and 14th floors.  Other building features are described throughout the report as needed. 
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Figure 3 
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Existing Structural System 
Office Building-G is uses cast-in-place concrete for the main structural members. The superstructure 

relies on a shear wall core and gravity columns to transfer the gravity loads to the foundation. All of the 

lateral forces are resisted and transferred to the foundation through the shear wall core. The concrete 

strength ranges between 5,000 psi and 10,000 psi depending on the story level.  

The typical floor system is a 7”, 5000 psi concrete one-way slab spanning between 18” deep, 5000 psi 

post-tensioned girders with ½” diameter strand with strength of 270 ksi. The typical bay size is 20’ X 45’. 

The system was chosen to efficiently span the 45’ length while minimizing the structural depth.  

Gravity System 
Gravity loads are carried down the building through a combination of interior and perimeter concrete 

columns and a shear wall core.  The typical floor system is a cast-in-place concrete one-way slab. 

Thickness changes based on loading conditions but the typical floor is a 7”, 5000 psi normal weight 

concrete slab.  On the first floor, there is a 12” concrete slab designed for fire separation between the 

parking garage and superstructure.  The slab system carries the loads to post-tensioned concrete beams 

with spans between 41’-5” and 45’-1 1/4”.   

The post tensioned girders range in width from 18” to 48” and have a maximum depth of 24”. Forces in 

the girders are between 162 kips to 675 kips.  These beams collect the floor loads from the slab and 

distribute their reactions to the columns supporting them. Figure 4 and 5 below highlights the post-

tensioned beams in yellow, the reinforced beams in purple, and the columns in red.  

 

Figure 4 

Rectangular and round concrete columns then transfer the loads down the strictly followed grid.  Typical 

floors have columns sizes of 24” x 24”, 24” x 30”, and 30” diameter.  Smaller columns are used in the 

mechanical penthouse due to the much lower loads they are carrying. On above grade floors, higher 

strength concrete is placed below columns and shear walls in the slab to accommodate for any 

possibility of punching shear.  In the parking garage, 8” drop panels are used instead of the different 

concrete strengths. The typical floor plan shown in Figure 5 highlights the post-tensioned beams in 

yellow, the reinforced beams in purple, shear walls in green and blue, and the columns in red.  
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Figure 5 

Lateral System 

Wind and seismic forces are resisted by an internal shear wall core.  The core is made of 

reinforced concrete walls which have a consistent floor plan from the bottom floor of the 

parking garage up to the slab of the roof.  Basement shear walls were designed with f’c = 

10,000 psi, levels 1-4 use f’c = 8,000 psi, and levels 5-14 use f’c = 5,000 psi.  Precast concrete 

beams attached to concrete columns using precast lateral connections provide the required 

resistance for the mechanical penthouse and elevator machine room. Figure 6 below displays 

the plan of the shear wall core which is typical for all of the floors of Office Building-G. 
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Figure 6 

Lateral forces are engaged by the shear walls through the use of floor diaphragms.  The building 

façade collects wind forces that are then transferred to the respective floor diaphragm.  Forces 

then travel through the diaphragm until the shear walls are engaged, at which point the forces 

are distributed based on the relative stiffness of the walls. Figure 7 is an elevation view of shear 

wall core.   
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Figure 7 

Foundation System: 

Schnabel engineering performed a geotechnical study for the location of Office Building-G 

which determined the possible foundation systems as spread footings, caissons or geopiers.  

The structural engineers of SK&A decided to use a system of spread footings under the 

columns, shear walls and along the perimeter concrete bearing wall. Square footage and depth 
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of the footings are based on the load carrying capability of the soil and the vertical load on the 

column.  

Service loads on the columns ranged greatly depending on whether or not the column 

extended up into the superstructure of the building. Based on the structure above the 

foundation, the load capacity of soil was determined to support a range of 3,000 psf to 10,000 

psf. Loads on the footings varied between 60 kips to 3075 kips, once again depending on which 

part of Office Building-G they are supporting. Figure 8 is a plan view of the foundation system. 

The elements outlined in blue are the foundation for the superstructure while those outlined in 

green only support the below grade parking structure.  

 

Figure 8 
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Structural Materials 
 

Structural Materials 

Material  Element Level Strength 

Cast-in-Place Concrete 

Spread Footings Foundation 

f'c = 10,000 psi 

  f'c = 6,000 psi 

  f'c = 3,000 psi 

  
Foundation Walls 

B4 f'c = 5,000 psi 

  B3-B1 f'c = 4,000 psi 

  

Shear Walls 

B4-B1 f'c = 10,000 psi 

  L1-L4 f'c = 8,000 psi 

  L5-L7 f'c = 6,000 psi 

  L8-L14 f'c = 5,000 psi 

  

Columns 

B4-B1 
f'c = 10,000 psi 

  f'c = 6,000 psi 

  

L1-L4 

f'c = 10,000 psi 

  f'c = 8,000 psi 

  f'c = 6,000 psi 

  L5-L7 f'c = 6,000 psi 

  L8-Roof f'c = 5,000 psi 

  Reinforced Beams ALL f'c = 5,000 psi 

  Post-Tensioned Beams ALL f'c = 5,000 psi 

Tendons Post-Tensioned Beams ALL Fu= 270 ksi 

Reinforcing Steel Concrete ALL Fy = 60 ksi 

Structural Steel Elevator Framing - A36 ALL Fy = 36 ksi 

  Bolts - A325 ALL Fu= 120ksi 
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Code and Design Requirements 

Design Codes: 

National Model Code: 

Local building code based on the 2006 International Building Code 

Sections: 1603.1.1-1603.1.7, 1603.2, 1607.11, 1608.1, 1608.7, 1608.8, 1609.1 

 

Design Codes: 

American Concrete Institute (ACI) 318-08, Building Code Requirements for Structural 

Concrete and Commentary 

 

ACI 301, Specifications for Structural Concrete for Buildings 

 

ACI 347, Standard Recommended Practice for Concrete Formwork 

 

American Institute for Steel Construction (AISC), Specification for the design, fabrication and 

erection of structural steel for buildings 

 

Thesis Codes: 

 

National Model Code: 

International Building Code, 2006 

 

Design Codes: 

ACI 318-08, Building Code Requirements for Structural Concrete and Commentary 

 

American Institute for Steel Construction (AISC), Specification for the design, fabrication and 

erection of structural steel for buildings 

 

Structural Standards: 

American Standards of Civil Engineers (ASCE), ASCE 7-10 Minimum Design Loads for 

Buildings and Other Structures 

 

Design Guides: 

Design of Castellated and Cellular Beams, Dinehart, Coulson, Fares 
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Proposal 
When the construction of Office Building-G is complete the majority of the space will be used as office 

space. The floor plan was designed with anticipation of tenant fit out spaces. With exception to the 

building core, which includes the vertical transportation, bathrooms, mechanical and janitorial spaces, 

the floor plan is open. However, the existing structure of Office Building-G interferes with the space 

available for tenant fit outs.  

All of the concrete columns are exposed, limiting the possibilities of the future tenant fit outs. An 

external structure designed as part of the building façade would create an entirely open floor plan. 

However, simply moving the columns to the façade of a building does not create an open floor space. In 

the case of Office Building-G, the interior location of restrooms and mechanical spaces allowed the 

structural engineer an opportunity to use an interior shear wall core. Had the restroom location varied 

with the story levels, the shear wall score would have interfered with the open floor plan. As part of the 

proposed redesign of Office Building-G, the only elements which will be considered as constant for every 

level is the location of the elevator shafts and stairwells.  

Removal of the shear wall core forces the eternal structure to be capable of resisting the lateral forces 

which Office Building-G will experience. Braced frames will be used as the lateral force resisting system 

due to their efficiency and potential for an aesthetically pleasing design.  

The structural depth study of this thesis is defined by creating an open floor plan allowing for the 

maximum freedom of design of the tenant fit outs with the assumption that the only elements impeding 

the open floor space is the elevator shafts and stairwells. In addition to opening the floor space of Office 

Building-G, the existing building height and floor to ceiling height will remain as originally designed.  

Maintaining the original building height and floor to ceiling height of Office Building-G with the 

redesigned structure will cause interference between the mechanical duct work and structural 

members. This issue will be addressed through the work performed as part of a Mechanical Breadth 

Study.  

Integrating the lateral system of a building with the façade has a drastic impact on the façade 

architecture of the structure. As part of an Architectural Breadth, the aesthetics of the exposed 

structure will be considered and will have weight in the decision to the type of lateral system designed.  

Based on the proposed changes of Office Building-G, it was assumed that the typical floor plan was 

consistent for every story of the buildings.  
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MAE Work 
To satisfy the requirements of the MAE program the coursework learned in AE 534 Steel Connections 

and AE 597A Computer Modeling of Building Structures will be applied. The knowledge learned in AE 534 

will be used to design two typical connections used in the braced frame design. A series of computer 

models will be created using RAM Structural System, SAP 2000 and ETABS and used integrally in the 

redesign of Office Building-G.  
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Structural Depth 
An entirely new structural system must be designed in order to determine the feasibility of the 

proposed external structure. Changing from a concrete based design to steel will have large impacts on 

the gravity and lateral loads, the size of members, and the way in which the building responds to these 

loads. The following sections of the report lay out the way in which Office Building-G was redesigned. 

New Loads 
The occupancy spaces of Office Building-G are not changing so the live loads are consistent with the 

original design values. However, the self-weight of the structure, wind loads, and seismic forces are 

influenced by the change in the building structure.  

Gravity 

The live loads for Office Building-G are listed below. A uniform live load of 100 psf was used throughout 

Office Building-G to allow for flexibility in floor plan design. For members permitting Live Load Reduction 

the reduced value was used in design. 

 

 

 

 

Live Load Reduction was limited to the restrictions of ASCE 7-10 section 4.8 and only used for column 

and beam design. The reduction of the live load was limited to 0.5Lo for members supporting one floor 

and 0.4Lo for members supporting two or more floors.  The equation used was: 

 

L = Lo(0.25 + 15/(KLLAT)) 

KLL = 2 for beams and girders 

KLL = 4 for columns 

 

The dead loads associated with the structure self-weight of Office Building-G are affected due to 

switching from a concrete building to a steel one. New self-weights of structural members and curtain 

wall were estimated and later checked to ensure a conservative value was used. The calculation of the 

new floor slab can be found in the Floor Slab section. The superimposed dead loads have been taken 

from the assumed values used in the original design and include the weights associated with MEP 

equipment and any floor and ceiling finishes. 

 

Floor Live Loads 
Load Description Load Location ASCE 7-10 Load (psf) Design Load (psf) 

Office Levels 1-14 80 
80 
20 - Partitions 

Dead Loads 
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Wind 

ASCE 7-10 was used for the determination of the wind loads for the Main Wind-Force Resisting 

System (MWRFS) of Office Building-G. Loads were calculated in the North-South and in the East-

West direction due to the roughly rectangular shape of the building. The forces were 

determined using the Chapter 27 guidelines for Enclosed and Partially Enclosed Rigid Buildings.  

The first step in calculating wind loads is determining if the building is flexible or rigid.  This 

classification is based on the natural frequency of the structure.  ASCE 7-10 allows for an 

estimation of a buildings frequency based on relationships between the building height and 

characteristics of the lateral force resisting system.  Through this estimation it was determined 

that the natural frequency of Office Building-G is less than 1, defining the building as flexible. 

The gust factored cannot be assumed to be 0.85 for flexible buildings so it was calculated based 

on the resonant response factor, the fundamental natural frequency, damping ratio and the 

mean hourly wind speed. The coefficients and values used can be found in Appendix A.  

The building is fairly square on three sides but the curved southern façade creates a scenario 

where the West wall has a greater length than the East wall.  If the curvature had been so 

severe that the West wall was wider than the North wall is deep, an additional wind load would 

have needed to be calculated.  Since this is not the case and L/B < 1 a single wind load 

calculation can be used for both the East and West loads. For the same reason, the North-South 

wind loads were calculated using the worst case for the different geometries of the building.  

The building receives the largest wind force in the North-South directions, as these are the 

longer façades of the building normal to the wind loading.  

Figure 9 shows the geometry of Office Building-G in plan and Figure 10 is a list of the values 

obtained for the wind forces acting in either direction. Figure 10 shows the wind pressures but 

a complete list of story shears and base shears based on ASCE 7-10 load cases can be found in 

Appendix A.  

 

 

 

  

Load Description Load Location Design Load (psf) 

Superimposed All Floors 15 

Beams S.W. All Floors 5 

Floor Slab S.W. All Floors 35 

Roof Roof 40 

Curtain Wall Exterior Surface 15 

 

Figure 9 
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North-South 

Story Level 
Story Height 

(ft) 
Windward pz 

(psf) 
Leeward ph 

(psf) 

1 0 12.26 -11.86 

2 19 12.26 -11.86 

3 31.25 14.22 -11.86 

4 43.5 15.62 -11.86 

5 55.75 16.74 -11.86 

6 68 17.72 -11.86 

7 80.25 18.69 -11.86 

8 92.5 19.44 -11.86 

9 104.75 20.09 -11.86 

10 117 20.70 -11.86 

11 129.25 21.30 -11.86 

12 141.5 21.96 -11.86 

13 153.75 22.45 -11.86 

14 166 22.95 -11.86 

ROOF 178.25 23.44 -11.86 

EL, MR 186 23.69 -11.86 

SCREEN WALL 195 23.96 -11.86 

 

East-West 

Story Level 
Story Height 

(ft) 
Windward pz 

(psf) 
Leeward ph 

(psf) 

1 0 11.66 -14.25 

2 19 11.66 -14.25 

3 31.25 13.52 -14.25 

4 43.5 14.86 -14.25 

5 55.75 15.92 -14.25 

6 68 16.86 -14.25 

7 80.25 17.78 -14.25 

8 92.5 18.49 -14.25 

9 104.75 19.11 -14.25 

10 117 19.69 -14.25 

11 129.25 20.26 -14.25 

12 141.5 20.89 -14.25 

13 153.75 21.36 -14.25 

14 166 21.83 -14.25 

ROOF 178.25 22.30 -14.25 

EL, MR 186 22.54 -14.25 

SCREEN WALL 195 22.79 -14.25 
Figure 10 
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Seismic: 

The Equivalent Lateral Force Procedure of ASCE 7-10 was referenced during the calculation of 

the seismic loads for Office Building-G.  General design parameters of the building are a site 

classification of type D, a seismic design category of B, and a seismic importance factor of 1.0.    

The first step taken in determining the seismic forces of the building was to determine the 

seismic response coefficient; Cs. Cs is based on a variety of factors that take into account the 

lateral system of the building as well as its geographical. The new lateral system of the building 

is classified as ordinary concentrically steel braced frames, corresponding to a response 

modification factor of R=3.25.  When determined, Cs can then be multiplied by the total dead 

load weight of the building to yield the seismic base shear.  

The next step was to consider all of the possible areas that could contribute to the dead weight 

of the building. A typical floor plan was used to determine the dead load of the structure.  The 

building elements considered were: slabs, beams, columns, exterior walls, partitions, and 

imposed MEP loads.  These loads were either a pound per square foot or a total per floor, 

depending on the nature of the element.  It should be noted that partitions are included in a 

100 psf live load for office space but since they are secured to the floor of the structure it was 

assumed that they will not move freely in the instance of an earthquake, becoming a dead load. 

Shear forces for each floor were then calculated. Since the lateral system is the same for both 

loading directions, the seismic forces are the same for the North-South and East-West load 

cases. When the lateral forces are entered into the load cases, the more severe loads acting on 

Office Building-G will be used in design.  The unfactored seismic forces can be found in Figure 

11 below and a complete list of coefficients used can be found in Appendix A.  

Seismic Forces 

Story Level Height (ft) wx (k) wx*hk fi (k) Vi (k) 

1 0 3700 0 0.0 1444.1 

2 19 2038 295304 6.8 1444.1 

3 31.25 1882 632324 14.5 1437.3 

4 43.5 1645 966252 22.2 1422.7 

5 55.75 1645 1469594 33.8 1400.5 

6 68 1645 2055813 47.3 1366.7 

7 80.25 1645 2719917 62.6 1319.4 

8 92.5 1645 3457985 79.5 1256.9 

9 104.75 1645 4266816 98.1 1177.4 

10 117 1645 5143724 118.3 1079.2 

11 129.25 1645 6086410 140.0 960.9 

12 141.5 1645 7092869 163.1 820.9 

13 153.75 1645 8161333 187.7 657.8 
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14 166 1645 9290225 213.7 470.1 

ROOF 178.25 1549 9869137 227.0 256.4 

EL, MR 186 187 1280514 29.5 29.5 
Figure 11 

Load Cases 

ASCE 7-10 section 2.3, Combining Factored Loads Using Strength Design, was used in determining which 

load cases would be applied to Office Building-G. The load combinations considered are listed below.  

1) 1.4(D+F)  

2) 1.2(D+F+T) + 1.6(L+H) + 0.5(Lr or S or R)  

3) 1.2D + 1.6(Lr or S or R) + (L or 0.5W)  

4) 1.2D + 1.0W + L + 0.5(Lr or S or R)  

5) 1.2D + 1.0E + L + 0.2S  

6) 0.9D + 1.0W  

7) 0.9D + 1.0E 

Typically, when only gravity loads are being considered, load case 2 will control. However, when lateral 

forces are being analyzed, cases 4-7 may control based on the magnitude of the forces and whether 

overturning moment is considered.  

Figure 27.4-8 of ASCE 7-10 describes the different loading conditions for wind on a building. All four of 

the cases for the Main Wind Force Resisting System must be considered in the analysis of the lateral 

system. These cases account for the effects that wind has on a structure when wind blows from two 

different directions and are applied slightly off access.  As shown in Figure 12, Cases 2 and 4 consider the 

torsional loads that can be induced by wind loading.  

 

Figure 12 



Technical Report 3 Office Building-G, Eastern United States 
 
Carl Hubben  Advisor: Dr. Ali Memari   

 
24 

In total, there are 12 different wind loads that Office Building-G can expect to experience. To account for 

these possibilities, 12 iterations of each of the above load combinations which included a wind 

component were input into ETABS.  The multiple loads cases for wind and earthquake forces changed 

the number of load combinations from 7 to 43. A complete list of the load combinations, forces used 

and the confirming wind calculations for Office Building-G can be found in Appendix A.   
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Floor System 
Lightweight concrete on composite metal deck was chosen for the redesigned floor system of Office 

Building-G. The existing 7” one way slab design would have been sufficient for the proposed system but 

metal deck was determined to be more economical based on weight, materials, and construction costs. 

The deck chosen was Vulcraft 2VLI19 and the strength values are shown in Figure 13. The loads 

accounted for in the design of the floor system were an unreduced live load of 100 psf and a 

superimposed dead load of 15 psf. The 2VLI19 system can support up to 151 psf and can span 11’-7” 

unshored during construction, eliminating costs associated with shored construction.  

 

Figure 13 

The self-weight of the lightweight concrete is 35 psf. This weight is added to the 2.30 psf weight of the 

metal deck, resulting in total system load of 37.3 psf.  

 

Figure 14 
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Framing Plan 
The composite metal deck distributes the floor loads between the framing elements of Office Building-

G. As shown in Figure 15 the metal deck spans East-West across the framing members spaced at 10’ OC.  

 

Figure 15 

Each story of Office Building-G follows a typical plan which allows a single framing plan to be used for 

every level. The majority of the framing members are composite castellated beams, span in the North-

South direction of Office Building-G and are supported by composite edge beams and core framing. 

Transfer girders were used on the East and West ends of the building to reduce the span of the main 

framing members. The castellated beams are spaced at 10 ft on-center, limiting their tributary width in 

an effort to create manageable bending forces.  Figure 16 is a typical floor plan. Green lines represent 

the core framing elements; blue lines are the transfer girders and red x’s show penetrations through the 

floor for vertical transportation.  
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Figure 16 

Castellated Beams 

The main framing elements of Office Building-G are composite castellated beams. This system was 

chosen because it is able to fit within the existing ceiling cavity of Office Building-G as well as 

accommodate the long spans of the structure. The spans and high floor loads were resulting in very 

deep and heavy members when conventional composite design was used. The castellated beams are 

roughly the same depth as the typical composite designs but they are able to achieve the necessary 

bending strength with a lower weight per foot. The voids of castellated beams allow for MEP equipment 

to pass through the web of the beam, creating an efficient use of the ceiling cavity. Due to serviceability 

requirements of the duct, the beam designs were based on the opening size rather than required 

strength, creating a less structurally economical design. Figure 17 is a typical section of a composite 

castellated beam design showing the mechanical duct work pass through the beam opening.  

Castellated Beams 

Castellated Beams 
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Figure 17 

Figure 18 displays the process in which castellated beams are created. Drawing a) shows the original 

beam with the line in which it is going to be cut. The beam is then separated and realigned to create a 

deeper member as shown in Drawing b) and c). As depicted in the figure, the shaded region at the end 

of the beam is discarded as waste. Finally, the two beam halves are then welded together to create the 

final shape as shown in Drawing d). 

 

Figure 18 

Castellated beams designs are controlled by the effects of Vierendeel Bending. Vierendeel bending 

occurs when the global bending moment causes a localized compressive and tensile force in the top and 

bottom cords of the member, known as a primary force. At the location of the opening, secondary 

forces are created by the shear on the beam. The secondary forces increase the stress experienced by 

the top and bottom of the beam sections. The castellated beam must be able to withstand the 

combination of both primary and secondary forces. These forces change at every opening so each must 
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be analyzed to determine the interaction between shear and moment on the section. Figure 19 shows 

the primary forces acting on a generic composite castellated beam.  

 

Figure 19 

Global moments, M, are calculated based on the net shear at the opening multiplied by the distance 

from the closest support to the centerline of the opening. The global moments are summed at every 

opening, resulting in the maximum moment at the midspan of the beam. Local axial forces in the top 

and bottom tee sections are then calculated to determine the effective depth of the concrete section.  

Figure 20 is a larger detail of the top section of a generic castellated beam, displaying the way in which 

secondary forces act. These forces are calculated over the centerline of the openings. The top and 

bottom sections resist half of the net shear acting on the beam. Net shear is calculated by subtracting 

the shear resisted by the concrete from the total. The reduced section is effectively acting as a beam 

spanning between the solid sections.  Thus, the vertical force acting on the reduced section creates a 

local moment which maximized at the midspan of the opening. The local moment is calculated by the 

equation shown on Figure 13.  
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Figure 20 

Primary and secondary forces must be calculated at every opening of a castellated beam due of the 

relationship between total shear and global moment. At the end of a simply supported beam with a 

uniformly distributed load there is a large shear force but a negligible global moment. A large shear 

force on a castellated beam creates large secondary forces while a small moment creates minimal 

primary forces. At midspan, the beam must resist a large global moment but a very small shear. Figure 

21 is an example calculation of how global forces and local forces change for the openings of a 

castellated beam.  Since a single beam section was used for the creation of the castellated beams, the 

local forces experienced by the top and bottom beam sections are identical. If the design used different 

beam sections, the forces would be distributed based on the relative stiffness of the elements.  

Primary and Secondary Forces 

Hole 
# 

Net Shear Global Moment Local Moment 

Vu M (kip-ft) Mu-top (kip-in) 

End 55.5 0.0 138.7 

1 52.2 98.0 130.6 

2 47.4 234.8 118.4 

3 42.5 359.5 106.2 

4 37.6 472.0 94.1 

5 32.8 572.3 81.9 

6 27.9 660.4 69.7 

7 23.0 736.3 57.5 

8 18.1 800.1 45.3 

9 13.3 851.7 33.2 

10 8.4 891.1 21.0 

11 3.5 918.3 8.8 
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12 0.0 933.3 0.0 

CL 0.0 936.1 0.0 
Figure 21 

The above diagrams and forces represent the way in which the beam section is affected by Vierendeel 

bending. A composite castellated beam must then be checked for:  tension, moment, lateral torsional 

buckling, flange local buckling, web post buckling, shear, and deflection. A complete set of these 

calculations can be found in Appendix B.  

Due to the relationship between shear and moment in castellated beams described above, large point 

loads acting on a beam often create too great of secondary forces and result in an uneconomical design. 

This is why castellated design was not used for the transfer girders, edge beams or interior framing 

members.  

Multiple castellated beams were designed based on the required span of the beam. Slight differences in 

length did not change the original W shape so beams were designed in 5 foot increments. Figure 22 is a 

list of the castellated designs with their original size, adjusted depth, size of opening and length.  

Castellated Beam Designs 
Design 

# 
Max 

Length (ft) 
# 

Beams/Floor 
Size 

Final Depth 
(in) 

Opening 
Height (in) 

Max Deflection 
(in) 

1 65 7 W18X158 29.9 20.4 0.29 

2 60 3 W18X143 30 21 0.23 

3 55 11 W18X130 30.1 21.6 0.18 

4 50 19 W18X119 29.5 21 0.14 
Figure 22 

Composite Beams 

At the ends of the castellated beam spans, there are large shear reactions. As mentioned above, point 

loads create uneconomical castellated designs. For this reason composite design was used for the 

transfer girders, edge beam or interior framing members.  

The initial design of these members was performed by RAM Structural System with no depth limitation 

applied. The design was then checked by hand with the aid of Tables 3-19 and 3-20 of the AISC Steel 

construction manual. These hand calculations verified the process taken by RAM Structural system. Due 

to the depth limitation of the ceiling cavity, the most economical beam size could not be utilized so RAM 

was used to check the designs of shallower, heavier members. Sample calculations can be found in 

Appendix B.  

RAM Structural System was used to design all of the regular composite framing members. Due to 

modeling limitations of RAM the beam layout is not identical to that of the final design but the load path 

is accurate and this limitation did not have an effect on the design of these members. The RAM model 

shown in Figure 23 only shows the core of Office Building-G because the edge beams are typical and the 
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longer span members were designed by hand using the castellated design methods described above. 

The hand calculations and values given by RAM Structural System can be found in Appendix B.  

 

Figure 23 

Figure 24 below is a typical floor plan which depicts which beams were designed as castellated in green 

and those which are regular composite in red. Also shown are the designs of typical edge beams and the 

transfer girders controlled by the depth limitation.  
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Figure 24 

All of the castellated beams were designed to allow for an 18” diameter duct with 1” insulation to pass 

through them. This limited the factors controlling the design and allowed the beams to be laid out based 

solely on the span between supports.  

Columns 
In order to create a column free space for tenant fit outs, all of the exposed interior columns in the 

original design were removed. Additionally, roughly half of the columns which were on the perimeter 

were removed and the remaining columns were relocated to the façade of Office Building-G. Figure 25 is 

the original floor plan which shows the columns which were removed circled in red.  

W27X84 (46) 

W24X250 (113) 

2 X W27X258 (105) 

#1 #2 

#3 

#4 #3 #3 

#2 #3 #4 #3 #4 #2 #3 #4 
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Figure 25 

The original design had 29 perimeter columns, 8 interior columns and a shear wall core resisting the 

gravitational forces. The final design has 19 perimeter columns and 16 interior columns with no 

structural walls. Figure 26 is a typical floor plan of Office Building-G and displays the new column layout. 

Columns circled in blue represent columns which are part of the lateral system so they were designed 

based on gravity and lateral load cases. The remaining columns are strictly gravity members. The orange 

perimeter represents the tributary area used to check base column loads.  
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Figure 26 

Gravity columns were initially sized through the use of RAM Structural System based on purely axial 

loads. The summation of loads calculated by RAM was checked through hand calculations to confirm the 

load path, reduction of live load, and column sizes. These can be found in Appendix C. The initial sizes 

were then put into ETABS to analyze the influence of p-delta effects on the gravity columns. It was 

determined through the ETABS analysis and hand calculations that the small story displacements limit 

the secondary moment applied by the columns and have little effect on the design of the members. The 

controlling load case on gravity columns was 1.2D + 1.6L.  

Columns which are part of lateral force resisting fame were also put into ETABS and resized based on 

the axial forces they could experience. The controlling load cases for lateral members depended on the 

direction of the frame but each direction was controlled by 1.2D + 1.0L + E. These members are 

discussed in greater detail in the Lateral System Section.  

Based on the length of steel allowable for transportation speed of construction, columns were designed 

for a splice every 4 stories. The 14 story design of Office Building-G leaves a 2 column design for the 13th 

and 14thfloor. In an effort to avoid interference of pouring the concrete and column connections the 

splicing between columns should be done at 48 inches above the story level. Additionally, columns were 

designed to be W14 sections to create simple splice details. Figure 27 is a list of the columns used in the 

redesign of Office Building-G.  
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Columns 
Section NumPieces 

W14X53 40 

W14X61 48 

W14X68 22 

W14X74 14 

W14X82 50 

W14X90 40 

W14X99 32 

W14X109 42 

W14X120 16 

W14X132 38 

W14X145 38 

W14X159 28 

W14X176 14 

W14X193 8 

W14X211 4 

W14X233 24 

W14X257 12 

W14X283 4 

W14X311 4 

W14X342 4 

W14X370 8 
Figure 27 

As seen in the framing plan in Figure 26, there are sixteen (16) centrally located columns. These columns 

are essential for the redesign of Office Building-G’s structure to be integrated with the existing 

architecture. Without interior column the span of the castellated beams would be too large to design a 

member capable maintaining the existing depth of the cavity space. The interior columns were placed at 

the corners of the existing vertical transportation shafts in order to be integrated with the existing floor 

plan. The columns reduce the span of the main framing elements while eliminating the mass of the 

shear walls.  
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Lateral System 

Geometry 

In an effort to create an open floor plan for Office Building-G, it was proposed to implement a system of 

external steel braced frames. In the initial design stages, a variety of different braced frame geometries 

were considered. These initial designs made use of different column spacing and frame type. Due to the 

large architectural impact the exterior frame was going to have on the building, the final design was 

chosen based on aesthetics. Figures 28 through 31 are images of the different brace designs considered 

for the North Façade of Office Building-G. Figure 32 is the final design geometry.  

 

Figure 28      Figure 29 

 

Figure 30      Figure 31 
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Figure 32 

The lateral redesign of Office Building-G uses a system of two-story chevron braces which span 40 feet 

between columns and alternate between normal and inverted frames, creating an X every four stories. 

The frames are located at the corners of the building, creating a total of 8 frames, shown in 3D in Figure 

33 and highlighted in plan in Figure 34.   

 

Figure 33 
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Figure 34 

Design 

When a chevron frame is loaded with a horizontal force, the load enters the beam of the frame through 

the shear studs which were engaged by the floor diaphragm. The load is then distributed to the braces 

and based on the direction of the loading one brace is put in tension while the other is in compression.  

The tension and compression axial forces of the braces are then transferred to the columns as a gravity 

load. Figure 35 displays the axial loads on the braces and columns of the highlighted frame due to wind 

loads on the North Elevation. The yellow force is tension and red is compression.  
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Figure 35 

To determine initial member sizes of frame members, a bottom story frame was designed by hand 

following the provisions described in the AISC Seismic Manual. Columns and beams were designed using 

W shape members and braces were designed as square HSS. Tributary area estimates were used to 

determine the gravity loads resisted by the frame and the 1/4th of the seismic base shear was applied as 

the lateral load. The hand calculations checked the applicable members for compression, tension, axial, 

local buckling, slenderness and moment capacity. These calculations can be found in the Appendix D.  

These initial member sizes were then put into an ETABS model for every frame. A design check within 

ETABS was performed with the horizontal seismic overstrength factor (Ωo) and redundancy factor (ρ) 

included. For the design conditions of Office Building-G these are 2.0 and 1.0 respectively. This check 

resulted in many of the members being oversized. This was expected because the shear at the bottom 

floor is much higher than that of the floors above. The oversized members were then resized to create 

and efficient design. Brace sizes were checked with the aid of ETABS which ran interaction checks for 

combination loading on each member. Seismic forces control the design forces of the braces in both 

directions. The controlling load case in either direction is 1.2D + 0.5L + 0.5Lr + 1.0E. A sample of the 

results given by ETABS for one of the brace designs is shown below in Figure 36. 
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Figure 36 

It is important to note a modeling technique used in the analysis of the two story frame in ETABS. In 

braced frames, the lateral loads enter the frame through the beam. However, the chevron frames of 

Office Building-G span two stories so the interstory forces have no way of entering the frame. Because 

of this, a moment connection between the HSS braces and the interstory edge beam was modeled. 

Figure 37 is a picture of a typical chevron brace with the end moment releases displayed. Note the 

connection between the interstory edge beam and brace members have no releases.  

 

Figure 37 

Due to the large amount of symmetry in the design of Office Building-G, there are typical brace and 

beam sizes for frames which resist loads in the same direction. Column sizes used as part of the frames 

change throughout the building based on the load path of the framing system. Figures 38 and 39 show a 

typical frame design for resisting loads in the East-West direction and North-South direction 

respectively.  
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Figure 38      Figure 39 

The greatest difference in member sizes of the frame designs are the beam members. Due to the 

orientation of the castellated beams, the frames on the North and South façade take a much larger 

gravity load than those of the East and West facade. 

Direct Loads 

When horizontal forces are applied to a structure, the lateral resisting elements are loaded with direct 

shear.  The distribution of these forces is based on the relative stiffness of the elements. The frames in 

Office Building-G are designed with minimal differences in them so it is expected that they have similar 

stiffness’s. The stiffness of each frame was calculated with the use of the analysis program SAP 2000. 

The as designed frames were put into SAP and a 1000 kip force was applied to the top of the frame, 

causing the frame to deflect. The stiffness was then calculated by dividing the 1000 kip load by the total 

deflection. Figure 40 is color coded to show the stiffness as well as relative stiffness of the frames in 

Office Building-G. 
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Stiffness and Relative Stiffness 
  Brace Load 

(k) 
Deflection (in) K K Rel.  

  Elevation Location 

R
es

is
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W
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es

 

North 
NW 1000 20.7 48.30918 0.267468 

NE 1000 26.95 37.10575 0.205439 

South 
SW 1000 24.2 41.32231 0.228785 

SE 1000 18.56 53.87931 0.298308 

    Total 180.6166 1 

R
es

is
ti

n
g 

N
-S

 F
o
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es

 West 
NW 1000 27.23 36.7242 0.269429 

SW 1000 27.98 35.73981 0.262207 

East 

NE 1000 29.81 33.54579 0.246111 

SE 1000 33.01 30.29385 0.222253 

    Total 136.3037 1 

Figure 40 

As mentioned above, the frames are made of similar members and have roughly the same dimensions 

so it is expect that they have similar stiffness’s. Those frames with larger k values, such as the frame 
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highlighted in red, have a larger span between columns. The brace members are still connected at mid 

span of the beam and thus have become more horizontal, allowing the maximum horizontal component 

of the axial force to increase.  

When a lateral load is applied to Office Building-G, the majority of the resultant force in the frames is 

due to direct shear. The actual distribution of forces can be estimated by the relative stiffness of the 

frame members. Figure41 is a chart which takes the direct wind loads of Office Building-G and compares 

the expected forces to the actual. 

Wind Loading: E-W Direction, 1st Story 
Brace Relative 

Stiffness 
Predicted Load (k) 

Actual Load 
(k) 

% 
Difference Elevation Location 

North 
NW 0.27 210 189 10.80 

NE 0.21 161 171 5.44 

South 
SW 0.23 180 174 3.29 

SE 0.30 234 207 12.59 

      Total Applied Shear (k) 786.00 
 

  Total Resisted Shear (k) 740.00 
 

  

      Wind Loading: N-S Direction, 1st Story 
Brace Relative 

Stiffness 
Predicted Load (k) 

Actual Load 
(k) 

% 
Difference Elevation Location 

West 
NW 0.27 286 264 7.86 

SW 0.26 278 257 7.83 

East 
NE 0.25 261 254 2.67 

SE 0.22 236 255 7.91 

      Total Applied Shear (k) 1060.00 
   Total Resisted Shear (k) 1030.00 
   Figure 41 

As expected, the distribution of the force was proportional to the relative stiffness of the frame 

members. However, there are differences in the expected value versus actual as well as the total applied 

shear versus the total resisted shear. These differences in values can be explained through the effects of 

inherenet torsional loads. 

Torsional Loads 

Inherent torsion occurs when the center of mass and center of rigidity do not directly line up, creating 

an eccentricity. The center of rigidity is based on the location and relative stiffness of the lateral resisting 

members. Figure 42 compares the location of center of mass and center of rigidity and calculated the 

eccentricity in each direction. The hand calculations of center of rigidity can be found in Appendix D.  
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Center of Mass vs. Center of Rigidity 
CM CR 

ex (ft) ey(ft) 
X Y 

Hand ETABS 

X Y X Y 

100.4 83.3 102 70 106.6 80.7 6.2 2.6 
Figure 42 

Loads applied in the East-West (ie the X) direction are applied at the center of mass and multiplied by 

the ey length which is acting as a moment arm extended from the center of rigidity. A torsional moment 

acts on the structure which induces a shear on every frame in Office Building-G. These induced shears 

can act in the same direction as the direct shear, creating an additive force or in an opposite direction 

which reduces the shear seen by the brace. Figure 43 shows an example of direct shear outlined in blue 

with the reactions as solid blue arrows. The inherent torsion is the outlined orange arrow with the 

induced shears shown as solid orange arrows.  

 

Figure 43 

As mentioned above, torsional loading had little effect on the redesign of Office Building-G. Due to the 

symmetry of the floor plan and the lateral system, the floor center of mass and the structure center of 

rigidity are very close to each other limiting the effect of eccentric loading.  
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Displacement and Drift 

Total displacement of building is considered a serviceability requirement due to the undesirable 

sensation of a building swaying back and forth. Wind drift limitations are not directly addressed in 

building requirements but have been limited to H/400, based on standard engineering practice. Figure 

44 is a summary of the allowable story drift compared to the maximum drift values of the load cases 

acting on Office Building-G. The actual deflections were calculated by ETABS.  

Story Deflections (in) 

Story Height (in) H/400  

Deflections: East-West 
Loading 

Deflections: North-South 
Loading 

Seismic Max Wind Max Seismic Max Wind Max 

UX  UY  UX  UY  UX  UY  UX  UY  

ROOF 2139 5.35 3.75 -0.39 1.34 -0.22 -0.30 5.18 -0.16 2.44 

LEVEL 14 1992 4.98 3.54 -0.34 1.27 -0.19 -0.27 4.83 -0.15 2.30 

LEVEL 13 1845 4.61 3.16 -0.30 1.15 -0.17 -0.24 4.33 -0.13 2.10 

LEVEL 12 1698 4.25 2.84 -0.25 1.06 -0.14 -0.21 3.89 -0.12 1.93 

LEVEL 11 1551 3.88 2.47 -0.21 0.94 -0.12 -0.18 3.40 -0.10 1.72 

LEVEL 10 1404 3.51 2.18 -0.18 0.85 -0.10 -0.15 3.00 -0.09 1.55 

LEVEL 9 1257 3.14 1.85 -0.15 0.74 -0.08 -0.13 2.51 -0.07 1.33 

LEVEL 8 1110 2.78 1.52 -0.11 0.63 -0.06 -0.09 2.02 -0.05 1.11 

LEVEL 7 963 2.41 1.20 -0.08 0.52 -0.04 -0.07 1.55 -0.04 0.88 

LEVEL 6 816 2.04 0.98 -0.06 0.44 -0.03 -0.05 1.23 -0.03 0.72 

LEVEL 5 669 1.67 0.76 -0.04 0.35 -0.02 -0.03 0.93 -0.02 0.56 

LEVEL 4 522 1.31 0.52 -0.02 0.25 -0.01 -0.02 0.61 -0.01 0.39 

LEVEL 3 375 0.94 0.29 0.00 0.15 0.00 0.00 0.32 0.00 0.22 

LEVEL 2 228 0.57 0.12 0.00 0.07 0.00 0.00 0.13 0.00 0.11 
Figure 44 

ASCE 7-10 directly addresses the interstory displacements due to the seismic loads of a building as a 

function of the story height. The allowable deflection by code is calculated as . This value is 

compared to the amplified displacement of each story which is calculated as  .  For Office 

Building-G, Cd (the deflection amplification factor) is equal to 3.25 and Ie (the importance factor) is equal 

to 1.0. δxe was calculated as per ASCE section 12.8.6 which states: story drift shall be computed as the 

difference of the deflections at the centers of mass at the top and bottom of the story under 

consideration. Figure 45 shows the calculated values for each of the building stories and demonstrates 

how the amplified deflection of δ is well below the allowable value Δa.  

Story Drift 

    East-West Direction (in) North-South Direction (in) 

Story H (in) δe δ Δ Δa δe δ Δ Δa 

ROOF 2139 3.75 12.19 0.70 42.78 5.18 16.85 1.14 42.78 
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LEVEL 14 1992 3.54 11.50 1.22 39.84 4.83 15.71 1.63 39.84 

LEVEL 13 1845 3.16 10.28 1.05 36.90 4.33 14.08 1.44 36.90 

LEVEL 12 1698 2.84 9.23 1.19 33.96 3.89 12.64 1.60 33.96 

LEVEL 11 1551 2.47 8.04 0.95 31.02 3.40 11.04 1.31 31.02 

LEVEL 10 1404 2.18 7.09 1.07 28.08 3.00 9.73 1.57 28.08 

LEVEL 9 1257 1.85 6.02 1.08 25.14 2.51 8.17 1.61 25.14 

LEVEL 8 1110 1.52 4.94 1.03 22.20 2.02 6.56 1.53 22.20 

LEVEL 7 963 1.20 3.91 0.73 19.26 1.55 5.02 1.04 19.26 

LEVEL 6 816 0.98 3.18 0.70 16.32 1.23 3.98 0.96 16.32 

LEVEL 5 669 0.76 2.48 0.80 13.38 0.93 3.02 1.06 13.38 

LEVEL 4 522 0.52 1.68 0.75 10.44 0.61 1.97 0.94 10.44 

LEVEL 3 375 0.29 0.93 0.54 7.50 0.32 1.02 0.62 7.50 

LEVEL 2 228 0.12 0.39 0.39 4.56 0.13 0.41 0.41 4.56 
Figure 45 
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Connections 
As part of the MAE requirements, two typical frame connections were designed. The connections 

designed were the brace-to-beam connection referred to as the X-Connection and a connection 

between a column, two beams and four braces, referred to as the Corner Connection. All of the 

connections were designed as pinned. The specific connections designed are circled in Figure 46 below.  

 

Figure 46 

When designing the X-Connection it was broken into four sections, each with a brace framing into it. 

This was done to ensure the strength of the materials in the connection would not be double counted in 

resisting the applied load. Figure 47 shows the division of the connection shown by dashed lines in the 

detail of the designed X-Connection.  

North Elevation North Elevation 

West Elevation 
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Figure 47 

Braces in chevron frames can be in tension or compression based on the direction of the lateral load. 

This reversal of load direction and magnitude created a symmetrical connection about the vertical axis. 

Due to slightly higher tension experienced by the bottom braces, the weld size was increased in order to 

keep the dimensions of the plates used consistent.  

The limit states checked for the X-Connection are listed below: 

 Brace Limit States: 

o Tension Yielding 

o Tension Rupture 

 Brace/Gusset Limit States: 

o Weld Rupture 

o Base Metal Strength 

 Brace 

 Gusset 

 Gusset Limit States 
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o Tension Yielding 

o Tension Rupture 

o Local Buckling 

 Gusset/Beam Limit States 

o Weld Rupture 

o Base Metal Strength 

 Gusset 

 Beam 

 Beam Limit States 

o Web Tension Yielding 

o Web Crippling 

o Web Buckling 

 

The Uniform Force Method was used to prevent any moments from being created by the connection. 

Hand calculations for this connection can be found in Appendix E. 

 

As in the design of the X-Connection, the corner connection was also broken up into four sections. 

Figure 48 is a detail of the East Elevation elements which frame into the Corner Connection. Due to the 

similarity of the loads and member size, the top and bottom members were designed with the 

maximum forces for either member. This simplified the design of the connection as well as created a 

symmetrical design on either side of the beam.  



Technical Report 3 Office Building-G, Eastern United States 
 
Carl Hubben  Advisor: Dr. Ali Memari   

 
51 

 
Figure 48 

The connection members on the North Elevation were designed similarly to those of the East Elevation. 

The geometry of the W14X61 column and W27X161 beam resulted in a large end plate being welded to 

the flanges of the column. This is unique to the specific connection designed because of the column size 

in the connection. Figure 49 is a detail of the North Elevation elements which frame in to Corner 

Connection.  
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Figure 49 

Once both sides of the corner connection were designed they were combined and the column limit 

states were considered. Again, the Uniform Force Method was used to prevent any moments being 

imposed on the connection design. Hand calculations and drawing with dimension of the Corner 

Connection can be found in Appendix E.  

 

The limit states checked for the entire connection are listed below: 

 Brace Limit States: 

o Tension Yielding 

o Tension Rupture 

 Brace/Gusset Limit States: 

o Weld Rupture 

o Base Metal Strength 

 Brace 

 Gusset 

 Gusset Limit States 

o Tension Yielding 

o Tension Rupture 
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o Local Buckling 

 Gusset/Beam Limit States 

o Weld Rupture 

o Base Metal Strength 

 Gusset 

 Beam 

 Beam  

o Web Tension Yielding 

o Web Crippling 

o Web Buckling 

o Shear Yielding 

 Beam/End Plate 

o Weld Rupture 

o Base Metal Strength 

 Beam 

 End Plate 

 End Plate Limit States 

o Gross Shear 

o Net Shear 

o Block Shear 

 Angle Limit States 

o Prying Effects 

o Shear Yielding 

o Shear Rupture 

o Block Shear 

 Bolt  

o Shear 

o Tension 

o Bearing and Tear Out 

 Gusset/Plate 

o Weld Rupture 

o Base Metal Strength 

 Gusset 

 Plate 

 Plate 

o Plate bending 

 Plate/Column 

o Weld Rupture 

o Base Metal Strength 

 Plate 

 Column 
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 Column 

o Local Flange Yielding 

o Local Flange Bending 

o Local Flange Crippling 

 

The material strengths of both connections were: A992 Steel for columns and beams, A500 Grade B HSS 

sections, A36 Steel plates and angles, A325 N bolts and E 70xx welds. 
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Foundation Impact 
The structural redesign of Office Building-G was focused on the superstructure but impacts on the 

existing below grade parking garage and foundation were considered. The column layout of the redesign 

was based on the existing locations so the columns in the parking garage and the spread footings would 

not need to be altered. Despite an overall reduction of weight for Office Building-G, the columns are 

spaced further apart, creating larger axial loads. The foundation design would have to be adjusted for 

these larger forces.  

The reduction in weight of Office Building-G is due to a smaller dead load associated with the steel 

frame redesign. A reduced dead load on the structure creates a greater likelihood of overturning forces 

affecting the design.  

Overturning Moment 

With large horizontal forces and a small width to height ratio, buildings have a risk of overturning. This 

can occur when an upward reaction at the base of a building is greater than a reduced dead load over 

that column line. Figure 50 is a plan view of the base reaction locations of Office Building-G as well as a 

list of the reactions which experience an uplift force. This uplift force is compared to a reduced dead 

load case of (0.9-.2SDS)D. At the locations in which the dead load is smaller than the uplift force, 

overturning effects must be considered. Point 21 and 1873 are circled in red.  

Overturning Moment 
Point Reaction Dead Load Overturning 

21 -692.53 631.16 Yes 

1873 -655.58 550.31 Yes 

45 -341.51 645.33 No 

2075 -309.53 716.07 No 

2077 -184.58 817.16 No 

41 -120.81 629.69 No 

46 -59.73 570.66 No 

1645 -57.68 480.39 No 
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Figure 50 

Although the uplift forces are larger than the dead load acting on two of the base reactions, overturning 

is not a concern for Office Building-G. Below the superstructure there is a four story reinforced concrete 

parking garage and spread footings. The weight of these concrete elements is more than enough to 

overcome the slight difference in dead load and uplift force.  
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Architectural Breadth 
Maximizing the open floor space for tenant fit outs was the central focus of the redesign of Office 

Building-G. Figure 51 is a plan view of the existing design which only shows the façade, elevator shafts, 

stairwells and structure. Figure 52 is a plan view of the redesign with the same building elements shown. 

 

Figure 51 
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Figure 52 

It is clear that the redesigned structure fits well within the permanent building elements while creating 

an open floor space. The column free space will allow for a greater flexibility for the tenant fit out 

designs of the office space. 

In addition to creating an open floor plan for Office Building-G, the new floor structure was designed to 

fit within the existing ceiling plenum. This allowed for the original floor-to-ceiling height of building to be 

maintained, eliminating the need to increase the building height. Coordination between the structure 

and mechanical duct work was necessary to accomplish this and is discussed in more detail in the 

Mechanical Breadth section.  

The façade of Office Building-G was greatly affected by creating an external structure.  Compared to the 

original design in which none of the structure was exposed, the bracing and perimeter columns are now 

a major architectural feature. Based on the designed structure, preliminary architectural renderings 

were made to show the geometry of the building and the change in the exterior view of the building. 

Figure 54 is an image of the existing structure and Figures 55 and 56 are images of the proposed 

building.    
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Figure 53 

 

Existing View and Figure 55 

Figure56 
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Figure 54 

 

 

 

Figure 55 
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Mechanical Breadth 
In the existing design of Office Building-G, the mechanical ducts have a maximum size of 40” wide by 13” 

deep. The shallow structural depth of 18” allows for this system to fit well within the 36” plenum space. 

The structural redesign has much deeper framing members which cut into the allowable space for the 

ducts. As mentioned in the framing plan, the existing ducts were resized to fit through the openings with 

the castellated beams. This was done by adjusting the original rectangular ducts to circular ducts 

capable of supplying the same volume of air. When the redesign was finished, pressure drop was 

checked to ensure that the same air handling units could be used on the floors.  

The resizing of ducts was performed with the aid of a Duct Calculator. Duct Calculators relate the 

needed CFM and duct dimensions to a friction loss. Using the existing CFM values and duct sizes of 

Office Building-G the as designed pressure drops were solved for. Using this same pressure drop and the 

needed CFM, round member sizes were calculated. However, creating a single round duct to replace the 

existing rectangular design was resulting in too great of diameters to fit within the castellated beams. To 

resolve this issue the space on each floor of Office Building G was broken into interior and perimeter 

spaces and different duct lines access these spaces. This essentially broke a single duct line into two. 

Figure 57 is an image of the existing duct layout and Figure58 is an image of the redesign.  

 

Figure 56 
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Figure 57 

Figure 59 is the section of the mechanical design highlighted in the Figure 57 above. The four VAV boxes 

circled in green are supplied by one of the new ducts and the remaining VAV boxes (circled in orange) 

are supplied by a separate duct. The new design is shown in Figure60. 

 

Figure 58 
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Figure 59 

Calculations were performed to estimate the pressure drop due to friction of the straight runs of the 

ducts. The values for the redesigned system of Figure 60 are shown below in Figure 61. Calculations for 

the other spaces can be found in Appendix F.  

 
Figure 60 

Limiting the diameter of the ducts allowed for 1” of insulation, creating total diameter of 18”. The 

openings within the castellated beams were designed to have an opening with a minimum diameter of 

20”. The larger beam opening was required in the design due to construction implications. The larger 

beam opening also prevent the beam and duct work from colliding with each other when the building is 

reacting to lateral forces. A section detail is provided below in Figure 62 to show how the cavity space 

between floors is used. 

 
Figure 61 
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Conclusion 
The proposed structural redesign of Office Building-G was focused on creating an open floor plan which 

allows architectural freedom for the future tenant fit outs. This created the need for a complete 

redesign of the existing building superstructure. During the redesign process, elements of the 

architecture and mechanical design were affected. The effects on these components of the building 

design were addressed through breadth studies. Through the use of an external structure, interior 

columns and castellated beams, the proposed change to Office Building-G was accomplished.   

In every building design, structurally efficiency should be addressed by the structural engineer. Based on 

the limitations and goals of the proposed change, the redesign is an efficient design and if the proposed 

changes were a design criteria set forth by the owner the final design would be a viable option for Office 

Building-G.  
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Appendix A: 
Seismic Values:  

Building Dead Loads 

Floor Weight 

story 
Area (ft2) 

Metal 
Deck 

steel 
weight 
(psf) 

floor 
weight 
(psf) total (k) 

1 27187 37 10 47.0 1278 

2 29487 37 10 47.0 1386 

3 29628 37 10 47.0 1393 

4 25774 37 10 47.0 1211 

5 25774 37 10 47.0 1211 

6 25774 37 10 47.0 1211 

7 25774 37 10 47.0 1211 

8 25774 37 10 47.0 1211 

9 25774 37 10 47.0 1211 

10 25774 37 10 47.0 1211 

11 25774 37 10 47.0 1211 

12 25774 37 10 47.0 1211 

13 25774 37 10 47.0 1211 

14 25774 37 10 47.0 1211 

ROOF 25774 37 10 47.0 1211 

EL, MR 2020 37 10 47.0 95 

SCREEN WALL           

        Total =  18688 

 

Façade weight 

story effective 
height perimeter 

wall weight 
(psf) 

story weight 
(k) 

1 9.50 755 20 143 

2 15.63 803 20 251 

3 12.25 804 20 197 

4 12.25 708 20 173 

5 12.25 708 20 173 

6 12.25 708 20 173 

7 12.25 708 20 173 

8 12.25 708 20 173 

9 12.25 708 20 173 

10 12.25 708 20 173 
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11 12.25 708 20 173 

12 12.25 708 20 173 

13 12.25 708 20 173 

14 12.25 708 20 173 

ROOF 10.00 708 20 142 

EL, 
MR 8.38 198 20 33 

  4.50       

      Total =  2674 

 

Superimposed 

story   Area (ft2) S.I. (psf) Total (k) 

1   27187 15 407.805 

2   29487 15 442.305 

3   29628 15 444.42 

4   25774 15 386.61 

5   25774 15 386.61 

6   25774 15 386.61 

7   25774 15 386.61 

8   25774 15 386.61 

9   25774 15 386.61 

10   25774 15 386.61 

11   25774 15 386.61 

12   25774 15 386.61 

13   25774 15 386.61 

14   25774 15 386.61 

ROOF   25774 15 386.61 

EL, MR   2020 15 30.3 

SCREEN WALL         

          

      Total =  5964.15 

 

Coefficients and References 
Factor Coefficient Reference 

Site Class D Geo. Report 

Design 
Category B T 11.6-1 

Importance 1 T 1.5-2 

Ss 16 USGS Website 

S1 5.1 USGS Website 
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Fa 1.6 T 11.4-1 

Fv 2.4 T 11.4-2 

Sms 0.256 11.4-1 

Sm1 0.1224 11.4-2 

Sds 0.171 11.4-3 

Sd1 0.0816 11.4-4 

Ct 0.028 T 12.8-2 

x 0.8 T 12.8-2 

hn 186 Bldg Drawings 

Ta 1.83 12.8-7 

TL 8 F 22-12 

R 3.25 T 12.2-1 

Cs 0.0526 E 12.8-2 

W 27435 12.7.2 

Vb 1444 12.8-1 

 

Story 
Height, 

h (ft) 

  N-S E-W           

hi Length Length wx wx*hk CV fi (k) Vi (k) 

                

                

1 0.00 9.50 324.5 303.5 1836 0 0.0000 0.0 1444 

2 19.00 15.63 267 145 2086 302339.1 0.0044 6.4 1444 

3 31.25 12.25 267 145 2041 685775.5 0.0101 14.5 1437 

4 43.50 12.25 220.5 145 1779 1045098 0.0154 22.2 1423 

5 55.75 12.25 220.5 145 1779 1589513 0.0234 33.7 1400 

6 68.00 12.25 220.5 145 1779 2223568 0.0327 47.2 1367 

7 80.25 12.25 220.5 145 1779 2941863 0.0432 62.4 1320 

8 92.50 12.25 220.5 145 1779 3740157 0.0550 79.3 1257 

9 104.75 12.25 220.5 145 1779 4614989 0.0678 97.9 1178 

10 117.00 12.25 220.5 145 1779 5563453 0.0818 118.0 1080 

11 129.25 12.25 220.5 145 1779 6583063 0.0967 139.6 962 

12 141.50 12.25 220.5 145 1779 7671649 0.1127 162.7 822 

13 153.75 12.25 220.5 145 1779 8827301 0.1297 187.2 659 

14 166.00 12.25 220.5 145 1779 10048310 0.1477 213.1 472 

ROOF 178.25 10.00 220.5 145 1747 11130145 0.1636 236.1 259 

EL, MR 186.00 8.38 204 81.75 158 1084540 0.0159 23.0 23 

SCREEN 
WALL 195.00 4.50 204 81.75 0 0 0.0000 0.0 0 

        Total =  27435 68051766 1.0000 1444   
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Wind Values: 

Load Cases 

 

Coefficients: 
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Technical Report 3 Office Building-G, Eastern United States 
 
Carl Hubben  Advisor: Dr. Ali Memari   

 
70 

Values: 
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Load Cases: 
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Appendix B:  
Example Castellated Beam Calculation 
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RAM Composite Beam Design: 

East Edge Beam 
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North Edge Beam: 
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South Edge Beam:
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Composite Hand Calculations: 
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Appendix C:  
Ram Column Design: 
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Hand Calculations: 
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Appendix D:  
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Appendix E:  
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North Elevation: 
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West Elevation: 
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Appendix F: 
Duct Size and Pressure Drop Calculations: 

 

 


