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ABSTRACT 

 Diaphragms are elements of the seismic force resisting system in charge of 

stabilizing structures by tying in vertical elements, transferring inertial forces from one 

vertical element of the seismic force-resisting system to another and transferring shear 

forces from one vertical element to another. When vertical elements of the seismic force 

resisting system are offset horizontally conditions, the diaphragm that connects them must 

transfer large story shears in what is known as a transfer condition. Transfer conditions 

are often unavoidable and remain one of the least understood and most consequential 

aspects of building response in an earthquake. Poor performance of transfer structures in 

recent earthquakes further underscores the importance of determining the true behavior of 

transfer structures under seismic loading. 

 In order to begin to understand the behavior of transfer structures under seismic 

loading, finite element models were created for a 12 story building with offset shear walls. 

The models created represent one half of the building structure lumped into the two 

frames containing the shear walls in each half of the building. The first set of models 

(Phase 1) were developed starting from a nonlinear shear wall model. The model was 

incrementally made more complex, starting by adding a rigid, elastic transfer structure, 

and then elastic columns. Afterwards nonlinearity was added to the columns and finally 

typical floor diaphragms were added to the building. While results from these models 

showed similar curves for shear vs displacement and moment vs rotation for all models, 

issues with the fiber models used for the last model of this phase deemed the model too 

complex for the analyses required, particularly when modal analyses were performed on 

the structure. 
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 The next set of models was developed from two two-dimensional models, one for 

each frame. Incrementally, the model was made more complex, starting by modeling the 

frames in three dimensions, with diaphragms being modeled as beams initially and then as 

shells. Seismic design loads were applied to this model in order to determine the shear and 

moment profiles of the building, as well as the shear transfer occurring at every story. 

Nonlinearity was added to the base of the building, yielding similar results to the elastic 

models with respect to the shear and moment profiles, but very different results for the 

shear vs displacement and moment vs rotation curves for the Phase 1 models. 
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CHAPTER 1 – INTRODUCTION 

 

1.1 – Problem Statement 

 Transfer conditions occur in structures where vertical elements of the seismic 

force-resisting system (SFRS) are discontinuous above and below a floor level, usually 

through a horizontal offset. In these cases, the large story shears carried by vertical 

elements of the SFRS, such as shear walls or frames, must be transferred horizontally 

across the offset. The structural action providing the transfer may be accomplished by the 

slab (transfer diaphragm), beams (transfer girders) or more complex elements (transfer 

structure). 

 Transfer conditions are often unavoidable due to the architectural requirements of 

a building. Yet, they represent a potential structural vulnerability given that they are one 

of the least understood and most consequential aspects of building response in an 

earthquake. Transfer elements have performed poorly in recent earthquakes such as in the 

2011 Christchurch earthquake in New Zealand, as evidenced by the failures that occurred 

within or around the transfer elements in the 11-story Copthorne Durham Hotel (Kam et 

al 2012) and the 28-story Grand Chancellor Hotel (CBD 2011). Both buildings partially 

collapsed and had to be demolished, which represents a costly proposition for tall 

structures within a dense urban environment.  

 Transfer elements require special detailing in the floor system at the transfer level, 

yet the proper design of these elements remains somewhat of a mystery for practicing 

engineers. Current code provisions are based on the equivalent lateral force (ELF) method 

which considers both membrane forces (acting in the plane of the floor due to the 

dynamics of all floors above the transfer floor) and inertial forces (acting on the floor due 
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to the dynamics of the floor itself). Both actions are poorly described by ELF procedures 

since this method neglects to consider higher mode effects, which significantly affect 

diaphragm inertial forces as structures enter the nonlinear range. 

 The interaction of the nonlinear and higher mode dynamic behavior has not been 

captured in code design force equations for diaphragm inertial forces which has led to the 

underestimation of these forces, which in turn has led to structural failure. Upcoming code 

editions will reflect changes on the description of the inertial force levels, as demonstrated 

by the research of Rodriguez et al. (2007) and Zhang & Fleischman (2016) which is based 

on a rational mechanistic model validated through analytical and experimental empirical 

results. Nonetheless, work still needs to be done in order to establish the level of transfer 

forces and examine how they combine with inertial forces. 

 

1.2 – Research Objectives 

The objective of the research that this thesis focuses on is to build finite element 

models that will accurately represent tall, reinforced concrete buildings with transfer 

diaphragms in order to analyze the forces the diaphragm is subject to as part of the 

building’s seismic response. The model shall be parametrized in such a way that the 

location and length of the transfer diaphragm can be changed easily so that different 

building layouts can be analyzed. Preliminary analyses will be performed. 

This thesis represents the beginning of a larger research project, including 

proposed physical experiments, that has three specific technical objectives: 

1. Determine the fundamental manner in which inertial forces and transfer forces 

combine at transfer diaphragms 
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2. Determine the maximum in-plane forces anticipated in transfer diaphragms 

under different earthquake levels 

3. Develop design procedures to estimate the design forces acting on transfer 

diaphragms. 

 

1.3 – Concept of Research 

 The concept of the research is to use extensive nonlinear time history analysis of 

calibrated models of buildings with transfer diaphragms to determine the fundamental 

behavior of these systems and to estimate the seismic demands on these elements. The 

research included in this thesis focuses on the development of finite element models using 

ANSYS to accurately represent the seismic response behavior of a tall, reinforced 

building with a transfer structure. The models will be used to perform nonlinear static 

analyses of the local transfer region and nonlinear dynamic earthquake simulations of tall 

buildings with transfer elements under strong earthquakes.  

 

1.4 – Scope of Research 

 The scope of this research is limited to the computer modeling and analysis of tall, 

reinforced concrete buildings with transfer structures. The research will focus on: the 

shear force and moment distribution along the heights of a gravity column-shear wall 

frame, the displacement profiles of each of the frames and the force transfer from one 

shear wall to another through the transfer and typical floor diaphragms. The modeled 

building will be developed systematically, starting with a two-dimensional model of the 

two frames. This model is incrementally enhanced to include elements such as the transfer 

diaphragm, columns and other floor slabs in order to more accurately represent the 
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structure while also ensuring that data extracted from the more complex models still 

compares favorably to those obtained from the control structure. The design of the 

building that is modeled follows current code provisions (ASCE 7 2010 and ACI 318 

2008).  

 The next steps of this research project, including calibrating the models using 

proposed experiments at Lehigh University (large-scale testing of a transfer condition in a 

reinforced concrete building) and University of California San Diego (shake table testing 

of a scaled a multi-story building with a transfer condition), and subsequent extensive 

parameter studies using the calibrated model are outside the scope of this research. 

 

1.5 – Research Impact 

 The uncertainty surrounding the demands, capacities and seismic performance of 

transfer elements in existing and future building structures strongly indicates the need for 

new knowledge on the seismic response of transfer elements within these buildings. This 

research aims to be the first step in establishing safe, efficient and economical transfer 

element designs for future structures in low to high seismic hazard regions and in forming 

effective assessment and retrofit strategies for transfer elements in existing buildings.  
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CHAPTER 2 – LITERATURE REVIEW 

 

2.1 – Diaphragms  

 The seismic force-resisting system for building structures is composed of vertical 

elements, horizontal elements and the foundation. The horizontal elements are termed 

diaphragms, which are defined as “a horizontal or sloped system acting to transmit forces 

to the vertical-resisting elements” (IBC 2009). Floor and roof systems and/or slabs 

typically serve as the diaphragm. Thus, these elements must not only serve as part of the 

gravity load resisting system in buildings, but also the lateral load resisting system, 

including: 

1. Stabilization of structures by tying in vertical elements (i.e. columns, shear walls) 

together, providing lateral support to resist buckling and second-order forces 

acting through lateral displacements.  

2. Transfer of inertial forces due to walls and columns tributary to the diaphragm, as 

well as due to the diaphragms own mass, from one vertical element of the seismic 

force-resisting system to another. 

3. Transfer of shear forces from one vertical element to another, particularly at 

discontinuities such as in-plane and out-of plane offsets in these elements.  

The role of diaphragms during seismic shaking is pivotal for the survival of the 

structure. Thus, diaphragms require design attention by the structural engineer for the 

structural system to perform adequately under seismic loading. Under the provisions of 

the IBC, diaphragms are required to be designed as part of the seismic force-resisting 

system for buildings assigned to seismic categories B, C, D, E and F. However, code 
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provisions for diaphragms are much less detailed than for vertical elements, with much of 

the design being left open to the interpretation of the structural engineer. 

 

Figure 2-1: The Role of Diaphragms (Moehle 2016) 

  

Diaphragms are composed of elements such as the slab, chords, collectors and 

connections to the vertical elements. Collectors are elements that gather shear forces from 

the diaphragm and transfer them into the vertical elements. If instead collectors gather the 

forces from the vertical elements and distribute them to the diaphragm, collectors are 

known as distributors. In order to illustrate how a solid, rectangular diaphragm resists in-

plane loads, it can be simplified as a simply-supported beam, with shear walls often being 

represented as the supports of the beam. Inertial loading produces shear within the 

diaphragm with in turn produces a moment. This moment is resisted by a tension and 

compression couple, carried by chords at the boundaries of the diaphragm in the direction 

transverse to the shear walls of the structure. In order to equilibrate these internal forces, 

collectors along the direction parallel to shear walls must transfer the tension and 

compression loads from chords into the shear walls (Moehle et al 2010). 
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Figure 2-2: Plan View of a Diaphragm 

with Chord Action (Moehle 2016) 

 

Figure 2-3: Plan View of Diaphragm 

with Collector Action (Moehle 2016)

 

2.2 – Transfer Structures 

 As cities become bigger, a trend has developed to grow a city upward instead of 

outward. This has resulted in the construction of buildings with several uses and 

occupancy demands such as retail or parking in lower floors and apartments and offices in 

higher floors. Due to the architectural demands of bottom floors, vertical elements of the 

seismic force-resisting system are offset horizontally, resulting in a transfer condition. 

Transfer conditions are considered structurally inadvisable given that large force transfers 

occur at discontinuities in the vertical elements, including in-plane and out-of-plane 

offsets. Examples of transfer conditions include wall offsets, setbacks, towers over 

podiums, outboard foundation stem walls and structure transitions such as walls over 

frames. Elements such as diaphragms and beams responsible for transmitting the heavy 

loads produced due to transfer conditions are collectively called transfer structures.  

 

Figure 2-3: Offset Walls Transfer 

Condition 

 

Figure 2-4: Tower over Podium Transfer 

Condition 
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In buildings with transfer conditions, the spacing of vertical supporting elements 

above the transfer structure tends to be much smaller than the spacing of vertical elements 

in floors below it, primarily for architectural purposes. The spacing of vertical elements 

has a significant impact on the lateral stiffness of the building, with stiffness increasing as 

vertical elements are placed closer together. Therefore, at the transfer story of a building, 

a significant change in lateral stiffness occurs as the number of vertical supporting 

elements decreases below the transfer structure. When structures undergo cyclic 

earthquake loads, concentrated stresses and large lateral displacements can occur at 

locations where there is a significant change of lateral stiffness of the building, such as 

vertical discontinuities. Therefore, more thorough detailing requirements must be used 

when designing transfer structures in order to ensure that the drift and ductility demands 

will be met during earthquakes with little or no structural damage. 

Transfer action can also occur within floor systems consisting of lateral load 

resisting elements with different stiffness, such as in a dual system (Bull 1997, Moehle et 

al. 2010). In this case, moment frames and shear walls may “fight” to carry the lateral 

loads creating a transfer condition as a “backstay” effect between central cores and 

perimeter basement walls or due to the thrust from inclined columns or sloped 

foundations (Maffei 2008, Sabelli, 2011).  

Transfer structures are usually idealized as deep beams or thick plates with 

flexural stiffness and strength much higher than the vertical elements of the seismic force-

resisting system above it. When diaphragms are assumed to be rigid, deformations of 

transfer diaphragms are ignored. However, local flexural rotations do exist in transfer 

structures and cannot be ignored. A shake table test conducted by the China Academy of 

Building Research (2002) on a 12-story building model showed that the shear forces in 
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walls or columns below transfer structures are 6 to 8 times higher when transfer 

diaphragms are assumed as rigid instead of flexible. Therefore, flexible shell elements 

should be used to model transfer diaphragms in order to better predict the interaction 

between the diaphragm and the vertical elements of the seismic force-resisting system. In 

cases where core walls are used below the transfer structure and shear walls are used 

above it, a differential rotation condition may occur between the core walls and shear 

walls. In order to reduce the rotational incompatibility, huge axial restraining forces 

develop in the slabs above the transfer floor. In turn, the horizontal reactions to these axial 

forces cause a shear force transfer into the shear walls. This can result in either shear 

failure of walls due to the excessive shear force or slab damage due to the high tensile 

forces. Using deeper transfer structures with high flexural and shear stiffness can reduce 

the local deformation of diaphragms under lateral loads and thus decrease the change in 

shear forces in the exterior walls (Su 2008) 

 

Figure 2-6: Deformation of Transfer Structure and Shear Concentration at the External 

Walls (Su 2008) 
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Xu et al. (2000) and Zhang & Li (2003) have conducted research to determine the 

effect of the vertical positioning of transfer structures on the seismic response behavior of 

frame-supported shear wall structures. Results showed that as the elevation of the transfer 

structure increased (especially if the transfer story was located in a level close to 40% of 

the building’s height), so did the inter-story drift of floors adjacent to the structure and the 

shear concentration on shear walls. In cases with high-level transfer stories, exterior shear 

walls above the transfer structure showed more damage than in cases with moderate to 

low-level transfer stories. The soft-story mechanisms can be moderated or eliminated by 

decreasing the height of the transfer floor level or by reducing the difference in lateral 

stiffness between the substructures above and below the transfer structure. Shear 

concentration can also be reduced but not eliminated completely given that this is a result 

of the transfer structure’s local deformation. 

 Several shake table tests have been conducted in recent years in China in order to 

study the behavior of buildings with transfer structures under seismic loads (Zhao & Hao 

1996, Ye et al. 2003, Huang et al. 2004 and Li et al. 2007). The earthquake simulations 

were based on the 1940 El Centro and 1952 Taft earthquakes, with minor differences in 

peak ground accelerations as shown below. A common result of shake table tests for the 

cases to be discussed is that all models were seriously damaged under the effects of major 

earthquakes with severe damage occurring in the peripheral shear walls above the transfer 

floor. 

 

Table 2-1: Peak Ground Accelerations of the Prototypes Adopted in Shake Table Tests 
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In 1996, Zhao & Hao modeled a 68-story commercial building with transfer 

structures in the 6
th

 and 38
th

 floor. The vertical seismic-force resisting elements varied 

along the height of the building: from the ground level to the 6
th

 floor, the structure had a 

central core wall with a peripheral frame; from the 6
th

 floor to the 38
th

 floor, the structure 

had a core wall with peripheral frames and shear walls; and from the 38
th

 floor to the roof, 

the structure only had shear walls. The building was modeled at a 1:35 scale using 

microconcrete with steel wires to simulate the concrete’s reinforcement. After being 

subjected to a major earthquake simulation, the model was severely damaged, with 

serious damage occurring in the peripheral shear walls above the transfer floor. 

Furthermore, the peripheral frame supporting the transfer structure had relatively low 

stiffness which resulted in extensive cracks in the frame below the transfer structure.  

In 2003, Ye et al. constructed a 1:20 scale model of a 33-story, reinforced concrete 

residential building with transfer beams at the 4
th

 floor that supported the shear walls 

above it. Frames supported the podium structure below the 4
th

 floor, with a central core 

along the entire height of the building providing continuous lateral stiffness. No soft story 

mechanisms developed because strong core walls were used below the transfer plate and 

no inelastic deformation occurred in the frame structure at the podium level. The results 

obtained from shake table testing were compared with 3D computer elastic analysis. The 

observed ratios of maximum acceleration responses at the top floor to peak ground 

accelerations were 2.60 and 2.34 for the El Centro and Taft earthquakes respectively, 

which compares favorably with the computer results, which were 2.56 and 2.37 

respectively. Furthermore, the observed displacements of the top floor obtained from tests 

and those obtained from the computer models were only off by 3-7%. 
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In 2004, Huang et al. built a 1:25 scale model of a 28-story building with transfer 

beams at the 9
th

 floor. Similar to the experiment conducted by Zhao & Hao, the building 

suffered severe damage when subjected to strong seismic loads, with significant damage 

occurring in the peripheral shear walls above the transfer floor. A weak floor formed at 

the floor above the transfer structure. A SAP2000 model was built in order to compare the 

observed structural responses of the building. The comparison showed that observed and 

computer results of acceleration and inter-story drift ratios of bare frame models were 

similar for the first few vibration modes. However, no accurate response could be 

simulated for major earthquakes given that the effects stiffness and strength degradation 

of concrete were not considered. 

In 2006, Li et al. investigated the behavior of a reinforced concrete residential 

building with a transfer plate at the 4
th

 floor and 34 typical floors above the transfer plate. 

Below the transfer floor, core walls and columns comprise the vertical supporting 

elements, while above the transfer floor columns are replaced by shear walls. Tension 

failure was found on shear walls above the transfer plate. In addition, shear and core wall 

structures in the upper and middle floors showed damage due to shear. Just like for the 

test conducted by Ye et al., no soft story mechanisms developed because strong core walls 

were used below the transfer plate and no inelastic deformation occurred in the frame 

structure at the podium level (Su 2008).  

 

2.3 – Vertical Elements of Seismic Force-Resisting Systems 

 In reinforced concrete buildings, the vertical elements of the seismic force-

resisting system are usually moment-resisting frames or shear walls. IBC 2009 requires 

shear walls to be used in buildings classified into Seismic Design Categories D through F, 
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with design force levels specified in ASCE 7 and detailing requirements specified in ACI 

318. Given that the design requirements for shear walls are controlled by several 

interrelated requirements from the three codes mentioned above, the application of design 

standards tends to be challenging for structural engineers regardless of their expertise 

level.  

 Shear walls are designed to resist a combination of shear, moment and axial 

forces, especially when a building is undergoing seismic motions. Shear walls are used in 

most low- to mid-rise buildings because they are more cost-effective than either steel or 

concrete moment frames. In addition, shear walls are used in concrete buildings where 

there is a limited floor-to-floor height where frame beam depths cannot be 

accommodated. Furthermore, shear walls are used around stairway and elevator cores, 

serving a dual purpose of enclosing vertical shafts and providing axial and lateral 

resistance to the building. 

 ASCE 7 has imposed limits on the height of buildings where shear walls are used 

as part of the seismic-force resisting system. For structures classified into Seismic Design 

Categories D and E, this limit is 160 ft, while for structures classified into Seismic Design 

Category F, this limit is 100 ft. The limits can be increased to 240 ft and 160 ft, 

respectively, if the building does not have extreme torsion irregularities and the shear in 

line with the walls does not exceed 60% of the total story shear (ASCE 7 Chapter 

12.2.5.4). 

 Shear walls should be well distributed within the building plan, with multiple 

walls providing resistance to story shears in each of the building’s principal directions. 

Walls should be positioned in a way that keeps their center of resistance close to the 

center of mass of the story in order to avoid torsional effects. Furthermore, it is preferred 
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to keep spans of diaphragms short. When shear walls are moved away from the perimeter 

of the building toward the center of the building, they carry more axial load, which 

reduces the reinforcement and foundation uplift demands of the building. However, 

moving them away from the perimeter also reduces the torsional resistance of the 

buildings. Therefore, it is important to find a balance between axial and torsional 

resistance when using shear walls. 

 Considerations of function and cost can lead to wall discontinuities. Such 

irregularities can lead to stress concentrations and lateral drift that can be hard to quantify 

and may result in undesirable seismic response. Walls extending from a building’s 

foundation and discontinued at an intermediate level are allowed by ASCE, but the 

seismic forces are increased for design (Moehle et al 2012).   

 

2.4 – Seismic Design of Diaphragms   

 Multi-story buildings have similar dynamic response acceleration as that of an 

oscillator subjected to seismic motion. Their peak ground acceleration has a value of 

0.4SDS, which corresponds to the results from fundamental studies of structural dynamics 

(e.g., Chopra 2005) that are now part of the design response spectrum of ASCE-7. 

Furthermore, studies of building response (e.g., Shakal et al. 1995, Rodriguez et al. 2007) 

show that for buildings with an elastic response, the response acceleration magnification 

is also approximate to 2.5, which is also used in the response spectrum of ASCE 7. 

 Due to the high-mode effects in multi-story buildings, every floor traces out 

different acceleration histories. Each floor must be designed to resist the inertial forces 

corresponding to the peak response acceleration at each floor. However, each floor does 

not reach its peak acceleration simultaneously, so designing the vertical elements to resist 
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the individual sum of the maximum inertial forces would result in an overly conservative 

design. Therefore, the loads used for the design of diaphragms differ from those used for 

the design of vertical elements of the seismic-force resisting system as shown below. 

 

Figure 2-7: Design Forces for Vertical Elements and Diaphragms (Moehle 2016) 

  

Diaphragm design forces, Fpx, only consider the inertial forces of the diaphragm at 

every story. However, diaphragms must also transfer the shear forces developed when 

internal compatibility is imposed as vertical elements displace under lateral loads. Thus, 

in general, considering only Fpx is insufficient. This is particularly true at levels where 

offsets or discontinuities of vertical elements occur. 

 Earthquake-resistant diaphragms must be designed to remain stiff and damage-free 

as it undergoes seismic loadings. Therefore, the load paths in the structure must be clearly 

defined in order to ensure the design of the diaphragm will allow it to deform elastically 

as it carries the forces, with any inelastic response occurring in the vertical elements. As 

established by the IBC, in order to satisfy the strength requirements the lateral seismic 

forces, Fx, Fpx, and any transfer forces must be considered. Chapter 12 in ASCE 7 

provides guidelines to determine the loads required for design. However, no specific 

guidelines are provided for the determination of transfer forces.  
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 Reinforced concrete diaphragms must be designed to resist all shears, moments 

and axial forces that they are subjected to according to the provisions in Chapter 21 of 

ACI 318. One of the main design requirements is to reduce the likelihood of the shear 

capacity of the diaphragm being less than the shear capacity of the vertical elements. 

Therefore ACI requires that the reduction factor used for the design of the diaphragm be 

equal or less than that used for the design of vertical elements (Moehle 2010).   

Recent trends in high-rise residential construction, such as unusual configurations, 

innovative systems and high performance materials, have challenged current design 

practices and provisions. These practices and provisions in areas of high seismicity are 

based primarily on an understanding of the behavior of low- to mid-rise building. 

Therefore, the applicability of current code provisions and whether they can ensure the 

acceptable performance of tall building structural systems has come into question. 

Alternatives such as the use of alternative performance-based design procedures have also 

presented challenges in the plan check and enforcement processes given that questions 

exist regarding the ability of these methods to reliably predict performance of tall building 

structural systems.  

The dynamic and mechanical aspects of response that control the behavior of tall 

buildings are different, current provisions do not adequately specify appropriate modeling, 

analysis and acceptance criteria for very tall structural systems. Thus, criteria that address 

reliability, safety, capital preservation, re-occupancy and functionality must be proposed 

(ATC 2010). 
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2.5 – Transfer Forces in Diaphragm and Collector Design 

 As stated previously, diaphragms may be required to transfer design seismic forces 

from a vertical resisting element above it to another one below it due to offsets of 

differences in the lateral stiffness of a vertical element. In such cases, the transfer forces 

must be added to the diaphragm design forces, which are calculated as follows as 

established by guidelines in Section 12.10.1.1 of ASCE 7 

𝐹𝑝𝑥 =
∑ 𝐹𝑖

𝑛
𝑖=𝑥

∑ 𝑤𝑖
𝑛
𝑖=𝑥

𝑤𝑝𝑥  

which may not be less than 

𝐹𝑝𝑥,𝑚𝑖𝑛 = 0.2𝑆𝐷𝑆𝐼𝑒𝑤𝑝𝑥  

and may not exceed 

𝐹𝑝𝑥,𝑚𝑎𝑥 = 0.4𝑆𝐷𝑆𝐼𝑒𝑤𝑝𝑥 

 If the building is classified into Seismic Design Category D, E, or F, the design 

forces must be multiplied times a redundancy factor, ρ. For inertial forces acting on the 

diaphragm, ρ is taken equal to 1.0, whereas for transfer forces it is taken equal to the ρ of 

the entire structure. 

 For structures classified into Seismic Design Categories C through F, collector 

design forces are taken as the maximum of: (1) forces resulting from the application of the 

seismic design forces using load combinations with an overstrength factor, Ω0; (2) forces 

resulting from the application of diaphragm design forces using load combinations with 

an overstrength factor, Ω0; or (3) forces resulting from the application of the minimum 

diaphragm design forces in the basic load combinations. The basic load combinations 

established by Section 12.4.2.3 of ASCE 7-10 for strength design of reinforced concrete 

diaphragms and collectors are the following: 
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(1.2 + 0.2𝑆𝐷𝑆)𝐷 + (𝜌 𝑜𝑟 Ω0)𝑄𝐸 + 𝐿 + 0.2𝑆 

(0.9 − 0.2𝑆𝐷𝑆)𝐷 + (𝜌 𝑜𝑟 Ω0)𝑄𝐸 + 1.6𝐻 

Depending on which of the three cases above controls the design, transfer forces are 

calculated differently. For cases 1 and 2, the transfer forces are subject to Ω0 but not to ρ. 

On the other hand, for case 3, the transfer forces are not subject to Ω0 but are subject to ρ. 

Regardless of the case, collector design forces may not exceed Fpx,max. 

 The response of the transfer diaphragm is very sensitive to assumptions related to 

its stiffness. Current design office practice often bounds the stiffness to an upper and 

lower bound (25% and 10% of gross uncracked stiffness). One analysis maximizes the 

forces demands on the diaphragm while the other one maximizes forces and drift demands 

of the surrounding vertical elements. At stiffness higher than these levels, it becomes 

difficult to design the transfer elements (Maffei 2008, LATBC 2016). 

 

2.6 – Floor Inertial Forces 

 Collectors must carry the entire inertial force to the vertical elements of the SFRS. 

These forces have been shown (Rodriguez et al. 2007) to be significantly larger than the 

design forces prescribed in current code equivalent lateral force procedures (ASCE 7-10). 

Inertial forces are underestimated in design because the response magnification factor 

used to design the vertical elements of the SFRS fails to consider higher structural modes 

and SFRS overstrength (Rodriguez et al. 2001). Large peak inertial forces are possible 

during SFRS nonlinear dynamic response to earthquakes. The design codes are being 

updated to reflect the actual inertial forces. Figure 2-8 compares current and updated 

ASCE 7 design forces for the design base earthquake (DBE) and the maximum 

considered earthquake (MCE).  
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Figure 2-8: Current and Updated Inertial Forces for DBE and MCE (Rodriguez et al. 

2007) 

 

2.7 – Performance of Transfer Elements in Past Earthquakes 

2.7.1 – Christchurch Earthquake 

 The 2011 Christchurch earthquake is considered the third deadliest natural disaster 

in the history of New Zealand (New Zealand Police 2011). However, its impact is much 

greater than just the lives lost, with 45% of the buildings in central Christchurch damaged 

to the point where access to them was restricted due to safety concerns. As of February 

2015, there have been 1240 demolitions in central Christchurch due to the joint effects of 

the 2010 and 2011 earthquakes (Radio New Zealand 2011).  

2.7.1.1 – Copthorne Hotel 

 One of those structures was the 11-story Copthorne Hotel. The hotel had a lateral 

resisting system consisting of frames and shear walls that terminated at the ground floor 

level with the ground floor slab acting as a transfer diaphragm to the basement perimeter 

walls. The ground floor slab was 17.5cm thick and reinforced with high-strength #4 bars 

at 30 to 35cm on center. This hotel had two sets of 20cm thick L-shaped shear walls on 

the north and south faces of the building that terminated just above the basement. Transfer 

beams and girders along the floor diaphragm to transfer the seismic loads from the L-
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shaped walls to the basement walls and columns. The transfer beams had typical 

dimensions of 30cm by 50cm and had been repaired using reinforced fiber polymer (RFP) 

after being damaged by the 2010 earthquake. The basement columns, beneath the upper 

columns and walls, were designed to be ductile, gravity-dominated columns with well-

confined but flexible sections. Two separate columns were provided to reduce the flexural 

stiffness of the basement columns. In addition, two sets of core walls were added on the 

south side of the building, adding plan stiffness irregularity (Kam, Pampanin and Elwood 

2011). 

 After the hotel was subject to the 6.1 magnitude earthquake, the discontinuous 

shear walls resulted in severe damage to the basement columns, the transfer beams and 

the ground floor diaphragms. The two concrete cores in the south side likely resulted in 

significant torsional amplification and significantly higher demand on the north side of the 

building. Furthermore the RFP used to retrofit the transfer girders proved to be too strong, 

which caused a strong beam weak column mechanism that resulted in catastrophic failure 

of basement columns (Kam, Pampanin and Elwood 2011). 

 Transfer conditions were behind some of the damage in the building. For example 

the discontinuous L-shaped shear walls resulted in significant demands in the transfer 

structure which caused spalling and failure of beams, separation of the slab and shear-

axial failure in the basement columns. In addition, the large vertical accelerations during 

the earthquake resulted in a significant overload on the first-floor transfer girder 

supporting the gravity load from 10 floors of columns. Both ends of this girder exhibited 

severe spalling of confining concrete in the beam-column joint and the appearance of 

incipient shear failure (Kam, Pampanin and Elwood 2011). 
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Figure 2-9: Damage to Diaphragm at 

Ground Level (Kam 2011) 

 

Figure 2-10: Damage at Girder-Column 

Joint Where Transfer Girder Supported 

Discontinuous Column Line from Upper 

10 Stories (Elwood 2011) 

 

2.7.1.2 – Grand Chancellor Hotel  

 Another structure affected by the 2011 Christchurch earthquake was the 22-story 

Grand Chancellor tower.  The top 15 stories of the tower functioned as a hotel, while six 

floors above the ground floor functioned as a parking structure separated into 12 half-

floors. Setbacks were used on the south side above the entrance atrium and on the north 

side for suspended vehicle ramps. The tower featured two different lateral load resisting 

systems, with a concrete moment frame structure used for the upper tower and a 

reinforced concrete frame and shear wall system used for the lower tower. Besides the 

aforementioned vertical irregularity, the building also had horizontal irregularity due to a 

cantilever bay on the east side of the building that shifted the moment of rigidity away 

from the center of mass for the entire tower. In addition, precast concrete cladding was 

used for the façade of the building and was attached to the perimeter frame with a 

connection that allowed beam hinging and frame drifts (Elwood 2011). 

 The structural damage to the Grand Chancellor tower was caused by the failure of 

a shear wall on the east side of the tower, where the cantilever bay met the main tower. 
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The shear wall failed due to shortening, slid diagonally to the west and eventually 

collapsed. The collapse of this wall caused failure of other columns, beam yielding and 

precast panel dislodgment. Forensics of the building showed that factors contributing to 

the critical vulnerability within the building included (1) horizontal irregularity from the 

cantilevering transfer girder resulting in a disproportionate tributary area supported by the 

damaged shear wall and (2) vertical irregularity from a framed structure on top of a shear 

wall podium with transfer beams at the interface (Elwood 2011). 

 

Figure 2-11: Base Failure of Shear Wall in the Grand Chancellor Hotel (Elwood 2011) 

 

2.8 – Computer Modeling of Diaphragms 

 The forces acting between a diaphragm and the vertical elements of the seismic 

force-resisting system can be extracted from finite element analysis programs. The 

method to obtain these forces is dependent on the diaphragm’s stiffness. If the diaphragm 

is modeled as semi-rigid, section cuts can be made through the diaphragm element to 
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determine the forces acting on it. If the diaphragm is modeled as rigid, it becomes difficult 

to extract the forces directly from the diaphragm element (Moehle 2016). Instead, section 

cuts are made through the vertical elements above and below the diaphragm and the force 

is calculated as the difference between the forces in each of them. The forces obtained 

using FE programs include both transfer and inertial forces, so individual values must be 

estimated.  

The stiffness assumptions used for diaphragm modeling have an impact on not 

only the forces within the diaphragm, but also the distribution of forces in vertical 

elements. At places where vertical irregularities occur in the vertical elements of the 

seismic force-resisting systems, rigid models may produce unrealistic force spikes. 

Therefore, in order to obtain more realistic transfer distributions, diaphragm flexibility 

must be modeled (Fleischman et al. 2001). In order to be able to obtain a more realistic 

distribution of transfer forces, a mixture of rigid and flexible diaphragms must be used in 

models. Stiffness of diaphragms should be reduced by using somewhere between 15% 

and 50% of the gross moment of inertia of the diaphragm (Moehle 2016) 

2.8.1 – General Nonlinear Modeling 

 Aspects of nonlinear analysis, such as acceptance criteria, element discretization 

and assumptions of energy dissipation, must be tailored to the specific features of the 

analytical representation of the system. Nonlinear response history analysis aims to 

simulate all significant modes of deformation and deterioration in the structure from the 

first signs of damage to structural collapse. Nonetheless, it is unfeasible to directly 

simulate all modes of nonlinear behavior given current analytical capabilities and 

practical constraints of the design. 
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2.8.1.1 – Types of Nonlinear Models 

 The nonlinear response of reinforced concrete can be modeled through three 

different idealized models: 

1) Continuum finite element models: These models explicitly represent the nonlinear 

behavior of the materials and elements that comprise the component, such as the 

concrete and longitudinal and shear reinforcement. The behaviors represented by 

these models include concrete crushing, cracking and dilation, steel yielding, 

buckling and fracture, and bond transfer between steel and concrete. There is no 

need to define member stiffness, strength or deformation capacity; these are 

inherently determined from the material properties 

2) Concentrated hinged (lumped plasticity) models: These models are defined by a 

description of the overall force-deformation response of the component. For 

example, a concentrated hinge might represent axial force-moment interaction 

through a stress resultant yield surface with deformation rules associated with the 

observed behavior of hysteretic test data. 

3) Fiber (distributed inelasticity) models: These models capture some aspects of 

behavior implicitly (i.e. integration of flexural stresses and strains through the 

cross section and along the member) and others explicitly (i.e. definition of 

effective stress-strain response of concrete as a function of confinement). These 

models typically enforce some behavior assumptions, such as plane section 

remaining plane, in combination with explicit modeling of uniaxial material 

response. 
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Figure 2-12: Representation of the Three Idealized Nonlinear Models and Their Location 

Within the Physical-Behavioral Modeling Spectrum 

 

Both continuum and fiber models can accurately capture behaviors such as 

concrete cracking and steel yielding, but are limited in their ability to capture buckling of 

reinforcement bars, bond slip and shear failure (ATC Chapter 2 2010). 

 In order to accurately simulate structural performance, nonlinear models should 

utilize median values for material stiffness, strength and deformation characteristics rather 

than nominal or minimum specified properties used in design. Furthermore, median 

values should be utilized to accurately represent the relative force and deformation 

demands between components of indeterminate structural systems. Using median values 

eliminates any systematic bias that could result from the use of nominal instead of 

expected properties for components in a structure (ATC 2010). 

2.8.1.2 – Gravity Load Effects on Nonlinear Models 

 Nonlinear analyses are load path dependent, which means results depend on the 

combined gravity and lateral load effects. In order to properly assess the seismic 

performance of a building model with nonlinear properties, applied gravity loads (a 

combination of the dead load and the reduced live load) should be unfactored. Gravity 
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loads acting on the entire structure should be included in the analysis in order to 

accurately capture P-Delta effects (ATC 2010).  

2.8.1.3 – Modeling Deterioration 

 In reinforced concrete components, deterioration can be caused by tensile 

cracking, crushing, spalling, rebar buckling and fracture, and bond slip among other 

phenomena. Accurate deterioration modeling is a complex issue given the uncertainty 

with respect to material properties, detailing, construction techniques and human error.  

Engineering judgment must be used in order to determine whether a source of 

deterioration contributes significantly to the building’s response to be incorporated in the 

analytical model. Despite the complexities of deterioration modeling, it cannot be 

neglected as this would make it impossible to assess performance near collapse or at other 

limit states associated with extreme level ground motion intensities (ATC 2010).  

2.8.1.4 – P-Delta Effects 

 From a static perspective, structure P-Delta effects can be visualized as an 

additional lateral load that increases member forces and lateral deflections and reduces 

lateral load resistance in the structure. From a dynamic perspective, structure P-Delta 

effects can lead to significant amplification in displacement response if the displacement 

demands in an earthquake are large enough to enter the range of negative tangent 

stiffness. When displacement response enters this range, the drift amplification could 

become large enough to produce lateral dynamic instability and the structure could 

potentially collapse. Inelastic behavior leads to a redistribution of forces and story drifts, 

which can be affected significantly by P-Delta effects.  

Static pushover analyses can be performed on a model in order to determine the 

structure’s sensitivity to P-Delta effects, given that these analyses provide estimates on 
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drift levels in the range of negative tangent stiffness. Due to the evident difference in 

stiffness between a frame structure and a wall structure, P-Delta effect have a more 

significant effect on frame structures, as long as the wall structure develops a flexural 

plastic hinge mechanism and not shear failure. 

2.8.1.5 – Damping 

 For inelastic analyses under strong ground motions, traditional damping models 

based on elastic analyses may be inappropriate. Damping of seismic motions can be 

distinguished based on the element that provides it: structural components, nonstructural 

components, and the substructure and foundation. Furthermore, for nonlinear analyses can 

also be distinguished based on whether it is provided by elements that are explicitly 

modeled and those that are not. 

 For explicitly modeled structural components such as reinforced concrete beams, 

columns and walls, the energy dissipation depends on the characteristics of the model. For 

instance, fiber models can capture energy dissipation at lower values of deformation; 

although it won’t capture dissipation due to rebar bond deterioration. In addition, energy 

dissipation associated with yielding and cracking in the elastic elements will not be 

captured.  

 Unlike linear analysis, where the elastic stiffness and percentage of critical modal 

damping remain constant, the stiffness matrix softens in nonlinear analysis due to inelastic 

effects, which means the significance of damping can increase dramatically during the 

analysis. In addition, the damping forces that can occur across softening components can 

lead to large force imbalances across these components since damping forces do not 

generally reduce in proportion to structural softening (Bernal 1994, Charney 2006, Hall 

2005). 
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 Some solutions to these issues have been proposed based on tests by Charney 

(2006), Petrini et al. (2008) and Powell (2008). Observations from their tests suggest that 

stiffness-proportional damping tends to overdamp higher modes multi-degree of freedom 

structure while mass-proportional damping tends to underdamp higher mode effects. 

Moreover, modal damping tends to provide reasonable effective damping values for 

inelastic modes. 

2.8.2 – Modeling Parameters for Reinforced Concrete Frame Components 

 In FE and fiber models, key modeling parameters are modeled implicitly and can 

be characterized as follows: 

1) Stiffness parameters: Elastic stiffness, strain hardening/softness stiffness and 

degrading stiffness.  

2) Strength parameters: Yield strength, maximum strength and residual strength at 

large deformations. 

3) Deformation parameters: Yield deformation, capping deformation and ultimate 

deformation. 

Reinforced concrete frame elements are usually modeled as concentrated hinge 

elements, with plastic hinges represented by translational or rotational springs with 

deterioration properties based on experimental data. Reinforcement concrete elements 

should be modeled as being quasi-elastic, which means that elastic properties are adjusted 

to account for concrete cracking or bond slip. In cases where fiber models are used, the 

results from these models should be calibrated with experimental data to ensure consistent 

and accurate performance metrics. 

The modeling of reinforced concrete beams, columns and beam-column joints 

should consider all significant modes of deformation and deterioration in the components, 
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such as: flexural hinging of beams and columns, effects of shear forces and deformations 

on the response of beams and columns, and deformation compatibility in structural 

elements of the moment-resisting frame.  

As stated previously, parameters should be calculated based on expected (or 

median) values of material properties. In the case of reinforced concrete, the nominal 

compressive strength should be increased by 25%, which in turn will also increase the 

modulus of elasticity by a certain amount, and the nominal yield strength of rebar should 

be increased by 20%. 

Elwood et al. (2007) and Haselton et al. (2008) have recommended different 

values for the effective stiffness for reinforced concrete columns based on calibration 

tests. Both recommendations were based on data from 255 column tests assembled by the 

PEER Structural Performance Database (PEER 2007; Berry et. Al 2004). In both cases it 

was determined that the effective stiffness was a function of the ratio of axial stress of the 

columns to the compressive strength of columns, with differences between the cases being 

likely a result of difference in the statistical adjustments used. 

 

Figure 2-13: Comparison of Effective Stiffness Values of Reinforced Beam-Columns 

from Haselton et al. (2008) and Elwood et al. (2007) 
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2.8.3 – Modeling of Shear Wall and Slab-Column Frame Systems 

 Shear walls can be model as concentrated hinge models. Some of the benefits of 

using these models include ease of use and efficiency in computations. In addition, all 

necessary modeling parameters for the elements, such as flexural and shear stiffness, yield 

and residual strength and deformation capacities can be easily defined using well 

established procedures outlined in codes such as ACI 318. The downside of using this 

type of model includes the inability to account for neutral axis migration during cyclical 

loading, the interaction with the connecting components in plane with and perpendicular 

to the wall, and the influence of variation in axial load on the wall strength and stiffness. 

 Fiber models involve subdividing the wall base section into concrete and steel 

fibers with individually defined uniaxial material relations (shown below). It is important 

to find the balance between the number of elements along the base of the wall (Figure 2-

14a) and along the height of the wall (Figure 2-14b) that will adequately represent the 

overall wall behavior and the strain gradient at equilibrium for a given loading condition 

while also keeping computer run time as short as possible. A significant shortcoming 

associated with fiber models is the potential impact that assumed material relations and 

element sizes have on maximum computed strain values. 

 

Figure 2-14: Fiber Element Representation of a Reinforced Concrete Shear Wall (ATC 

2010) 
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Fiber models have become a more common practice given that they address many 

of the shortcomings of concentrated hinge models. For instance, the flexural stiffness and 

strength in a fiber model is derived from the specified material relations and varies 

depending on the magnitude of the axial load, whereas both must be specified in 

concentrated hinge models.  

 ASCE/SEI 41-06 specifies that the effective flexural stiffness of walls is 0.8EIg for 

uncracked walls and 0.5 EIg for cracked walls. Seismic testing performed by Wallace et 

al. on 10 story walls (1990) yielded results consistent with the values in ASCE/SEI 41-06. 

These results indicated that when the effective stiffness of the wall was modeled as 

0.4EIg, the measured and modeled responses of the walls matched up considerably. 

However, similar testing done by Panagiotou and Restrepo (2007) (7-sory walls were 

tested instead of 10-story walls) indicated that measured and modeled responses matched 

up considerably when the effective wall stiffness was modeled as  0.2EIg. Therefore, it 

can be concluded that the effective flexural stiffness of a wall varies depending on 

specific characteristics of the wall. In fiber element models, effective stiffness values are 

not used since the load-deformation response depends on the uniaxial material stress-

strain relations specified for the concrete and steel fibers, the level of axial load and the 

current condition of the element. However, in order to obtain accurate results, the element 

size of fibers should be equal to the estimated plastic hinge length.  
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CHAPTER 3 – DESCRIPTION OF STUDY 

 

3.1 – Prototype Structure Description 

 The prototype structure #1 (PS#1) used for this research project is a 12-story shear 

wall residential building. As seen in the plan view of Figure 3-1, PS#1 has a footprint of 

180’ x 100’, with three bays in the N-S (transverse) direction and seven bays in the E-W 

(longitudinal) direction.  

 

Figure 3-1: Plan View of Prototype Structure #1 

 

The floor-to-floor height is 16’ for the first story and 10.5’ for typical floors. The 

lateral force resisting system (LRFS) of PS#1 consists of interior reinforced concrete 

shear walls in the transverse direction and exterior reinforced concrete shear walls in the 

longitudinal direction. The interior shear walls are located at a distance of 25’ from the 

walls parallel to it. These walls are offset towards the center at a higher story. The length 

of the offset and the story at which the transfer condition occurs are parameters that will 
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be studied as part of this research project. For structural design purposes, the typical floor 

mass used was 135 psf. In reality typical floors are expected to weigh less, while the 

transfer floor is expected to weigh more. However, in order to simplify the design 

process, especially considering that the length and height of the transfer slab is variable, 

all floors were assumed to weigh the same. The design described applies for a 12-story 

case, with only the transverse shear wall being designed. 

 

3.2 – Structural Design 

 The seismic design for the structure was performed following the guidelines 

provided by ASCE 7. PS#1 is to be located in Los Angeles, at a site where the soil class 

was considered to be D, to account for the fact the soil parameters are mostly unknown. 

The following soil parameters were used for a special reinforced concrete shear wall, 

based on the site location and using figures in chapters 11 and 12 of ASCE 7: 

Seismic Design Parameters 

Short-period maximum considered 

earthquake acceleration, Ss 

1.5 

Mapped 1 second maximum 

considered earthquake 

acceleration, S1 

0.6 

Fa 1 Fv 1.5 

Short period spectral response 

acceleration, SMS 
1.5 

1 second spectral response 

acceleration, SM1 
0.9 

Design short period spectral 

response acceleration, SDS 
1 

Design 1 second spectral response 

acceleration, SD1 
0.6 

Seismic response coefficient, Cs 0.11 Importance factor, I 1 

Response modification factor, R 5 
Fundamental period of the 

structure, T 
1.09 

Overstrength factor, Ω0 2.5 Deflection amplification factor, Cd 5 

 Table 3-1: Seismic Parameters for PS#1 
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 Using the parameters in Table 3-2, the vertical distribution of lateral forces was 

determined using the ELF method. Due to the symmetry of the structure, all calculations 

were performed for half the structure: 

ELF Calculation Summary 

Story hx (ft) Wx (k) 
Wxhx 

(kft) 
Cvx Fx (k) Fpx (k) Fcontrol V (k) 

Roof 131.5 1237 701293 0.162 284 284 284 284 

11 121 1331 658291 0.152 267 282 282 551 

10 110.5 1331 585353 0.135 237 267 267 788 

9 100 1331 514425 0.119 208 266 266 997 

8 89.5 1331 445654 0.103 181 266 266 1177 

7 79 1331 379216 0.088 154 266 266 1331 

6 68.5 1331 315328 0.073 128 266 266 1459 

5 58 1331 254261 0.059 103 266 266 1562 

4 47.5 1331 196370 0.045 80 266 266 1641 

3 37 1331 142413 0.033 58 266 266 1699 

2 26.5 1331 92300 0.021 37 266 266 1736 

1 16 1331 48054 0.011 19 266 266 1756 

SUM  15908 4332689      

Table 3-2: Seismic Loading Calculation Summary 

 

3.3 – Shear Wall Design 

 The transverse shear wall used for this research project has a length of 44 ft and a 

thickness of 20 in. It is made of 5000 psi concrete, and the desired reinforcement ratio is 

1%. The tributary area of the shear wall is 1667 ft
2
 (25 ft in the longitudinal direction 

times 66.6 ft in the transverse direction). The live load used for residential buildings such 

as this one is 40 psf, which is then reduced to 25 psf using equations found in section 
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4.7.2 of ASCE-7. In addition, the self-weight of the shear wall was calculated as 1447 k. 

The load combinations used to determine the maximum and minimum gravity loads as 

well as the base moment on the wall are shown below: 

𝑃𝐷 =
135 ∗ 1667 ∗ 12

1000
+ 1447 = 4147 𝑘𝑖𝑝𝑠 

𝑃𝐿 =
25 ∗ 1667 ∗ 12

1000
= 500 𝑘𝑖𝑝𝑠 

𝑃𝑢,𝑚𝑎𝑥 = (1.2 + 0.2𝑆𝐷𝑆)𝑃𝐷 + 𝑃𝐿 = (1.2 + 0.2) ∗ 4147 + 500 = 6299 𝑘𝑖𝑝𝑠 

𝑃𝑢,𝑚𝑖𝑛 = (0.9 − 0.2𝑆𝐷𝑆)𝑃𝐷 = (0.9 − 0.2) ∗ 4147 = 2903 𝑘𝑖𝑝𝑠 

𝑀𝑢 = ∑ 𝐹𝑥𝑖ℎ𝑥𝑖 = 166980 𝑘𝑓𝑡

𝑖=12

𝑛

 

 

The stability of the wall was checked using Eq. 14-1 in ACI 318: 

𝜙𝑃𝑛 = 0.55𝜙𝑓′𝑐𝐴𝑔 [1 − (
𝑘𝑙𝑐

32ℎ
)

2

]

= 0.55 ∗ 0.65 ∗ 5 ∗ 44 ∗ 12 ∗ 20 ∗ [1 − (
0.8 ∗ 16.5 ∗ 12

32 ∗ 20
)

2

]

= 17720 𝑘𝑖𝑝𝑠 > 2903 𝑘𝑖𝑝𝑠 

Considering a boundary element of 8 ft on each side for the transverse shear wall, the 

following steel reinforcement was selected: 

1) Boundary element: 32#8 bars @ 6” on-center 

𝜌 =
32 ∗ 0.79

8 ∗ 12 ∗ 20
∗ 100% = 1.32% 

2) Web: 112#7 bars @ 6” on-center 

𝜌 =
112 ∗ 0.6

28 ∗ 12 ∗ 20
∗ 100% = 1.00% 
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Figure 3-2: Shear Wall Longitudinal Reinforcement Detailing 

 

Figure 3-3: P-M interaction diagram for the transverse shear wall 

 

3.4 – Column Design 

This section focuses on the design of the columns located right below the high 

level shear wall and on top of the low level shear wall. Gravity columns for the rest of the 

building were also designed. However, they are not part of the analytical models used, 

and it is assumed that their weight is not significant compared to the rest of a floor’s 

weight to have a significant impact on the structure’s behavior under EQ loading. This 

column design was performed based on the transfer story located on the eighth floor. 

The first set of columns designed were those located above the transfer story (top 5 

floors). It was assumed that the tributary area of each column corresponded to half of the 
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tributary area of a shear wall (given that there are two columns along the length of the 

shear wall), that these columns carried only the loads due to dead load and live load, and 

that the self-weight of the columns was negligible compared to the floor loads. The 

following table summarizes the axial load calculations for the top columns: 

Top Columns Axial Load Calculation Summary 

Story 
Unfactored Dead 

Load (k) 

Unfactored Live 

Load (k) 

Factored Load (k) 

1.2D+1.6L 

12 to Roof 113 21 168 

11 to 12 226 41 336 

10 to 11 339 62 504 

9 to 10 452 83 672 

8 to 9 565 103 840 

Table 3-3: Top Columns Axial Load Calculation Summary  

  

For construction purposes, the dimensions for all top columns will be the same, 

with reinforcement detailing changing at the 11
th

 floor. Therefore, the columns were 

designed for 336k and 840 k. Table 3-4 summarizes the reinforcement design 

calculations. 

                                       

Figures 3-4 (left) and 3-5 (right): Reinforcement details for Column 3 (left) and Column 4 

(right) 
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Top Columns Reinforcement Design Calculation Summary 

 Column 3 (Floor 8 to 11) Column 4 (Floor 11 to Roof) 

Column width (in) 20 

Column depth (in) 12 

Bar size #8 

Number of bars 14 4 

Reinforcement ratio 4.61% 1.32% 

Nominal compressive 

strength (k) 
851 622 

Ultimate compressive load 

(k) 
840 336 

Table 3-4: Top Columns Reinforcement Design Calculation Summary 

 

The second set of columns designed were those located below the transfer story 

(bottom 7 floors). The assumptions regarding the tributary area and self-weight of the 

columns hold; however, these columns are carrying the loads due to the shear wall self-

weight and the seismic moment at the base of the shear wall that creates a couple on the 

columns, Table 3-5 summarizes the axial load calculations for the bottom columns. 

For construction purposes, just like it was done for the top columns, the 

dimensions for all bottom columns will be the same, with reinforcement detailing 

changing at the 4
th

 floor. Therefore, the columns were designed for 2318 k and 2840 k. 

Table 3-6 summarizes the reinforcement design calculations. 
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Figures 3-6 (left) and 3-7 (right): Reinforcement details for Column 1 (left) and Column 2 

(right) 

 

Bottom Columns Axial Load Calculation Summary 

Story 
Unfactored 

Dead Load (k) 

Unfactored 

Live Load (k) 

Unfactored 

Seismic Load 

Factored Load 

(k) 

1.2D+0.5L+E 

7 to 8 889 124 929 2058 

6 to 7 989 145 929 2188 

5 to 6 1089 165 929 2318 

4 to 5 1189 186 929 2449 

3 to 4 1289 207 929 2579 

2 to 3 1389 227 929 2709 

1 to 2 1489 248 929 2840 

Table 3-5: Bottom Columns Axial Load Calculation Summary  
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Bottom Columns Reinforcement Design Calculation Summary 

 Column 1 (Floor 1 to 4) Column 2 (Floor 4 to 7) 

Column width (in) 20 

Column depth (in) 42 

Bar size #10 

Number of bars 36 30 

Reinforcement ratio 5.49% 4.57% 

Nominal compressive 

strength (k) 
3192 2970 

Ultimate compressive 

load (k) 
2840 2318 

Table 3-6: Top Columns Reinforcement Design Calculation Summary 
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CHAPTER 4 – DESCRIPTION OF ANALYTICAL STUDY 

  

The analytical study that this research project focuses on was performed by 

creating finite element models on ANSYS. The models are meant to represent one half of 

PS#1. Elastic and nonlinear models were created for the structure, starting with simple 

models and incrementally moving toward more realistic representations of the structure. 

For these models, the transfer condition occurs at the top of the 7
th

 story and the 

length of the transfer diaphragm is 60 ft. Typical floor diaphragms are 8 in thick, while 

the transfer diaphragm is 24 in thick. The design compressive strength of concrete is 5000 

psi and the design yield strength of the reinforcement bars is 60000 psi. These values were 

then multiplied by 1.5 and 1.25 respectively to obtain median values as recommended by 

ATC (2010).    

There are four important structural components that are part of nearly all models: 

(1) shear wall, (2) typical floor diaphragms, (3) transfer diaphragms, and (4) columns. 

These structural components are not always modeled using the same finite elements; 

however, material properties (Poisson’s ratio, modulus of elasticity, mass density) for all 

of them remain constant throughout all models. According to the testing done by Wallace 

et al (1990) and Panagiotou and Restrepo (2007) that was mentioned in Chapter 2, it is 

necessary to reduce the stiffness of elements when using finite element models. Therefore, 

the modulus of elasticity for the four components mentioned above corresponds to that of 

cracked concrete, which is approximately 35% of that of uncracked concrete. The 

Poisson’s ratio for all structural components was taken as 0.2 (Poisson’s ratio of 

concrete). 
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Although all of these components are made out of concrete, the inputs for density 

values for all of them were not equal, since surface dead loads and live loads were 

considered to be part of the structure. For all cases the total calculated weight was divided 

by the elements volume and by gravity to obtain the effective mass density input. 

1) The total weight of the shear wall is composed of the sum of the self-weight of 

the wall plus the distributed dead load and live load tributary to the wall. An 

effective tributary area was used for these calculations, which consists of the 

actual tributary area of the shear wall minus the area that is physically 

represented by the diaphragms in the model.  

2) The total weight of the typical floor and transfer diaphragms is composed of 

the distributed dead and live loads acting on them (dead load values include 

the self-weight of the structure). 

3) The mass density of the columns is composed of the distributed dead load and 

live load tributary to the columns, using the same effective tributary area that 

was used for the shear wall. The total weight of the top columns and bottom 

columns accounts for the top 5 floors and bottom 7 floors of the building, 

respectively.  

Mass Density Calculation Summary 

Component Total Weight (k) Volume (ft^3) Mass Density (slugs/in^3) 

Shear Wall 3480 9643 5.41x10
-7 

Typ. Floor Diaphragm 383 1760 3.26x10
-7 

Transfer Diaphragm 594 5280 1.69x10
-7 

Top Column 405 87.5 6.94x10
-6 

Bottom Column 612 236.5 3.88x10
-6 

Table 4-1: Mass density calculation summary 
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The rest of the half of the building is modeled as mass points acting in the 

transverse direction of the structure. These mass points are located at the height of each 

diaphragm along the shear wall and gravity columns. The mass points acting only on the 

transverse direction so that they do not influence gravity load calculations, but will 

influence modal analyses and earthquake simulations done on the structure. 

 

4.1 – Phase 1 Non-Linear Models 

4.1.1 – Control Structure 

 The first model of PS #1 consisted of a single shear wall as tall as prototype 

structure #1. While this is not an accurate representation of the building, it is a very 

simple model that can serve as a comparison for subsequent, more complex models. 

Nonlinearity was added to the model using a fiber element model at the base of the shear 

wall. Three different materials were represented at each node: (1) ordinary steel, (2) stiff 

steel and (3) plain concrete. The ordinary and stiff steel fibers are meant to represent the 

reinforcing bars in the concrete. These are modeled as two inch long link elements that are 

able to take tensile and compressive stresses as established by their respective stress-strain 

diagrams. The stiff element is used to model the pseudo large stiffness of the steel that 

will be degraded to a low strength, while the ordinary steel fiber models the expected steel 

nonlinear behavior. For this fiber model, it was assumed that the length plastic hinge 

formed in the shear wall is equal to the height of the first story of the building. Given that 

the two inch fibers represent a real length of 192 in, the strain values had to be adjusted to 

account for this representation.  

 The concrete fibers are modeled as a one inch link element that carries the 

compressive stresses in the concrete in series with a one inch contact element that 
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accounts for the cracked concrete when tensile stresses are applied. Just like for the steel 

fibers, the strain valued had to be adjusted to account for the fibers being much shorter 

than the actual length of the plastic hinge. However, the values were adjusted using a one 

inch length instead of a two inch length. Two different concrete material models were 

used: confined concrete for the ends of the shear wall and unconfined concrete for the 

inner section of the shear wall. The stress strain diagrams used for all four materials are 

shown in Figures 4-1 to 4-3.  

Four different elements were used for each of the material types based on the 

amount of the material and the material properties they represent. All fibers take the 

actual density values of the materials they represent. Two different values for the modulus 

of elasticity were used, given that the initial slope in the stress strain diagram for concrete 

is different based on whether the concrete in confined or unconfined. The modulus of 

elasticity of the steel fibers was adjusted to match with the stress-strain data input for each 

of the elements. The summary of the input for each of the fibers is shown in Table 4-2.  

 

Figure 4-1: Stress-Strain Diagrams for Individual Fibers and Fibers Acting Together. 
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Figures 4-2 (left) and 4-3 (right): Stress-Strain Diagrams for Confined (left) and 

Unconfined (right) Concrete. 

Shear Wall Fiber Model Material Properties 

Element Location 

Steel Concrete 

Area (in
2
) 

Modulus of 

Elasticity (ksi) Area (in
2
) 

Modulus of 

Elasticity (ksi) 
Ord. Stiff 

Confined Edge 1.58 271 91979 120 25.7 

Confined Midsection 3.16 271 91979 240 25.7 

Unconfined Edge 4.80 271 91979 480 39.1 

Unconfined Midsection 9.60 271 91979 960 39.1 

Table 4-2: Shear Wall Fiber Model Material Properties 

 

Figure 4-4: Regions Represented by Each Fiber Type: Confined Edge (red), Confined 

Midsection (yellow), Unconfined Edge (blue) and Unconfined Midsection (green) 
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 The bottom of the fiber layer is fixed to the ground, while the midpoint of the 

fibers is fixed for translation in plane and out of plane. The midpoint of the wall base if 

fixed for in plane translation in order to keep the base from sliding, while also allowing 

the ends of the wall to rotate freely. The wall is kept from rotating out of plane by fixing 

the ends of the wall from translation in the out of plane direction at every story. The 

Control Structure model is shown in Figure 4-5. 

 The Control Structure model incorporates the mass points mentioned previously in 

this chapter. The magnitude of each mass point was calculated considering the unfactored 

self-weight and gravity loads on the area of half a floor that is not part of the model (i.e. 

the area that is not in between the two LFRS). The weight of the gravity columns were not 

considered given that they are likely not significant when compared to the weight of the 

rest of the floor. Six mass points of equal magnitude were used at every floor.  

4.1.2 – Rigid Transfer Structure (RTS) 

 The next step in the nonlinear modeling of PS#1 was to add the transfer diaphragm 

to the model. Even though the diaphragms should be modeled as flexible in order for 

internal forces to be as representative of the real behavior as possible, the transfer 

diaphragm was modeled as rigid. Having a rigid transfer would make the structure behave 

almost identically as one continuous shear wall, which would allow for better 

comparisons between the Control Structure and the Rigid Transfer Structure. In order for 

the transfer diaphragm to act as if it was supported by columns, the ends of it were 

coupled for all translations. This means that both ends of the transfer diaphragm would 

translate the same amount in any of the three directions. All boundary conditions 

remained the same. Mass points are part of this model as they were in the Control 

Structure model. The only difference is that six mass points are used on each end of the 
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transfer diaphragm. Each one of these mass points carries half the mass as the mass points 

used at the transfer level in the Control Structure Model. The model of the Rigid Transfer 

Structure is shown in Figure 4-6. 

                 

Figure 4-5 (left) and Figure 4-6 (right): Control Structure Model (left) and Rigid Transfer 

Structure Model (right) 

 

4.1.3 – Rigid Transfer Structure with Columns 

 The next step in the nonlinear modeling of PS#1 was to add the gravity columns to 

each frame, in addition to the roof at the top of the structure. The columns were modeled 

as beam elements, while the roof was modeled as a shell element. Coupled nodes were 

removed, with top columns being fixed at both ends and the bottom columns being fixed 

to the diaphragm and pinned to the ground. Mass point location remains the same at all 

levels except the roof, where half the mass represented by the mass point is moved to the 
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other end of the roof diaphragm and modeled as six additional mass points, just as it was 

done for the transfer diaphragm in the Rigid Transfer Structure model. 

4.1.4 – Rigid Transfer Structure with Column Hinges 

 After the columns were added to the model, nonlinearity was added to them in the 

form of fiber models at the interfaces with the roof or transfer diaphragm (based on the 

location of the column) at the ground. The column cross sectional area is reduced to a 

single dimension, with the fiber being modeled along a rigid beam equal to the thickness 

of the column. Just like for the fiber model at the base of the wall, three different link 

elements are used: ordinary steel, stiff steel and concrete. The edges of the fiber model are 

modeled as unconfined concrete, while the fibers in between the edges are modeled as 

confined concrete. For the column fibers, the plastic hinge length used for strain input 

calculations equal the height of the cross-sectional area of each column (42 in and 12 in 

for the bottom and top columns respectively). In order to transmit loads properly from the 

diaphragms to the column, springs were added at the location of each column fiber model, 

with shear stiffness equal to that of the column it is attached to.   
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Figure 4-7 (left) and Figure 4-8 (right): RTS with Columns Model (left) and Fiber Model 

at the Ends of Columns in the RTS with Column Hinges Model (right) 

 

4.1.5 – Rigid Transfer Structure with Hinges at Every Level 

 Once the nonlinearity was added to the columns, all that was left was to model the 

typical floor diaphragms. These diaphragms were modeled as cracked concrete using shell 

elements. Columns meet the diaphragms at each story at the point where the centroid of 

the column would be located, instead of at each end of the diaphragm in the transverse 

direction. This intends to represent that the end of the column will be flush with the end of 

the wall in the building. Just like in the previous model, fiber models were added at each 

interface between columns and diaphragms. The main difference between this model and 

the previous one is that rigid beams were replaced by rigid plates at the hinge locations. 

At each story, rigid plates were added 2 in above and two in below the diaphragm. The 

fibers were then modeled in between the plates and the diaphragm. In past models, given 
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that columns were practically continuous from the ground to the transfer diaphragm and 

from the transfer diaphragm to the roof, only two fiber models were used: one for the top 

columns and one for the bottom columns. Now that columns are split at each story, 

different fiber models are used for each column design; therefore, there are four different 

column models used throughout the model. Given the hinge model is now two 

dimensional, fibers are modeled along the edge of the plate and at the nodes in the middle 

of the plate. For each of the bottom column plates, there are 6 fibers in the longitudinal 

direction of the wall and 3 in the transverse direction, for a total of 18 fibers. For each of 

the top column plates, there are 3 fibers in the longitudinal direction of the wall and 3 in 

the transverse direction for a total of 9 fibers. Given the small amount of rebar in the top 

columns, steel fibers are only modeled at the corners and along the transverse direction. In 

order for the top and bottoms rigid plates and the diaphragm at each story to move as a 

single body, rigid beams were added in between them.  

     

Figure 4-9 (left) and Figure 4-10 (right): RTS with Hinges at Every Level Model (left) 

and Fiber Model Between the Transfer Diaphragm and the Bottom Columns (right) 
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Bottom Column (Column 1) Fiber Model Material Properties 

Element Location 

Steel Concrete 

Area (in
2
) 

Modulus of 

Elasticity (ksi) Area (in
2
) 

Modulus of 

Elasticity (ksi) 
Ord. Stiff 

Corner 1.28 1253 420295 21 187.5 

Transverse Edge 3.84 1253 420295 42 187.5 

Longitudinal Edge 4.16 1253 420295 42 187.5 

Center - 1253 420295 84 119 

Table 4-3: Column 1 Fiber Model Material Properties 

Bottom Column (Column 2) Fiber Model Material Properties 

Element Location 

Steel Concrete 

Area (in
2
) 

Modulus of 

Elasticity (ksi) Area (in
2
) 

Modulus of 

Elasticity (ksi) 
Ord. Stiff 

Corner 1.01 1253 420295 21 187.5 

Transverse Edge 3.03 1253 420295 42 187.5 

Longitudinal Edge 3.53 1253 420295 42 187.5 

Center - 1253 420295 84 119 

Table 4-4: Column 2 Fiber Model Material Properties 

Top Column (Column 3) Fiber Model Material Properties 

Element Location 

Steel Concrete 

Area (in
2
) 

Modulus of 

Elasticity (ksi) Area (in
2
) 

Modulus of 

Elasticity (ksi) 
Ord. Stiff 

Corner 0.79 4386 1471032 15 656 

Transverse Edge 1.84 4386 1471032 30 656 

Longitudinal Edge - 4386 147032 30 656 

Center - 4386 147032 60 417 

Table 4-5: Column 3 Fiber Model Material Properties 
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Top Column (Column 4) Fiber Model Material Properties 

Element Location 

Steel Concrete 

Area (in
2
) 

Modulus of 

Elasticity (ksi) Area (in
2
) 

Modulus of 

Elasticity (ksi) 
Ord. Stiff 

Corner 0.79 4386 1471032 15 656 

Transverse Edge - 4386 1471032 30 656 

Longitudinal Edge - 4386 147032 30 656 

Center - 4386 147032 60 417 

Table 4-6: Column 4 Model Material Properties 

 

4.2 – Elastic Models 

4.2.1 – Level 1 Elastic Models 

 Based on the results obtained for the RTS with Hinges at Every Level Model (see 

Section 5.1), a new approach was taken, where the models would be made more complex 

while the entire structure is modeled as elastic, before nonlinearity is added. The simplest 

elastic models are two-dimensional representations of the shear walls and gravity columns 

that bound the transfer diaphragm. Two different versions of this model were created: 

1) Model A, which consists of the bottom shear wall (going from the 1
st
 to the 7

th
 

floor) and the gravity columns on top of it modeled as plane element and the top  

shear wall (going from the 8
th

 floor to the roof) and bottom gravity columns 

modeled as two-dimensional beam elements. The plane and beam elements are 

connected at each floor with springs acting in the transverse direction with 

stiffness equal to that of the typical floor or transfer diaphragms (depending on the 

floor). The stiffness value used considers flexural and shear stiffness for the 

diaphragms. 
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2) Model B, which has the same elements, with the exact same characteristics Model 

A, with the only difference being that the top shear wall and the gravity columns 

below it are now modeled as plane elements and the bottom shear wall and top 

gravity columns are modeled as beam elements. 

In bothmodels, the columns and the shear wall had a thickness input of 20 in, 

corresponding to the actual thickness of these structural components in PS#1. All 

elements were fixed at the base of the structure. 

                               

Figures 4-11 (left) and 4-12 (right): Level 1-A Elastic Model (left) and Level 1-B Elastic 

Model (right) 

A moment of inertia value had to be input for the shear wall and the columns 

modeled as beam elements. The moment of inertia value for the shear wall could be 

calculated in a straight-forward way based on its dimensions. However, it is unclear 

whether the column frame functions as two single columns acting independently or two 

acting together, and therefore requiring the use of the parallel-axis theory. In order to 
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approximate the moment of inertia of each column frame, Models 1-A and 1-B were run 

without the beam elements.  

4.2.2 – Level 2 Elastic Model 

 Once a simple model was created and calibrated in a two-dimensional plane, the 

next step is to extend the model to a three-dimensional space. Instead of having one of the 

LFRS modeled as a beam in the same plane as the other LFRS, both systems were 

modeled as three-dimensional shell elements at a distance of 60 ft from each other. 

Keeping the model simple remained a priority; therefore, the typical floor and transfer 

diaphragms were modeled as three-dimensional beams, fixed to each frame at the 

centerline of the wall on each floor. These beams are modeled using the actual cross-

sectional properties and the moments of inertia about each of its axes of the real 

diaphragms. Given that the diaphragms are modeled physically in the Level 2 Model, the 

springs used in Level 1 Models were removed. Level 1 Models were not allowed to rotate 

out of plane; thus, rollers restricting out of plane rotation were added at each end of the 

roof and transfer floors for the bottom wall frame in Level 2 Models to obtain a similar 

structural behavior.  

4.2.3 - Level 3 Elastic Model 

 The Level 3 Elastic Model uses elastic shells instead of beams to model the floor 

slabs at every story. Given that the entire surface of the slab is modeled, the only 

additional geometric input required is the slab thickness. As mentioned previously, the 

thickness of the typical floor diaphragms is 8 in, while the thickness of the transfer 

diaphragm is 24 in. Diaphragms are fixed along their entire width to the frames on either 

side, which provides much more bracing than the beams in model two did. The boundary 
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conditions along the base of both LFRS and at the transfer story and roof on the bottom 

wall frame remain the same as they were in the Level 2 Model.  

                

Figures 4-13 (left) and 4-14 (right): Level 2 Elastic Model (left) and Level 3 Elastic 

Model (right) 

 

4.2.4 – Level 4 Elastic Model 

 The Level 4 Elastic Model is very similar to the Level 3 Elastic Model. The main 

difference with respect to the structure model is that the shells used to model the gravity 

columns and the slab beams on each frame are now modeled as three-dimensional beam 

elements. These new beam elements used to model the columns have inputs for area, 

thicknesses and moments of inertia of the columns used in previous models. Beams 

representing the slab beams in plane with each LRFS were added and were given a 

thickness input equal to the thickness of the corresponding diaphragm and a width input 
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equal to the thickness of the shear wall. The boundary conditions along the base of both 

LFRS and at the transfer story and roof on the bottom wall frame remain the same as they 

were in previous models.  

 The Level 4 Elastic Model is the first model to incorporate the mass points 

mentioned previously in this chapter. The magnitude of each mass point was calculated 

considering the unfactored self-weight and gravity loads on the area of half a floor that is 

not part of the model (i.e. the area that is not in between the two LFRS). The weight of the 

gravity columns were not considered given that they are likely not significant when 

compared to the weight of the rest of the floor. Six mass points of equal magnitude were 

used at every floor except the ground level. Three of the mass points at each story were 

located on each LFRS (one at each end and one in the middle).  

 

Figure 4-15: Level 4 Elastic Model 
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4.3 – Phase 2 Non-Linear Models 

4.3.1 –Base Hinge Model 

 Nonlinearity was added to the model using a fiber element model at the base of the 

shear wall and the bottom gravity columns. The same model used in the Phase 1 models 

was used for this model. Just like for the Phase 1 models, the bottom of the fiber layer is 

fixed to the ground, while the midpoint of the fibers is fixed for translation in plane and 

out of plane. The midpoint of the wall base and the bottom node of each of the gravity 

columns are fixed in plane in order to keep the base from sliding, while also allowing the 

ends of the wall and the column to rotate freely. The building is kept from rotating out of 

plane by fixing the ends of the wall from translation in the out of plane direction at every 

story. The base hinge model is shown in Figures 4-16 and 4-17 

 

Figure 4-16: Base Hinge Fiber Model at the End Section of the Shear Wall 
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Figure 4-17: Base Hinge Fiber Model at the Bottom of the Gravity Columns  
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CHAPTER 5 – ANALYTICAL RESULTS AND DISCUSSION 

5.1 – Phase 1 Non-Linear Models 

 The main purpose of the creation of the phase 1 non-linear models was to look at 

the structure systematically and incrementally develop a model that would represent the 

true behavior of PS#1. Therefore, no extensive tests were performed on the phase 1 non-

linear models. The only test performed on these models was a pushover test. A 

displacement of 56.65 in, which corresponds to roughly 3.5% of the structure’s height, 

was applied at the top of the structure. Due to the nonlinear nature of the structure, the 

displacement was applied in increments of 0.18 in, to prevent ANSYS from crashing. 

Once the test was performed on each model, two plots were created for each of the 

models: base shear in the wall vs roof displacement and base moment vs base rotation. 

The goal was to have all models have similar responses in order to ensure that each 

element being added to the structure was being modeled correctly. 

 Figure 5-1 shows the base shear vs displacement results for the Control Structure 

and the Rigid Transfer Structure. As stated previously in order to make a better 

comparison, the transfer diaphragm was modeled as completely rigid in order for the RTS 

model to behave as a single shear wall. The yield point around 1250 k corresponds to 

some of the concrete fibers yielding, which represent concrete cracking at the tension side 

of the shear wall. For the most part, both models behave exactly the same as far as the 

shear response goes. The base shear and moment for both models being is different by 

only 2%. This 2% increase is provided by the rigid, uncracked transfer diaphragm which 

provides a small additional stiffness to the structure. 
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Figure 5-1: Base Shear vs Displacement Plot for the Control Structure and the Rigid 

Transfer Structure 

 

Figure 5-2: Base Moment vs Base Rotation Plot for the Control Structure and the Rigid 

Transfer Structure 
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 The RTS with Columns Model showed a significant increase in base shear in the 

wall compared to the previous models. With the columns being modeled as completely 

elastic and the roof being added to the building, the total stiffness of the building is 

increased significantly; therefore it requires a much higher force to displace the structure 

to the point where the base might begin yielding. Once the fibers were added to the 

column the rigidity provided by the columns in the previous model is significantly 

reduced, and the shear capacity of the structure is closer to what it was in the previous 

models.  It is important to note that although the base shear changed significantly when 

columns were added to the model, the moment-rotation curve remained almost the same. 

This is a reflection of the capacity of shear wall being ironically being controlled by 

flexure and not by shear. The shear increase in this model provided by the stiffness 

increase due to the columns sheds light on another interesting phenomenon occurring in 

the structure. Most of the moment carried through the top shear wall is transferred to the 

transfer diaphragm, but some of it is carried by the gravity columns. In order to carry this 

moment a couple develops in the column, significantly increasing the axial load on the 

compression side column, which was considered as part of our building design. The 

moment-rotation plot for the RTS with Column Fiber Models shows that this model 

carries less moment at the base than the rest of the models. With the column fibers 

yielding at much smaller strain values that the wall, the column side of the structure is 

able to rotate at smaller moment values. In order to meet compatibility conditions the rest 

of the structure must rotate as well, which will make the wall rotate without taking as 

much moment as in previous models. 
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Figure 5-3: Base Shear vs Displacement Plot for the Control Structure, the RTS, the RTS 

with Columns and the RTS with Column Fiber Models 

 

Figure 5-4: Base Moment vs Base Rotation Plot for the Control Structure, the RTS, the 

RTS with Columns and the RTS with Column Fiber Models 
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 The RTS with Column Fiber Models at Every Story proved to be a problematic 

model. Keeping the fibers from translating separately from the diaphragm was a major 

issue that could not be fixed with the addition of springs or rigid beams. This issue did not 

allow for full runs of the model, with the roof displacement reaching only a quarter of the 

magnitude of the other models. The diaphragms did provide additional stiffness to the 

model as seen in the base shear vs displacement plot, which shows this model to be the 

stiffest of all, as expected. While it may seem that the base shear could end up being 

higher for this model than it was for the RTS with Columns model, the curvature at the 

end of the graph suggests that the plot could level out as the other models did, and have a 

shear increase that corresponds only to the increase in stiffness provided by the 

diaphragms. Given the similar conditions at the base of the structure, the moment-rotation 

plot for the RTS with Fibers at Every Story Model was very similar to the previous model 

as expected. 

 

Figure 5-5: Base Shear vs Displacement for All Phase 1 Nonlinear Models 
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 Despite the issues with the pushover test for the RTS with Fibers at Every Floor 

Model, a modal analysis was performed on the structure, in order to obtain the damping 

parameters required for earthquake simulation. However the results were not encouraging. 

The modal analysis did not show any higher modes past the third mode. Furthermore, 

89.57% of the mass participation occurs in the first mode, whereas this value tends to be 

closer to 70% for buildings such as this one. In addition, what was considered modes of 

the structure seem to have local deformations occurring in the diaphragms. 

 

Figure 5-6: Mode Shapes for the RTS with Fibers at Every Story Model 

 

5.2 – Elastic Models 

5.2.1 – Level 1 Elastic Models 

 In order to determine an estimate for the moment of inertia of the top and bottom 

gravity column frames, a 100 k load was applied to the top of models 1-A and 1-B 

without the beam elements being modeled. The displacement of the gravity column 

frames was then measured for each model and then it was related to the moment of inertia 

using the equation, Δ =
𝑃𝐿3

𝑛𝐸𝐼
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1) For model 1-A, the displacement used for the calculations was the total 

displacement of the frame, minus the displacement of the shear wall, minus the 

displacement due to rotation of the wall. For this model, n=3 since the frame was 

considered to have cantilever boundary conditions. 

2) For model 1-B, the displacement used for the calculations was the total 

displacement of the frame. For this model, n=12 since the frame was considered to 

have fixed-guided boundary conditions. 

Table 5-1 shows a summary of the moment of inertia calculations for both column frames 

and how they compare to the moment of inertia values of two columns acting 

independently and two columns acting together. From the results, it can be concluded that 

the gravity column frames behavior resembles the behavior of two columns acting as two 

independent components more closely than the behavior of two columns acting as a single 

system. As a matter of fact, in both cases, theoretical moments of inertia using the parallel 

axis theorem result in values that are over 300 times greater than the values obtained from 

the finite element models. 

Moment of Inertia Calculation Summary for Gravity Column Frames 

Frame Top Frame (1-A) Bottom Frame (1-B) 

Relative Displacement (in) 51.26 12.45 

Effective Moment of Inertia, Ie (in
4
) 5760 246960 

Moment of Inertia of Two Columns 

Acting Independently, I1 

31956480 99449280 

Moment of Inertia of Two Columns 

Acting as a Single System, I2 

94115 330199 

Table 5-1: Moment of Inertia Calculation Summary for Gravity Column Frames 
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 The values obtained from the models for the moment of inertia of each frame was 

input into the beam elements of the model and the 100 k load was applied to the modified 

models. The displacement of frame and the shear wall in each model was measured, in 

order to compare them to each other and to be used as a reference for subsequent models. 

                   

Figures 5-7 (left) and 5-8 (right): Deformed Shape of Level 1-A Elastic Model (left) and 

1-B Elastic Model (right) under a 100 k Load. 

 

Figure 5-9: Displacement Profiles for Level 1-A and Level 1-B Elastic Models 
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The shear force and moment about the longitudinal axis at each story were also 

measured, not only just for comparison purposes for subsequent models, but also to begin 

forming an idea of how much shear is transferred from one LFRS to the other at each 

story and how much moment is generated at each story. The moment at each story was 

taken about the centerline of the wall at the height where each cut was made. The shear 

and moment diagrams for both models are shown in Figures 5-10 to 5-13. The spring 

force at each level, which corresponds to the shear force transfer through each diaphragm 

was also recorded for both model. The results are shown in Figures 5-14 and 5-15. 

The shear diagram for Model 1-A shows a significant shear reversal occurring at 

the transfer diaphragm. As the higher stiffness elements shift from one frame to the other, 

an enormous shear transfer occurs, with 413 k being transferred along the diaphragm. 

According to these results both the gravity columns and the shear wall carry a significant 

amount of shear force below the transfer story, which would suggest that the gravity 

columns should be strongly reinforced against shear at this story. This should be 

something to keep in mind and check in the subsequent models. As the loads follow the 

load path downward, some of the shear force is transferred back to the stiffer shear walls, 

so that the shear wall and gravity columns end up carrying almost as much shear as they 

above the transfer structure. 

Based on the results obtained for Model 1-B, one can assume that this model is 

unreliable moving forward. In this model, significant shear transfers occur at the stories 

right above and right below the transfer diaphragm. Furthermore, an additional shear 

reversal occurs at the first story, which is unlikely given that no change in stiffness occurs 

at this location. Based on the results obtained for these two models, Model 1-A will be 

used as a base for comparison in subsequent models.  
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Figures 5-10 (left) and 5-11 (right): Shear Force Profiles for Level 1-A (left) and Level 1-

B Elastic Models (right) 

  

Figures 5-12 (left) and 5-13 (right): Moment Profiles for Level 1-A Elastic Model (left) 

and Level 1-B Elastic Model (right) 
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Figures 5-14 (left) and 5-15 (right): Shear Force Transfer at Every Story for Level 1-A 

Elastic Model (left) and Level 1-B Elastic Model (right)  

 

5.2.2 – Level 2 Elastic Model 

 For the Level 2 Model, two 50 k loads were added at the tip of the building, one on 

each LFRS. Just like for the Level 1 Models, the displacement profile for each LFRS was 

plotted. The general deflected shape for both LFRS looks fairly similar. Nonetheless, the 

displacement at each story decreased by over 75% for the frame with the wall on top and 

by close to 60% for the frame with the wall on the bottom. In addition, the frames 

displace the same amount at the 10
th

 story for Level 2 Model, whereas this occurred at the 

12
th

 story for the Level 1 Models. Based on the reduced displacement, it can be concluded 

that adding the diaphragms that connect both LRFS increases the stiffness of the bottom 

column gravity frame 4.7 times and the stiffness of the top column gravity frame 2.4 

times.  
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Figure 5-16: Deformed Shape of the Two LFRS in the Level 2 Elastic Model  

 

Figure 5-17: Displacement Profiles for the Two LFRS in the Level 2 Elastic Model 
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The shear force and moment about the longitudinal axis at each story were also 

measured, in the same manner as was done for Level 1 Models. The shear force at each 

diaphragm was also recorded. The shear and moment diagrams for the Level 2 Model and 

the shear force transfer at each story results are show in Figures 5-18 to 5-20. 

Just like for the Level 1 Models, the Level 2 Model shows a shear reversal 

occurring at the transfer diaphragm, although the shear transferred is much smaller for 

Level 2 models. As stated previously, the physical modeling of the diaphragms, increased 

the effective stiffness of the gravity column frames; therefore reducing the difference in 

stiffness between the gravity column frame and the opposite shear wall. In addition, just 

like for Level 1 Models, the Level 2 model has shear walls and columns carrying about 

the same amount of shear above the transfer story as they do below it. It is important to 

note that the shear force carried by the columns remains relatively low. Therefore, it is 

unlikely that any additional shear reinforcement is required as was suggested by the Level 

1 Models. For the most part, the biggest shear transfers in the Level 2 Model occur at the 

same stories as in Level 1 Models. This further suggests that the effective stiffness of 

typical floor diaphragms is increased the close they are to the transfer story. It is important 

to note that the direction of shear being transferred at the transfer story is opposite in the 

Level 2 Model as it was in the Level 1 Models.  

The moment distribution follows conventional logic, with moment increasing as 

we move down the structure. However, it is important to note the spike in the moment 

distribution right above the transfer diaphragm, which suggests that at huge moment is 

concentrated at the junction of the wall the diaphragm and the columns. Also, note that 

columns are carrying some moment as well as suggested by the RTS with Columns Model 

from Phase 1. 



85 
 

 

Figure 5-18: Shear Force Profile for the Two LFRS in the Level 2 Elastic Model 

 

Figure 5-19: Moment Profile for the Two LFRS in the Level 2 Elastic Model 
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Figure 5-20: Shear Force Transfer at Every Story for the Level 2 Elastic Model 
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times bigger. Lastly, as evidenced by the displacement profile shown in Figure 5-22, both 

system displace roughly the same amount at each story, with the displacement of both 

being equal at the 10
th

 story, as it occurred in the Level 2 Model. 

                             

Figure 5-21: Deformed Shape of the Two LFRS in the Level 3 Elastic Model  

 

Figure 5-22: Displacement Profiles for the Two LFRS in the Level 3 Elastic Model 
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The shear force and moment about the longitudinal axis at each story were 

measured, in the same manner as was done for Level 1 and Level 2 Models. The shear 

force at each diaphragm was also recorded. The shear and moment diagrams for the Level 

3 Model and the shear force transfer at each story results are show in Figures 5-23 to 5-25. 

The Level 3 Model shows the same shear reversal at the transfer story that 

previous models showed. However, in the case of the Level 3, the shear wall ends up 

carrying practically all the shear, as opposed to previous models where some of it was 

carried by the gravity columns in the stories right below the transfer story. Similarly, the 

load applied on the top column gravity frame is immediately transferred to the shear wall, 

whereas in the Level 2 model, some of it was carried initially by the columns and 

transferred almost entirely to the shear wall at the 11
th

 floor. The bracing provided by the 

shell element diaphragms increased the stiffness of the shear wall significantly. Therefore, 

practically all the shear is carried by the stiffer shear walls, with no significant transfer 

occurring in stories other than the roof and the transfer story.  

 

Figure 5-23: Shear Force Profile for the Two LFRS in the Level 3 Elastic Model 
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 The Level 3 Model also shows the same moment distribution that the Level 2 

Model showed, further suggesting that a huge moment is concentrated at the point where 

the shear wall meets the transfer diaphragm and the gravity columns. 

 

Figure 5-24: Moment Profile for both LFRS in the Level 3 Elastic Model 

 

Figure 5-25: Shear Force Transfer at Every Story for the Level 3 Elastic Model 
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5.2.4 – Level 4 Elastic Model 

 The loading conditions for the Level 4 Elastic Model consist of gravity loads on 

the entire structure in addition to the loads shown below. These loads were calculated 

using the ELF method used in Chapter 3 However, these loads were calculated using 120 

psf and 200 psf for dead load calculations for typical floors and the transfer floor 

respectively as opposed to using a more general 135 psf dead load for all stories. Each of 

these loads is applied on each frame at the elevation of each story’s diaphragm. 

Loads Applied to Each Story 

Story Load (k) Story Load (k) 

Roof 127 6 120 

11 126 5 120 

10 120 4 120 

9 120 3 120 

8 120 2 120 

7 (Transfer) 192 1 120 

 Table 5-2: Loads Applied to the Level 4 Elastic Model 

                

Figure 5-26: Deformed Shape of the Two LFRS in the Level 4 Elastic Model  
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Figure 5-27: Displacement Profiles for the Two LFRS in the Level 4 Elastic Model 
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Figure 5-28: Shear Force Profile for the Two LFRS in the Level 4 Elastic Model 

 

Figure 5-29: Moment Profile for the Two LFRS in the Level 4 Elastic Model 
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Figure 5-30: Shear Force Transfer at Every Story for the Level 4 Elastic Model 
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loaded past capacity. However, the column design was done using a much smaller 

tributary area since clear spans of 60 ft as modeled are unlikely in a structures. Therefore, 

these columns will likely be safe in the more realistic case that (a) the transfer length is 

shortened or (b) columns are added halfway through the transfer structure.  
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Figure 5-31: Axial Load on Gravity Columns at Every Story 

 

Figure 5-26: Axial Load to Nominal Compressive Strength Ratio for Gravity Columns 
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loading was applied until the model diverged. This occurred at a loading equal to 92% of 

the loads applied to the Level 4 Elastic Model. The shear and moment profiles for the 

structure were plotted as they were for the previous models. The general shape of both 

profiles resembles those of the Level 4 Elastic Model, suggesting that the shear transfer 

from one frame to another is not affected by the nonlinearity of the model.  

 

Figure 5-27: Shear Force Profile for the Base Hinge Model 

 

Figure 5-28: Moment Profile for the Base Hinge Model 
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 Base shear vs roof displacement and base moment vs base rotation plots were 

created for the Base Hinge Model and compared to the plots from the Phase 1 Nonlinear 

Models. The Base Hinge Model is shown to be much stiffer than the nonlinear models 

created in Phase 1. While the issue has not been identified yet, a possible solution could 

be to create a fiber model at the interface between the columns and the diaphragms, which 

proved to be a solution in Phase 1 models. However, given that all diaphragms are 

modeled, creating so many fiber models could be tricky. While the base moment vs 

rotation plot is fairly similar to those of Phase 1, there are some issues around the base 

hinges for the columns. One column is rotating a significant amount without taking much 

moment, while the other is taking significant moment, but not rotating much. This issue 

must be addressed. 

 

Figure 5-29: Base Shear vs Roof Displacement Comparison for All Nonlinear Models 
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Figure 5-30: Base Moment vs Base Rotation Comparison for All Nonlinear Models 

 

 Figure 5-31: Base Moment vs Base Rotation in the Base Hinge Model 
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 The interstory drift ratio for the building was also calculated. Both frames have 

maximum drift at the stories around the transfer diaphragm. This makes the difference of 

stiffnesses above and below the transfer story evident, with the gravity columns above the 

transfer and below the transfer having the most interstory drift in the entire structure. 

 

Figure 5-32: Interstory Drift for the Base Hinge Model 
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Figure 5-33: Axial Force vs Displacement for the Bottom Gravity Columns (Downwards 

displacement shown as positive) 
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CHAPTER 6 – CONCLUSIONS 

 Transfer conditions are one of the least understood and most consequential aspects 

of building response in an earthquake. While current models will not be able to model the 

true behavior of transfer diaphragms, steps were taken in the direction towards being able 

to understand their seismic response. 

 The material properties of the elements model have a great impact on the response 

of the model. When inputting material properties such as yield or compressive strength 

are used, these values must be increased by 25% to 50% in order to get the median values 

for these material properties instead of the values used for design. When modeling 

concrete structures, one must account for the cracking of concrete. Therefore, modulus of 

elasticity values should be reduced about 65% in order to model for the material’s 

behavior to represent reality more accurately. 

 Fiber models are a good method to model nonlinear behavior of structures. They 

aid in representing the plastic behavior of materials while keeping most of the model 

elastic, significantly reducing the run time of each of the models. It is important to 

determine what the actual plastic hinge length of each of the structural elements will be in 

order to properly model the yield strains for the structure. 

 Given that no extensive tests were performed on the Phase 1 models, there are not 

many conclusions that can be drawn out of them. However, the similarity in the behavior 

between all models suggest that most of the modeling techniques used for these models 

could be implemented in future models once the more simple models of Phase 2 are 

understood. The main takeaway from the Phase 1 models is that significant moments are 

concentrated at the interface of the top shear wall, bottom gravity columns and transfer 

diaphragms. This moment must be carried by the gravity columns below as a couple, 
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greatly increasing the axial load on the column on the compression side frame and 

decreasing it on the column on the tension side of the frame. 

 Phase 2 models were subject to more tests, which allow for more conclusions to be 

drawn for the behavior of the structure. Most of the shear in the structure is carried by the 

shear wall, with shear in columns being negligible in comparison. Shear is transferred 

from the column frame to the shear wall frame by diaphragms, with the transfer 

diaphragm carrying by far the largest shear from one side to the other. Moment in the 

frames increases as we move down the structure, with increases in moment being much 

more prominent along the shear walls. While the column frame on top of the shear wall 

carries very little moment, the column frame below the shear wall still carries a significant 

amount of moment.  

 In case a transfer diaphragm of about 60 ft is to be used in a structure it is 

advisable that interior columns are used to reduce the axial load the columns below the 

shear wall are subjected. While most of the axial loads in the column frame below the 

shear wall come from the moment created by the seismic loads, reducing the tributary 

area for those columns could keep the columns from being unnecessarily big. 

 Interstory drift in a building with a transfer structure will be greatest around the 

transfer structure. This occurs mainly due to the stiffness difference between the gravity 

column frame and the shear wall above and below the transfer diaphragm. 

 

6.1 – Future Work 

 In order to further progress in the pursuit to better understand the seismic behavior 

of a building with transfer conditions, the following action items should be considered, 

especially regarding the finite element nonlinear models: 



102 
 

1. Identify the source of the increased stiffness in the Base Hinge Model. Are the 

diaphragms responsible for the increase in stiffness? How would adding fiber 

models at different column-diaphragm interfaces affect the stiffness of the 

building? 

2. Identify a method to keep fiber models at level other than the ground floor from 

translating orders of magnitude more than the rigid plates they are connected to. 

Would coupling nodes be a better solution than springs or rigid beams. 

3. Determine the moment distribution on the gravity columns along the height of the 

building and compare the values at each level to the nominal flexural strength of 

the columns to determine at which floors it will be appropriate to add fiber models 

to account for plastic behavior. 

4. Identify what the proper plastic hinge length for every model is and adjust the 

strain values accordingly. 

5. Perform parameter studies by changing the elevation and width of the transfer 

structure and compare how the shear, moment and interstory drift profiles change 

based on these variables. 

6. Perform earthquake simulations on the structure in order to determine shear, 

moment and displacement envelopes. 
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