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ABSTRACT 

Precast concrete structures are gaining popularity due to its lesser construction time and 

easy constructability in the modern era. These structures are usually long span with the 

shear walls at the edges for a lateral support. Even though the diaphragm design forces 

have increased, researchers and practitioners agreed that more research on the seismic 

behavior of the precast concrete structures is needed.  

This dissertation proposal proposes an innovative connection technique in the precast 

concrete structures. The primary objective of the dissertation proposal is to show the 

performance effectiveness of the proposed system during a seismic event. To accomplish 

this, two- dimensional (2D), and three-dimensional (3D) numerical models of the 

diaphragm with shear walls have been developed using a Finite Element (FE) analysis 

program, ANSYS.  A suite of ten spectrums-compatible earthquakes with different 

frequency contents are subjected to the FE models. The effective response of the proposed 

system is being studied. 
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CHAPTER ONE: INTRODUCTION 

 

1.1 Dissertation Topic 

In recent years, the earthquake engineering profession has changed from accepting damage 

to preventing damage. This dissertation research presents one such damage reducing 

connection in precast panel system termed as Floating Panel System (FPS). The FPS is 

developed by the University of Arizona. The FPS intends to lower earthquake force and 

minimize structural damage. This dissertation research is focused on the preliminary study, 

the parametric study and analytical finite element modeling to discuss the potential to 

reduce the structural damage of the structure. The detailed concept of FPS is discussed in 

Chapter 3. 

1.2 Scope of Research 

The primary objective of the dissertation work is to demonstrate the effectiveness of the 

system on lowering the base shear, and acceleration while controlling the displacement. 

The research program involves the determination of the Optimum/feasible set of 

parameters (discussed in section 4.2; Section 5.2) to meet design objectives. 
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1.3 Outline of Dissertation 

The dissertation work is organized and presented in six chapters as follows: 

Chapter 1: Introduction to the Dissertation Research 

Chapter 2: Background on Low-damage Structure systems and discussion on recent 

precast panel research 

Chapter 3: Concept and Design of the FPS   

Chapter 4: 2D Parametric Study of the FPS  

Chapter 5: 3D Parametric Study of the FPS   

Chapter 6: Conclusion and future work. 

1.4 Independent Contribution 

The dissertation independent contribution is the development of the FPS, which can reduce 

damage in a precast panel structure in the earthquakes. These contributions include 

characterization of the FPS behavior, and parameters analysis of 2D/3D finite element 

modeling of the FPS. 

1.5 Other Activities 

Schlumberger Foundation Faculty for the Future supports women from developing 

countries who want to pursue Ph.D. or Postdoc in developed countries (Schlumberger 

Foundation). The Faculty for the Future program promotes teaching to strengthen the 

faculties in their home universities, pursuing relevant research and promotes contributing 

to the socio-economic development of their countries. I have received Schlumberger 
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scholarship since the 2nd semester of my Ph.D. I would like to give credit and gratitude to 

Schlumberger Scholarship for financially supporting my effort to obtain a Ph.D.  

On 25th April 2015, an earthquake of magnitude 7.8 hit Nepal destroying half a million 

homes and over 8,790 casualties (National Planning Commission 2015). I got an 

opportunity to return to my country and work with an international organization named, 

Build Change, a non-profit enterprise focused on building safer and economic structures. I 

have engaged in several surveys in the earthquake affected areas and worked on preparing 

a post-reconnaissance report (Build Change 2015) on the earthquake affected areas. I 

learned about various types of local construction materials used and the method of 

construction of various structures, which was highly influenced by the local income source, 

local materials available, lack of engineering expertise and development of infrastructures. 

As part of my research, I have also been involved in a project developing an innovative 

floor anchorage system for earthquake resistance. The project, National Science 

Foundation (NSF), Network for Earthquake Engineering Simulation Research (NEESR) 

Project titled “Inertial Force-Limiting Floor Anchorage System (IFAS)”, (Zhang et al. 

2018). I performed analytical studies developing a polyurethane bumper which maintains 

the structure’s deformation within acceptable limits during strong earthquakes. During the 

project, I had an opportunity to serve one semester (Fall-2013) as a site and instrumentation 

coordinator for a large-scale shake table test at the University of California-San Diego 

(NEHRI@UCSD). I learned many aspects of construction and structural design during my 

stay in UCSD. Likewise, in summer-2016, I participated in a large-scale dynamic 

experiment for evaluation of the bumper element characteristics at Lehigh University's 

Advanced Technology for Large Structural Systems (ATLSS) Center. In this large-scale 
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dynamic experiment, bumper performance under slow dynamic load was performed and 

studied. 
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CHAPTER TWO: BACKGROUND 

 

2.1 Earthquake Resistant Structures 

Out of 500,000 earthquakes that occur every year, we feel 100,000 of them and about 100 

of them have the destructive potential (FEMA 2010). Some earthquakes that caused 

significant destruction of life and properties are listed as examples: (1) In January 2010, a 

significant earthquake with a series of aftershock occurred in Haiti. 222,570 fatalities and 

a total economic damage of 8 billion US dollars were reported (Guha-Sapir et al.); (2) On 

11 March 2011, a massive earthquake of magnitude 9.1 shook Tohoku, Japan. 19,846 

fatalities and a total economic damage of 210 billion US dollars were reported (Guha-Sapir 

et al.).  

The failure of buildings during earthquakes are primarily due to either lack of strength or 

lack of inelastic deformability (Saatcioglu 2016). Earthquakes also initiate landslides, 

liquefaction, and tsunamis which play an important part in increasing casualties and 

damage in buildings.  

As per building codes, earthquake-resistant structures are intended to sustain less damage 

in minor shaking, some repairable damage in moderate shaking and collapse prevention in 
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strong shaking (Whittaker et al. 2003). With advancement in research related to earthquake 

engineering, various low-damage structural systems have been developed to provide more 

reliable seismic performance for the structures, as will be described in section 2.2. 

2.2 Low-damage Structure Systems 

Several low damage structural systems have been developed in the past decade, with an 

attempt to increase the seismic performance of structures. The low damage structures have 

the potential of fully operational performance in a design basis earthquake (DBE) and 

immediate occupancy with a maximum considered earthquake (MCE) (MacRae 2012). 

These low damage structural systems include a base or a floor isolation system with 

supplemental damping devices (MacRae 2012) (Mahmoud et al. 2015). These systems 

either dissipate the seismic energy inside a superstructure with engineered dampers or 

suppress the seismic energy into the superstructure with seismic or base isolation 

(Torunbalci 2004). 

2.2.1 Base Isolation 

Base isolation (also known as seismic isolation) is located usually at or near the base of the 

structure. Base isolation isolates the structure so that damaging seismic force is not 

transferred from foundation to superstructure. The first seismic base isolation system used 

in the United States was either high damping rubber or lead-rubber elastomeric bearing 

(FEMA 2012). The bearings reduce the acceleration response of the structure during a 

seismic event. Structures with isolated systems have a fundamental period greater than the 

period of the structure above the isolated system (FEMA 2012). 



26 

 

2.2.2 Floor Isolation 

Numerous researches have been done to test the efficiency of floor isolation. Even though 

floor isolation has been introduced and implemented in buildings in Japan over 15 years 

(Takase et al. 1997) (Kaneko et al. 1995), it is slowly gaining popularity over the world. 

Various types of the floor isolation system were developed, such as a combination of coil 

spring and viscous damper; friction pendulum bearing with and without viscous fluid 

damper (MacRae 2012). An interesting, innovative suspended floor isolation system was 

developed by Nakamura (Nakamura et al. 2011), which isolates the core of the structure 

from the entire structure with a concept of the pendulum. In recent years, the floor isolation 

system with a combination of devices such as sliding bearings, multistage rubber bearings, 

springs, dampers, pneumatic Isolators has been developed.  Floor isolation systems that 

dissipate energy have been tested and have found effective in reducing floor acceleration 

during a seismic event. 

2.2.3 Hysteric Dampers 

Hysteric dampers reduce inter-story drift and absorb energy under severe cyclic forces 

(Skinner et al. 1975). They provide reliable seismic performance by dissipating seismic 

load energy. There are four major groups of hysteric dampers: (1) Fluid viscous dampers, 

(2) Friction dampers, (3) Metallic yielding dampers, and (4) Viscoelastic damper 

(Moreschi 2000). They have high stiffness under moderate loads to prevent frequent side 

sway of the structure. Dampers such as friction damper can be readjusted (Liang 2011) 

after an earthquake whereas metallic dampers need to be replaced and may prevent building 

to return to its original position after an earthquake.   
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2.3 Overview of Precast Concrete Structure 

Precast concrete structures are economical, durable and can save construction time, which 

minimizes labor costs. With prestressing, greater span to depth ratio can be achieved with 

less material usage (PCI design handbook). Precast concrete structures are used in 

industrial, residential, transportation and other varieties of building structures.  

2.4 Precast Concrete floor system 

The precast concrete building structure is composed of various precast elements such as 

precast columns, diaphragm, beams, lite wall, and lateral force resisting system (LFRS) 

such as shear walls. The precast concrete diaphragm can be analyzed with deep horizontal 

beam analogy (NIST 2017). This beam analogy is used to analyze in-plane for distribution 

in the diaphragm. The calculated shear force and bending moment are used to design the 

chord and shear connection. The tension and compression bending moment are resisted by 

chord connectors whereas the shear along the panel is resisted by shear connectors. 

Therefore, the primary components of precast diaphragm are: (1) Chord connectors (also 

term as flexural chords (FCs)) having stiffness perpendicular to the direction of the length 

of the individual panel, (2) Shear connectors (SCs) having stiffness along the length of the 

individual panel, and (3) Anchorages carrying the diaphragm force from the diaphragm to 

the supported shear wall. The FCs are located at the edge of the panels whereas SCs are 

located between FCs. The primary components of a precast panel diaphragm are shown in 

Fig 2-1 (Fleischman 2005). 

Precast floor system can be classified as either topped or un-topped. Topped floor system 

comprises of cast-in-place topping whereas un-topped floor system comprises of only 
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precast panels. Both systems behave as an elastic system in the elastic state and can possess 

inelastic deformation in the post-yield state. 

The precast concrete floor system can be composed of various precast concrete products 

such as hollow core, double tees, inverted tee beams, and L-beams. It can also be 

constructed as a composite structure (topped), constructing with cast-in-place floor 

component based on design requirements.  

 

Fig 2-1. Beam Analogy for the precast diaphragm (NIST 2017) 

2.4.1 Double Tee Floor System  

The precast concrete double tee consists of two tee beams connected to each other side by 

side. Typical double tee panels can withstand heavy loads with span ranging up to 40ft to 

80 ft, width 8ft to 16 ft and depth 24ft to 34 ft. Double tees are premanufactured at the 

precast concrete plant using prestressed concrete. The precast double tees are erected 

without topping (topped) with a flange thickness of 2 in or with topping (un-topped) with 

a flange thickness of 4 in. Individual panels are connected through mechanical connectors 

to transfer in-plane diaphragm demands. Use of these beams in the floor allows 

construction time to be shortened.  
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(a)

 

(b)

 

Fig 2-2. (a) Structure with double tees; (b) Stacked double tees on the precast concrete 

plant (PCI) 

2.4.2 Hollow Core Floor System 

As the name suggests, a hollow core precast system has a hollow core along the length. 

These cores reduce the weight of the system. Most of the hollow core panels are prestressed 

with reinforcing strands between the cores.  They are manufactured in the precast facilities 

and are transported in the big trucks as Double Tees. Hollow core system has ability to 

transfer lateral load via grouted shear keys (NIST 2007) (Lague et al. 1971) (Johnson et al. 

1972) (Pfeifer 1983).  

 

Fig 2-3. Shear Key connection (PCI design handbook 2010). 
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Fig 2-4. Hollow-Core Edge profile (Menegotto 2005). 

The grouted shear key provides enough shear strength for low seismic regions. However, 

for the high seismic region, the grout shear key might not be enough as a sliding mechanism 

in the diaphragm may occur. In 2005, Menegotto and Monti developed an innovative 

waved shear key which showed promising results that ensured the structural integrity under 

high seismic demand. Full tests on un-topped hollow core diaphragm demonstrated good 

performance with high seismic strength and ductility. 

2.5 Precast Diaphragm Connection 

A typical precast diaphragm connection consists of three major types of connection. These 

connections are (1) chord connection; (2) shear connection and (3) anchorage connection. 

The chord connection carries the diaphragm’s flexural demand, the shear connection 

provides shear resistance and the anchorage connection transfers diaphragm forces to the 

shear walls. These connectors are embedded in the flange during the manufacture of the 

double tee panels. These connectors are connected on a site with steel plates or rebar, which 

are welded to form a connection. 
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Fig 2-5. Connections in a typical precast diaphragm (Ren 2011). 

2.5.1 Chord Connection 

The chord connection in the precast diaphragm carries the in-plane flexural load. The chord 

connectors are also referred to as ‘flexural connectors’ in the dissertation. The chord 

connections are located at each edge (top and bottom) of the diaphragm which provides 

flexural resistance through tension and compression at these edges. For un-topped panels, 

the chord connectors are embedded in the flange (see Fig 2-6) and are connected via slug 

or metal plates on the site. For topped double tee panels, continuous bars are placed on the 

extreme edge as in un-topped panel and are topped by the cast-in-place concrete. 
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(a) 

 

(b)

 

Fig 2-6. Chord connectors (a) during construction; (b) Schematic diagram. 

2.5.2 Shear Connection 

The shear connections in the precast diaphragm resist the in-plane shear load. These 

connectors are embedded in the precast panel (See Fig 2-7). For pre-topped double tee 

panels, these are embedded in the panels and are connected by welding rebars to connect 

the connectors. For topped double tee panels, rebars or wire reinforcement are placed 

across the joint and, are topped by the cast in place concrete. 

(a)

 

(b)

 

Fig 2-7. Shear connectors (a) during construction; (b) Schematic diagram. 

Shear connector Plan view 
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2.5.3 Anchorage Connection 

Anchorage between the diaphragm and the vertical elements such as shear walls, moment 

frames transfers the diaphragm lateral load to the vertical elements. Generally, anchorage 

connection detail includes welding of the cover plate to the connection embedded in the 

walls. 

 

Fig 2-8. Anchorage connection in a precast structure. 

2.6 Current Seismic Diaphragm Design 

The role of the diaphragm is to resist the gravity loads and transfer the inertial forces to 

LFRS. The design of the diaphragm is described in the current seismic design code, ASCE 

7. Equivalent lateral force procedure (ELF) is used to calculate the diaphragm design 

forces. These diaphragm design forces are used to design the primary components of the 

diaphragm: flexural chords, shear connectors, and anchorages (Fleischman 2013). 

Base shear (Vb) is distributed over the height of the structure to each floor as shown in Fig 

2-9. These distributed forces, Fx is used for the design of vertical elements of LFRS. The 

base shear and diaphragm design forces, Fpx are calculated as shown in Eq. 2.1 and Eq. 2.2 

respectively. 

Precast 
panel 

Shear wall 

Anchorage 
connection 
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(a) 

 

(b)

 

(c)               (d) 

 

Fig 2-9. Design forces for LFRS and diaphragms: (a) Structure; (b) Model; (c) Forces for 

LFRS; and (d) Forces for diaphragm design 

The base shear (ASCE7-10) is calculated as: 

Vb=
𝑆𝐷𝑆
𝑅

𝐼𝐸
⁄

𝑊               (Eq. 2.1) 

where SDS is an attenuation parameter that varies according to soil conditions and the 

structures fundamental period, R is a response modification factor that reflects the 

structural behavior of the LFRS, and IE is an importance factor based on building use. 

The diaphragm design forces are calculated as  

𝐹𝑝𝑥 =
∑ 𝐹𝑖

𝑛
𝑖=𝑥

∑ 𝑤𝑖
𝑛
𝑖=𝑥

𝑤𝑝𝑥                (Eq. 2.2) 

where wi and wpx are the effective seismic weight at level i and tributary weight at Level x, 

Fi is the lateral seismic force given by: 

𝐹𝑖 =
𝑤𝑥ℎ𝑥

𝑘

∑ 𝑤𝑖
𝑛
𝑖=𝑥 ℎ𝑖

𝑘 𝑉𝑏     (Eq. 2.3) 

where wi and wx are the portion of the total effective seismic weight of the structure (W) 

located or assigned to Level i or x, hi and hx are the height from the base to Level i or x, k 

is an exponent related to the structure period. 
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The diaphragm design force is also limited by the lower bound Eq. 4.4 and upper bound 

Eq. 4.5 as below: 

𝐹𝑝𝑥 ≥ 0.2𝑆𝐷𝑆𝐼𝐸𝑤𝑝𝑥    (Eq. 2.4) 

𝐹𝑝𝑥 ≤ 0.4𝑆𝐷𝑆𝐼𝐸𝑤𝑝𝑥    (Eq. 2.5) 

2.7 Recent Precast Panel Diaphragm Research 

After the 1994 Northridge earthquake, diaphragm damage was observed in several precast 

concrete structures (Wood et al. 2000). It revealed that significant improvements are 

required in the current design practice for the precast diaphragms. New provisions for 

designing web reinforcement are introduced in the 1997 UBC, the 2000 IBC, and the 1999 

ACI building codes. These provisions were introduced to reduce the potential of similar 

structural damage in the future earthquakes. While some changes have been made in the 

mentioned building codes, researchers and practitioners agreed on additional research 

studies need to be conducted on the seismic behavior of the precast diaphragm structures 

(Nakaki 2000). This section summarizes the recent research on the seismic behavior of the 

precast diaphragm structures. 

The precast parking structures were subjected to severe damage during the 1994 Northridge 

earthquake (See Fig 2-10)( Iverson et al. 1994). Most of the damage was noticed in gravity 

system and not in lateral system. The greatest damage in the precast parking garage was in 

collector elements carrying diaphragm force to lateral load resisting system (Iverson et al. 

1994). The failure of parking garage structures during the 1994 Northridge earthquake was 

also likely due to the inadequate diaphragm strength and diaphragm stiffness (Wood 2000) 

(Fleischman 1998). 
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(a)   

       

(b)   

 

Fig 2-10. Damage of precast structures during the 1994 Northridge earthquake: (a) 

Severe damage to the parking structure; (b) Damage of precast panel with Intact Lateral 

support. 

Rodriguez et al (2002) performed a floor acceleration analysis for a regular building under 

earthquake (Rodriguez et al. 2002). The findings showed that the design forces 

underestimate the actual forces in the structure. A method to find an amplified design force 

based on modal response was proposed. 

A previous research on Precast Diaphragm Seismic Design Methodology (DSDM) project 

(Zhang 2010) identified that majority of the conventional failure is in the brittle fracture 

mode. The project conducted an analytical and experimental research on an enhanced 

connection detail to improve the performance of typical connections (Zhang 2010) 

(Fleischman et al. 2005). 
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CHAPTER THREE: FLOATING PANEL SYSTEM (FPS) CONCEPT 

 

3.1 Concept 

During an earthquake, the highest loaded shear connector is at the edge and the highest 

loaded moment is in the middle (See Fig 3-1 (a)). Therefore, a need of strong shear 

connection at the edge joint and a strong flexural connection at the middle joint is 

recognized.  

 

Fig 3-1. Components of a Precast diaphragm: (a) Diaphragm plan with chords and shear 

connectors; (b) location of chords and shear connectors (Fleischman et al. 2005). 
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An innovative connection technique for the precast panels termed as ‘Floating panel system 

(FPS)’ in the structure such as parking structure is being proposed to reduce the seismic 

demands during an earthquake. The idea of the FPS is to introduce flexibility in the 

diaphragm to allow some relative movement between the panels. The relative movement 

between each panel will prevent the system from generating high diaphragm forces during 

a seismic event.  The FPS attempts to lower the forces in the structure through the 

connections that have lower strength than the strength required by the diaphragm.  The 

special connections use this weak connection at every joint. FPS proposes to limit the 

forces both shear along the panel and tension forces associated with the panel opening due 

to diaphragm moment. 

(a) 

 

(b) 

 

Fig 3-2. Schematic of Precast diaphragm floor: (a) Precast Panel with the location of 

flexural chords and shear connectors; (b) Precast panel connection under an Earthquake. 

3.2 Objectives 

The main objective of the FPS is to: 

1. Lower forces in the structure during an earthquake by lowering the strength of the 

flexural chords and the shear connectors. 
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2. Have the displacement to an acceptable practical range. 

3. Lower the acceleration in the panels during a seismic event. 

4. Increase the energy dissipation in the system. 

3.3 Design of FPS 

The design of FPS consists of calculating the stiffness of FCs and SCs. For our study, a 

typical, normal weight T-beam with section 10DT26 is considered. Due to its own weight, 

shear force and the moment at every joint of the system is calculated. Dividing obtained 

moment by distance between FCs in a joint, axial force is calculated. Therefore, the 

stiffness of SCs and FCs are obtained by dividing the shear force and axial force by 

expected displacement in the connectors and chords respectively.  

Finally, the stiffness of each connector is obtained by dividing SCs stiffness by the number 

of connectors in a joint. Similarly, the stiffness of each chord is obtained by diving FCs 

stiffness by the number of chords in a joint. Therefore, the stiffness of FCs and SCs is 

maximum in the middle joint and in the edge joints respectively (See Fig 3-1(a)). The total 

number of SCs obtained from the calculation for our study is eleven with the two FCs on 

the edge of each panel. 

A dimensionless parameter termed as “Alpha” in the dissertation is introduced. Alpha 1.0 

represents the strength of the FCs and SCs design based on design requirements. As alpha 

reduces, the strength of the flexural chords and shear connectors reduces accordingly. 
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3.4 Conceptual Design 

The concept studied in this research consist of two major components: flexural chords and 

shear connectors. 

Flexural chords are located at the extreme ends of the precast panels as shown in Fig 3-3. 

During an earthquake excitation, they deform axially and dissipated the energy created via 

friction between the two plates.  

Shear connectors have the same concept as flexural chords as it dissipated energy via 

friction between two plates. The location of shear connectors between two extreme flexural 

chords. They deform axially along the gap of the panels. 

 

Fig 3-3. Conceptual design of a proposed floating panel system. 
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Both flexural chords and shear connectors consist of a flexural plate and a shear plate (See 

Fig 3-4). The length of a gap in the flexural plate is designed based on a flexural demand 

in the diaphragm. Similarly, the length of a gap in the shear plate is designed to take account 

of a shear demand in the diaphragm.  

  

Fig 3-4. (a) Flexure plate; (b) Shear plate. 

The flexural chord and shear connector consist of a combination of the flexural plate and  

the shear plate (See Fig 3-5). A bolt is placed in the middle of the gaps such that the plates 

permit both sliding and axial deformation. 

  

Fig 3-5 Connections: (a) flexural chord and shear connector; (b) Connection with flexural 

plate hidden.  
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CHAPTER FOUR: TWO DIMENSIONAL (2D) PARAMETRIC 

STUDY OF FPS FOR PRECAST CONCRETE STRUCTURE 

 

4.1 Description of 2D Parametric Study 

4.1.1 Evaluation Structure 

The evaluation structure for the 2D parametric study consists of 200ft and 100ft long 

structure. The 2D evaluation structure was considered to study the in-plane response of the 

FPS. The evaluation structure was modeled using finite element software, ANSYS. The 

plan view of 200ft 2D evaluation structure is shown below. The model is constraint using 

a simply supported boundary condition.  

 

Fig 4-1. Plan view of 2D evaluation structure. 
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4.1.2 Diaphragm Design 

For the diaphragm design, 10DT26 normal weight double tee (DT) is considered based on 

the plan view of the evaluation structure. The dimension and details of 10DT26 are 

obtained from PCI handbook, 6th edition. A gap of 0.5 inches is considered for the 

connectors between each DT. Shear force and bending moment for the structure based on 

its self-weight is calculated for the design of shear and flexural connections. Edge distance 

of 2 ft is considered for the flexural chords, with a distance of 5ft between shear connectors. 

Hence, eleven shear connectors were required per joints for the 2D evaluation structure. 

Based on the calculated shear force and bending moment, stiffness for the flexural chords 

and shear connectors are calculated respectively. Therefore, the stiffness of the shear 

connector is maximum for the edge joint, and minimum for the middle joint. Similarly, the 

stiffness of the flexural connector is maximum for the middle joint, and minimum for the 

edge joint. 

 
Fig 4-2. Schematic diagram of 2D Evaluation structure. 

4.1.3 Ground Motions 

The 2D evaluation structure is subjected to a slow dynamic analysis. Berkeley earthquake 

DBE is also selected as a ground motion subjected to the 2D evaluation structure. 
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Earthquake is applied in the transverse direction only (See Fig 4-2). Period of the structure 

with a diaphragm length of 200ft and 100ft is 0.445sec and 0.213 sec respectively as shown 

in Fig 4-3 (a) below. Fig 4-3 (b) shows the time history of the Berkeley earthquake.  

  

Fig 4-3. (a) Response spectrum of the Berkeley earthquake (DBE); (b) Time history of 

the Berkeley earthquake. 

4.2 Design Parameters 

The key design parameters considered for the study of the 2D evaluation structure include 

the reduction in the strength from the current design level for the flexural chords and shear 

connectors (alpha), the relative strength of the flexural chords to shear connectors (αf :αv), 

the variation of alpha with and without a change in stiffness. 

    

Fig 4-4. Variation of alpha: (a) with a change in stiffness; (b) without a change in 

stiffness. 
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4.3 FE model of 2D Parametric Structure 

The 2D model of FPS is created using the FE analysis program, ANSYS. The diaphragm 

is modeled using 3D elastic shell elements (shell63). The flexural chords and shear 

connectors in every joint are modeled using linear springs (combin14) for the elastic 

structure, and using non-linear springs (combin39) for various alpha cases. A pin 

connection and a roller connection are considered as the boundary condition of the 

evaluation structure. 

 

Fig 4-5. ANSYS model of 2D evaluation structure. 

4.4 General Results 

4.4.1 Effect of varying Alpha 

The 2D evaluation structure was subjected to a slow dynamic analysis in which it was 

accelerated with 0.5 g in the transverse direction. Alpha represents the strength of the 

connection where, alpha =1.0 represents the model designed based on the design code, and 

as the alpha decreases the strength of the connections decreases. Fig 4-6 (a) represents 200 

ft structure and Fig 4-6 (b) represents 100 ft structure. Fig 4-6 shows a gradual increase in 

displacement as alpha decreases from 1.0 to 0.1. 
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Fig 4-6. Increase in mid-displacement as alpha varies (a) 200 ft structure; (b) 100 ft 

structure. 

The 2D evaluation structure was also subjected to Berkeley DBE to study the response of 

the evaluation structure under an earthquake. As the strength of connections reduced for 

different alpha, the stiffness of the connections is varied (See Fig 4-4(b)). Fig 4-8(a) shows 

the decrease in the base shear as alpha reduces.  Fig 4-8(b) shows the reduction of the 

displacement for alpha 1.00, 0.75, 0.50 compared to the alpha elastic case. This is a 

promising result as it shows as the alpha decreases, the displacement is reducing as well up 

to a certain value of alpha.  

The displacement mentioned in all the figures are the mid-panels displacement from its 

original position (See Fig 4-7).  

   

Fig 4-7. Displacement measurement. 

Displacement 
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Fig 4-8. Response 2D evaluation structure: (a) Base shear; (b) Displacement. 

Fig 4-9 (a) shows acceleration response of the structure subjected to Berkeley DBE. Fig 

4-9 (a) shows a reduction in acceleration as alpha is reduced. Fig 4-9 (b) shows the energy 

dissipation response from chords and connectors. The figure shows energy dissipation 

increases as alpha decreases up to 0.50 and starts to decrease for alpha less than 0.50. 

(a)

 

(b)

 

Fig 4-9. Response 2D evaluation structure: (a) acceleration; (b) Energy dissipation. 

4.4.1 Effect of Ratio of the Flexural Chords and the Shear Connectors 

For studying the effect of the alpha flexural (𝛼f ) and the alpha shear (𝛼v) in the structure, 

the slow dynamic analysis was performed. An acceleration of 1g was subjected to the 200ft 

structure. A constant 𝛼v represents 𝛼v=1.0 which is based on design code, and 𝛼f varies 

from 0.1 to 1.0. Similarly, a constant 𝛼f represents 𝛼f=1.0 which is based on design code, 

(a)

 

(b)
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and 𝛼v varies from 0.1 to 1.0. Fig 4-10 shows the effect of 𝛼v  is more to control the 

structure’s displacement. When 𝛼f is constant with varying 𝛼v, the structural displacement 

is reduced compared to constant 𝛼v with varying 𝛼f. 

 

Fig 4-10. Mid displacement for constant alpha shear and alpha flexure. 

Fig 4-11 shows the force and the deformation of the flexural chords and the shear 

connectors. The axial force and opening are the response from two flexural chords of the 

middle joint (See Fig 4-11). The shear force and the sliding are from eleven shear 

connectors from the left edge joint (See Fig 4-11). For the constant 𝛼v, the middle chord’s 

axial force decreases as the alpha decreases, and the flexural deformation of the structure 

occurs as the alpha decreases. For the constant 𝛼f, the structure deformation is controlled 

by the shear deformation as sliding for all the connectors are same with zero axial chords’ 

opening. 
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Fig 4-11. Axial chords and shear connectors response. 

4.4.2 Effect of stiffness while varying alpha 

The effect of a change in stiffness while varying the alpha is studied by comparing the 2D 

evaluation structure model with and without a stiffness change as the alpha changes. Fig 

4-12 shows the base shear and the displacement response comparison. Fig 4-12 (a) shows 

the base shear for the two models are similar as the strength of the connectors remains the 

same. Fig 4-12 (b) shows except alpha 0.75, the displacement for the constant stiffness 

models are less than the varying stiffness models. The displacement for alpha 0.75 for the 

constant stiffness case seems to be greater than alpha 0.50 and alpha 1.00. To understand 

this, global and individual connection response are studied. 
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(a)

 

(b)

 

Fig 4-12. Response comparison: (a) base shear; (b) Displacement. 

Fig 4-13 (b) shows the global response comparison plot for the alpha 1.0, 0.75, 0.5.  For 

the constant stiffness case, the displacement for the alpha 0.50 is less than the alpha 0.75. 

Fig 4-13 (b) (constant stiffness) shows the global displacement response for alpha 0.5 and 

alpha 0.75 have a similar response. Since the strength of alpha 0.50 is less than alpha 0.75, 

the displacement for alpha 0.50 is less than alpha 0.75.  

(a)

 

(b)

 

Fig 4-13. Response comparison: (a) Displacement with data points; (b) Global response. 
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Fig 4-14. shows the displacement time history with the different alpha case for the constant 

and the varying stiffness models. The figure shows the range of residual displacement for 

the various alpha selected. The figure also shows for varying stiffness model, the residual 

displacement is more than the alpha with constant stiffness.                                           

 

Fig 4-14. Displacement time history: (a) Constant stiffness; (b) Varying stiffness. 

Fig 4-15 represents an axial chord response in each joint. The 2D 200 ft evaluation structure 

has 19 joints and 2 axial chords in each joint. Due to symmetry, only one axial chord in 

each joint is shown. Hence, each plot represents 10 joints where blue represents edge joint, 

dark orange represents middle joints, and other colors via color gradient show joints 

between the edge and middle joint. Fig 4-15 shows the axial chord response comparison 

between the model with the varying alpha stiffness and the constant alpha stiffness. The 

figure for the alpha 1.0 and elastic is the same for the model with the constant and the 

varying alpha stiffness. The figure shows the model with constant stiffness have more 

tendency to not return to its original position (particularly alpha 0.25, alpha 0.5 and alpha 

0.75 as seen in the plots). 
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Fig 4-15. Comparison of the axial chords response. 

Fig 4-16 represents a shear connector response in each joint. The 2D 200 ft evaluation 

structure has 19 joints and 11 shear connectors in each joint. Similar to axial chords, due 

to symmetry, only one shear connector in each joint is shown in the figure below. The 

connector of the middle joint is not plotted in the Fig 4-16 as no shear action occurs in the 

middle joint (Joint 10). Fig 4-16 shows the connector near the middle such as in Joint 9 has 

equal or more displacement response compared to connectors in the other joints. 
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Fig 4-16. Comparison of shear connector response. 

4.5 Conclusion 

The constant stiffness models represent the bolted friction connections, and alpha can be 

changed by changing the pretension in the bolts. For the analysis, Berkeley DBE 

earthquake is used. Berkeley along with other 10 spectrum-compatible earthquakes are 

used for the 3D evaluation structure, discussed in Chapter 5. The analytical results when 

the 2D evaluation structure is subjected to the Berkeley earthquake, show that varying 

alpha with constant stiffness helps to reduce the displacement compared to varying alpha 
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with varying stiffness. The range of the residual displacement for the varying stiffness 

models is more than with the constant stiffness models. However, the individual force-

displacement plots for the chords and connectors shows the model with constant stiffness 

has more tendency to not return to its original position. For reducing the residual 

displacement in the structure, few methods of post-tensioning in the structure is being 

proposed in this dissertation which is discussed in Section 5.4.8. 
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CHAPTER FIVE: THREE DIMENSIONAL (3D) PARAMETRIC 

STUDY OF FPS FOR PRECAST CONCRETE STRUCTURE 

 

5.1 Description of 3D Parametric Study 

5.1.1 Evaluation Structure 

A simple precast structure with a rectangular floor plan of 200 ft by 64 ft and 100 ft by 64 

ft is used as the 3D evaluation structure in the parametric study. The floor consists of twenty 

and ten typical, normal weight T-beam with section 10DT26 (each panel is 64 ft by 10 ft). 

The 3D evaluation structure has a 10 ft floor to floor heights. One and four-story structure 

is considered for the analysis. 

The evaluation structure consists of two lateral force resisting system (LFRS) along the 

transverse direction of the structure (See Fig 5-1). The focus of the parametric study is to 

find the in-plane behavior of FPS; therefore, gravity columns are not included. The gravity 
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columns are added in the later analysis (Section 5.4.7). The diaphragm in the FE model is 

constrained in the gravity direction to take account of the absence of the columns. 

 

Fig 5-1. Plan view of evaluation structure. 

5.1.2 Diaphragm Design 

The diaphragm design of the FPS includes the design of the FCs and the SCs. The 

maximum shear and the moment are calculated for 200 ft and 100 ft long, one-story and 

four-story structure. The calculation of the maximum shear force and the moment for the 

200 ft long one-story structure is shown in section 3.3. Table 5-1 and Table 5-2 show the 

calculation of stiffness of the shear connectors and the axial chords in a one-story structure 

for 200 ft (20 individual panels) and 100 ft (10 individual panels) long diaphragm 

respectively. Similarly, Table 5-3 and Table 5-4 show the calculation of stiffness of the 

shear connectors and the flexural chords in a four-story structure for 200 ft and 100 ft long 

diaphragm respectively.  The obtained shear force and the moment are distributed along 

the length of the structure and the corresponding stiffness are obtained as shown in the 

tables below. Due to symmetry, only half of the joints calculation is shown.  
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One story: 

Table 5-1: Stiffness calculation of shear connectors and flexural chords (200ft). 

Joint 1 2 3 4 

Shear Force 415 369 323 277 

Force/connector 38 34 29 25 

Stiffness (kshear) 755 671 587 503 

Moment  4400 8337 11811 14821 

Ratio (M/Max. M)                      0.19 0.36 0.51 0.64 

Force in chords 71 134 190 239 

Stiffness (kaxial) 1419 2689 3810 4781 

(Continued) 

Joints 5 6 7 8 9 10 
Shear connectors 

Shear Force 231 185 138 92 46 1 
Force/connector 21 17 13 8 4 0 
Stiffness (kshear) 419 336 252 168 83.9 2 

Flexural chords 
Moment  17369 19453 21074 22232 22927 23158 
Ratio (M/Max. M)                      0.75 0.84 0.91 0.96 0.99 1.00 

Force in chords 280 314 340 359 370 374 

Stiffness (kaxial) 5603 6275 6798 7172 7396 7470 

 

Table 5-2: Stiffness calculation of shear connectors and flexural chords (100ft). 

 Joint 1 2 3 4 5 

Shear connectors 

Shear Force 184 138 92 46 1 

Force/connector 17 13 8 4 0 

Stiffness (kshear) 335 252 168 84 2 

 

Flexural chords 

Moment  2083 3704 4861 5556 5787 

Ratio (M/Max. M)                      0.36 0.64 0.84 0.96 1.00 

Force in chords 34 60 78 90 93 

Stiffness (kaxial) 672 1195 1568 1792 1867 
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Four story: 

Table 5-3: Stiffness calculation of shear connectors and flexural chords (200ft). 

Joints 1 2 3 4 

Shear connectors 

Shear Force 357 317 278 238 

Force/connector 32 29 25 22 

Stiffness (kshear) 649 577 505 433 

Flexural chords 

Moment  3782 7165 10151 12738 

Ratio (M/Max. M)                      0.19 0.36 0.51 0.64 

Force in chords 61 116 164 205 

Stiffness (kaxial) 1220 2311 3274 4109 

(Continued) 

Joints 5 6 7 8 9 10 
Shear connectors 

Shear Force 198 159 119 79 40 1 
Force/connector 18 14 11 7 4 0 
Stiffness (kshear) 360 288 216 144 72 2 

Flexural chords 
Moment  14928 16719 18112 19107 19704 19903 
Ratio (M/Max. M)                      0.75 0.84 0.91 0.96 0.99 1.00 

Force in chords 241 270 292 308 318 321 

Stiffness (kaxial) 4815 5393 5843 6164 6356 6420 

Table 5-4: Stiffness calculation of shear connectors and flexural chords (100ft). 

Joints 1 2 3 4 5 

Shear connectors 

Shear Force 164 123 82 41 1 

Force/connector 15 11 7 4 0 

Stiffness (kshear) 298 224 149 75 2 

Flexural chords 

Moment  1852 3292 4321 4938 5144 

Ratio (M/Max. M)                      0.36 0.64 0.84 0.96 1.00 

Force in chords 30 53 70 80 83 

Stiffness (kaxial) 597 1062 1394 1593 1659 

 

Fig 5-2 shows force-deformation based on stiffness calculation (Table 5-1) for an elastic 

system based on the design code. Similarly, Fig 5-3 shows force-deformation based on 

stiffness calculation (Table 5-1) for a non- linear alpha case which represents alpha = 1.00. 
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Fig 5-4 shows a force-deformation backbone of the flexural chord (middle joint) and shear 

connector (edge joint) for the different alpha case.  A secondary stiffness with slope 1% is 

added for all the non-linear model of FPS. 

  

Fig 5-2. Force vs Deformation backbone (Elastic): (a) Shear connectors; (b) Flexural 

chords. 

   

Fig 5-3. Force vs Deformation backbone (Alpha=1.0): (a) Shear connectors; (b) Flexural 

chords. 
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Fig 5-4. Force vs Deformation backbone (varying alpha); (a) Edge shear connectors; (b) 

Middle flexural chords. 

5.1.3 LFRS Design 

The design of LFRS for the evaluation structure is based on ASCE 7-05. The site 

considered is Berkeley, CA with a structure designed for SDC E (Ss=2.08, S1=0.92). The 

shear wall in the transverse direction is special reinforced concrete (RC) shear wall (R=5, 

0=2.5, Cd=5). The equivalent lateral force calculation is shown in  

Table 5-5. 

Table 5-5: Calculation of Equivalent Lateral Forces for one story structure 

Story hx (ft) Wx (kips) Wx hx
k Cvx Fx (kips) Fpx (kips) V (kips) M (k-ft) 

1 10 905 9050 1 251 251 251 2510 

Table 5-6: Calculation of Equivalent Lateral Forces for four-story structure. 

Story hx (ft) Wx (kips) Wx hx
k Cvx Fx (kips) Fpx (kips) V (kips) 

M (k-

ft) 

4 40 1788 71520 0.400 793 793 793 7934 

3 30 1788 53640 0.300 595 536 1388 21818 

2 20 1788 35760 0.200 397 523 1785 39670 

1 10 1788 17880 0.100 198 496 1983 59505 

Sum  7152 178800 1 1983  5950  

The bar size and spacing for the boundary and the web are design based on ACI 318. Fig 

5-5 (a) shows the shear wall base detail of the one-story structure.  Fig 5-5 (b) shows the 

(a) (b) 
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moment-curvature response at the shear wall base for the one-story structure where the 

dotted line represents the backbone used in the FE analysis. 

 

 

 

Fig 5-5. Shear wall design of a one-story structure: (a) Reinforcement detailing; (b) 

Moment capacity of the shear wall. 

  

 

Fig 5-6. Shear wall design of a four-story structure: (a) Moment capacity of the shear 

wall; (b) Moment capacity of the shear wall with an over-strength of two; (c) 

Reinforcement detailing. 
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5.1.4 Ground Motions 

A suite of ten spectrums-compatible earthquakes (See Fig 5-7) with different frequency 

contents are selected to take the uncertainties into account. A non-linear time history 

analysis (NTHA) of the 3D structure models subjected to design intensity ground motions 

is performed. The earthquakes are applied in the transverse direction only (See Fig 3-2(a)). 

Period of the one-story structure with a diaphragm length of 200ft and 100ft is 0.45sec and 

0.22 sec respectively as shown in the figure below.  

   

Fig 5-7. Response Spectrum of ten spectrum-compatible earthquakes. 

 

Fig 5-8. Time history of selected ground motion. 
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Table 5-7. Selected response compatible earthquake for the FE analysis (Schoettler, 

2005) 

EQ ID 
ID 

NEESR  

ID 

PEER 
Event  Mag. Year Record 

EQ1 1 4 Kobe Japan 6.9 1995 Shin-Osaka 

EQ2 2 7 Kocaeli Turkey 7.5 1999 Duzce Duzce 

EQ3 3 8 Kocaeli Turkey 7.5 1999 Duzce Duzce 

EQ4 14 34 Loma Prieta 6.9 1989 Gilroy Array #3 

EQ5 8 19 Imperial Valley 6.5 1979 Delta 

EQ6 9 20 Imperial Valley 6.5 1979 Delta 

EQ7 11 27 Superstition Hills 6.5 1978 El Centro Imp. Co. Cent 

EQ8 13 30 Superstition Hills 6.5 1978 Poe Road (temp) 

EQ9 15 35 Cape Mendocino 7 1992 Rio Dell Overpass - FF 

EQ10 18 42 Northridge 6.9 1994 Beverly Hills - 14145 Mulhol 

(Continued.) 

EQ ID Component SSE_in SEE_out Scale Factor 

EQ1 SHI090 6.83 59.71 1.66 

EQ2 DZC180 3.33 98.14 1.53 

EQ3 DZC270 9.72 65.33 0.93 

EQ4 G03090 8.70 95.07 1.40 

EQ5 H-DLT262 7.45 95.97 1.90 

EQ6 H-DLT352 6.66 71.81 1.28 

EQ7 ICC000 4.66 74.57 1.42 

EQ8 B-POE360 1.12 111.55 1.97 

EQ9 RIO270 7.74 68.18 1.27 

EQ10 MUL279 6.53 65.05 0.71 

5.2 Design Parameters 

The key design parameters include the reduction in strength from the current design level 

for the flexural chords and the shear connectors (alpha), the relative strength of the chords 

to the shear connectors (αf :αv), the number of stories (N), the aspect ratio (AR), the 

distribution of strength reduction across the panel, and the distribution of strength reduction 

along the structure.  

Elastic structure represents traditional structure. Alpha = 1.0 represent structure with 

connections strength required in the diaphragm design. As alpha reduces, such as alpha 
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0.75 represents connection with strength of 75% of strength required in the diaphragm 

design. The elastic system has the maximum strength, and the system with any alpha value 

have a strength less than the elastic system. Fig 5-9 shows the reduction of strength in the 

FPS with stiffness remaining constant. 

 

Fig 5-9. Models with varying alpha. 

To study the influence of key design parameter on the behavior of FPS, design parameter 

combination is prepared and studied. The design parameters combination for our study are 

shown in the tables below: 

Table 5-8: Design parameters for Study I- Varying alpha; Varying aspect ratio. 

EQ 
Design 

combination 

Geometry Actual 

Alpha 
αv/αf (αv : αf) 

L (ft) AR N 

DBE 

I-1 200 3 1 elastic - 

I-2 200 3 1 0.75 1 (0.75: 0.75) 

I-3 200 3 1 0.50 1 (0.50: 0.50) 

I-4 200 3 1 0.25 1 (0.25: 0.25) 

I-5 200 3 1 0.15 1 (0.15: 0.15) 

I-6 200 3 1 0.10 1 (0.10: 0.10) 

I-7 100 1.5 1 elastic - 

I-8 100 1.5 1 0.75 1 (0.75: 0.75) 

I-9 100 1.5 1 0.50 1 (0.50: 0.50) 

I-10 100 1.5 1 0.25 1 (0.25: 0.25) 

I-11 100 1.5 1 0.15 1 (0.15: 0.15) 

I-12 100 1.5 1 0.10 1 (0.10: 0.10) 

Alpha 1.0 

Displacement 

F
o

rc
e 

Alpha elastic 

Reduces 
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Table 5-9: Design parameters for Study II- Study on the ratio between the alpha shear 

and the alpha flexure. 

EQ 
Design 

combination 

Geometry Actual 

Alpha 
αv/αf (αv : αf) 

L (ft) AR N 

DBE 

II-1 200 3 1 0.6 1/3 (0.25: 0.75) 

II-2 200 3 1 0.6 1/2 (0.25: 0.50) 

II-3 200 3 1 0.6 1 (0.25: 0.25) 

II-4 200 3 1 0.6 2 (0.50: 0.25) 

II-5 200 3 1 0.6 3 (0.75: 0.25) 

Table 5-10: Design parameters for Study III- Varying alpha. 

EQ 
Design 

combination 

Geometry Actual 

Alpha L (ft) AR N 

DBE 

III-1 200 3 4 Elastic 

III-2 200 3 4 0.75 

III-3 200 3 4 0.50 

III-4 200 3 4 0.25 

III-5 200 3 4 0.15 

III-6 200 3 4 0.10 

III-7 100 1.5 4 Elastic 

III-8 100 1.5 4 0.75 

III-9 100 1.5 4 0.50 

III-10 100 1.5 4 0.25 

III-11 100 1.5 4 0.15 

III-12 100 1.5 4 0.10 

Table 5-11: Design parameters for Study IV- Effect of columns with over-strengthen 

shear wall. 

EQ 
Design 

combination 

Geometry 
Actual 

Alpha 

SW  

over-

strength 

2.0 

Columns 

L (ft) AR N 

MCE 

IV-1 200 3 4 Elastic Y N 

IV-2 200 3 4 0.75 Y N 

IV-3 200 3 4 0.50 Y N 

IV-4 200 3 4 0.25 Y N 

IV-5 200 3 4 0.15 Y N 

IV-6 200 3 4 0.10 Y N 

IV-7 200 1.5 4 Elastic Y Y 

IV-8 200 1.5 4 0.75 Y Y 

IV-9 200 1.5 4 0.50 Y Y 

IV-10 200 1.5 4 0.25 Y Y 

IV-11 200 1.5 4 0.15 Y Y 

IV-12 200 1.5 4 0.10 Y Y 

Note: Y = Yes; N= No 
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5.3 FE model of the FPS 

A 3D model of the FPS is created using the FE analysis program, ANSYS. The slab and 

the shear wall are modeled using 3D elastic shell elements. A non-linear one-directional 

rotational spring (combin39) is used at the base of the shear wall. The non-linear properties 

used for the shear wall are discussed in section 5.1.3. The design of the shear wall is input 

in Xtract to get moment curvature of the shear wall. The unidirectional spring along with 

the flexural and the shear spring is used representing the FCs and the SCs in the FE model. 

The shear wall is connected to a fixed base via zero length rotational spring. One end of 

the rotational spring is connected to the base of the shear wall and the other end is fixed. 

The translational degree of freedom (X and Z direction) is coupled between the common 

nodes of the shear wall and the floor diaphragm. 

Each joint contains two flexural chords at the extreme ends and eleven shear connectors 

between the two flexural chords. The stiffness of the shear connectors is maximum at the 

edge joint, and the stiffness of the flexural chords is maximum at the middle joint (See Fig 

5-10 (b); Fig 5-10 (c)). 

 

Fig 5-10.(a) FE model of the FPS and the shear wall with rotational spring at the base; (b) 

Joint’s stiffness distribution of FCs and (c) SCs.  
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Fig 5-11 shows the location of columns in the 200 ft four story structure. 12-inch columns 

are used with spacing as shown in the Fig 5-11. Fig 5-12 shows the finite element model 

of four-story 200 ft structure. The FE model consists of sixteen columns, two shear walls, 

eleven shear connectors in each joint, and two flexural chords in each joint. The response 

from structures with columns and without columns are compared, and is studied in Section 

5.4.7. 

 

Fig 5-11. Location of columns in the 200 ft structure. 

 

Fig 5-12. FE model of four-story structure with columns and shear walls. 
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5.4 General Results 

5.4.1 Effect of Alpha 

For the design parameter for Study I (Table 5-8), alpha is varied from 0.1 to 0.75. All the 

results shown in this section 5.4.1 is from the 200 ft structure. The elastic model in the 

figures below represents the elastic system with the design based on the code and as alpha 

is reduced, design strength of the system (flexural chords and shear connectors) is reduced 

as per the value of alpha. The figures below show the response from the ten-compatible 

earthquakes and their mean. Fig 5-13.(a) shows the base shear decreases as the system 

becomes weaker. Fig 5-13.(b) shows the maximum mid-displacement of the structure 

increases with a decrease in alpha. The average maximum mid-displacement ranges from 

3.3 inches to 7.6 inches. This result suggests the value of alpha to choose should consider 

the acceptable range of displacement in a structure. 

 (a)    

 

(b) 

 

Fig 5-13. FE Model Response DBE: (a) Base Shear; (b) Maximum middle panel 

displacement. 

Fig 5-14 (a) represents the shear wall displacement corresponding to the time of the 

maximum panel displacement. The figure shows the displacement of the shear wall is much 

elastic elastic 
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more in the elastic case than other alpha cases. Fig 5-14 (b) shows the net displacement of 

the panel which is value obtained by subtracting the corresponding shear wall displacement 

from the maximum panel displacement. The figure shows net panel displacement for the 

alpha 0.5 and the alpha 0.75 is less than the elastic model. Fig 5-15 shows the average value 

of mid panel displacement, corresponding shear wall displacement and net displacement. 

(a)

 

(b)

 

Fig 5-14. FE Model Response DBE: (a) Corresponding shear wall displacement; (b) Net 

panel displacement. 

 

Fig 5-15. FE Model displacement Response DBE. 

Fig 5-16 shows the maximum shear wall displacement and the base rotation of the shear 

wall. The base rotation is obtained directly from the rotation of the base spring. The base 

elastic 

elastic 

elastic 
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rotation can also be calculated from maximum shear wall displacement divided by shear 

wall’s height (10 ft), which matched the rotation obtained directly from the rotational 

spring. 

(a) 

 

(b)

 

Fig 5-16. FE Model Response DBE: (a) Maximum shear wall displacement; (d) Shear 

wall base rotation. 

Fig 5-17.(a) shows the decrease in average acceleration with a decrease in alpha. This 

figure shows the FPS can reduce acceleration along with the base shear. Fig 5-17.(b) shows 

the increase in energy dissipation of the FPS compared to the elastic system which has no 

energy dissipation in the system.  

(a)

 

(b)

 

Fig 5-17. FE Model Response: (a) Acceleration; (b) Energy Dissipation. 

elastic elastic 

elastic 
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5.4.1.1 Residual displacement 

Residual displacement refers to the location of structure component at the end of an 

earthquake excitation. Some of the maximum displacement of the panels is affected by 

residual displacement of either the shear walls or the panels or the combination of both 

shear walls and panels. This section shows the residual displacement contributed by panels, 

shear walls and net residual displacement. For the study, one story 200 ft structure 

subjected to 10 response compatible earthquakes is considered. 

 

Fig 5-18. Residual displacement. 

a. Panel residual displacement  

The panel residual displacement refers to the end displacement of the mid panel (Panel + 

shear wall) from its original location. Fig 5-19 shows the residual panel displacement when 

the structure is subjected to 10 earthquakes for each alpha case. Therefore, each alpha has 

10 responses from the 10 earthquakes. The figure shows the residual displacement 

increases as the alpha decreases. As the structure becomes more flexible it is more difficult 

for the panels to return to its original position. 
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Fig 5-19. Panel residual displacement. 

a. Shear wall residual displacement 

Fig 5-20. shows the residual displacement of the elastic structure is maximum compared 

to the various alpha cases. As the alpha decreases, the shear wall residual displacement 

seems to decrease. 

 

Fig 5-20. Shear wall residual displacement. 

b. Net residual displacement 

The net residual displacement refers to the displacement remaining after subtracting the 

shear wall residual displacement from the total panel displacement. The net residual 
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displacement can also be termed as the panel residual displacement with respect to the 

shear walls. Fig 5-21 shows the net residual displacement for the alpha 0.5 and less are 

very similar to the panel residual displacement as the shear wall residual displacement for 

those cases are close to zero. For the elastic case, the net residual displacement is close to 

zero. 

 

Fig 5-21. Net residual displacement. 

5.4.2 Effect of Ratio of Flexural Chords and Shear Connectors 

The various ratios of alpha shear to alpha flexure is taken into consideration for studying 

the effect of ratio of alpha of shear connectors to flexural chords as shown in Table 5-9. 

Fig 5-22.(a) shows the mean base shear increase when the ratio of the alpha shear to the 

alpha flexure (AS/AF) is not equal. Though the base shear seemed to increase, Fig 5-22.(b) 

shows the maximum mid-displacement seemed to reduce for various ratios of AS/AF other 

than 1.0. The figure shows the net displacement is reduced for AS/AF > 1.0 compared to 

AS/AF < 1.0. 
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(a) 

  

(b)  

 

Fig 5-22. FE Model Response for varying alpha shear and alpha flexure: (a) Base shear; 

(b) Maximum middle joint displacement. 

Fig 5-23 shows the global deformation contribution by the flexural springs, the shear 

springs, and the panels’ deformation. This shows contribution in the deformation of the 

structure by the shear connectors is more than by the flexure springs for ratio AS/AF < 1.0. 

Similarly, the flexural springs contribute more than the shear connectors for AS/SF > 1.0. 

This shows when the shear spring is strong the deformation is controlled by flexure and 

when the flexural spring is strong, deformation is controlled by shear. 

                                             

Fig 5-23. Global deformation contribution by various parts of FPS. 

Fig 5-24 (a) shows the acceleration is minimum when AS/AF = 1.0. The acceleration for 

AS/AF < 1.0 is less compared to AS/AF > 1.0. Fig 5-24 (b) shows the energy dissipation 

Global 

Flexural 

chords 

Shear 

connectors 
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of the flexural chords is close to zero for a ratio of AS/AF of 1/2 and 1/3. Similarly, the 

energy dissipation of the shear connectors are close to zero for the ratio of AS/AF of 2/1 

and 3/1.  The reason for the zero-energy dissipation of the shear connectors and the flexural 

chords for the specified ratio is explained below. 

(a) 

 

(b)

 

Fig 5-24. FE Model Response for varying alpha shear and alpha flexure: (a) Acceleration; 

(b) Energy Dissipation. 

The models with a ratio of AS/AF of 1/3 and 2/1 are considered to investigate the zero-

energy dissipation response of the flexural chords and the shear connectors respectively. 

Fig 5-25 shows the result from the model AS/AF ratio of 1/3. The flexural strength of this 

model has increased by three times compared to the model AS/AF ratio of 1/1. The flexural 

chords response of the model lies within the elastic range, hence providing no energy 

dissipation in the system (See Fig 5-25 (b)) whereas the shear connectors in the structure 

are dissipating energy (See Fig 5-25 (a)).  

Flexural chords 
Shear 

connectors 
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Fig 5-25. Model AS/AF of 1/3 - Force vs. deformation: (a) Shear connectors; (b) Flexural 

chords. 

Fig 5-26 shows the result from the model with the ratio AS/AF = 2/1.  The strength of the 

shear connectors is doubled, whereas the strength of the flexural chords is constant 

compared to the model with AS/AF ratio of 1/1. The flexural chords are dissipating energy 

(See Fig 5-26 (b)) whereas the shear connectors in the middle joint (Joint 10) are only 

contributing in dissipating the energy in the system (Fig 5-26 (a)). Hence, the flexural 

chords are dissipating energy whereas the shear connectors are dissipating energy close to 

zero. 

  

Fig 5-26. Model AS/AF of 2/1 - Force vs. deformation: (a)Shear connectors; (b)Flexural 

chords. 
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Table 5-12 sums up the effect of the ratio of the shear connectors to the flexural chords. 

Green dots represent the models with the lowest response for the base shear, the 

displacement, and the acceleration. They also represent the models with the highest energy 

dissipation. From the table below, the models with greater axial strength ratio have medium 

to best response whereas for the models with ratio 1/1 and greater shear strength ratio have 

both best and least responses. 

Table 5-12: Ratio of the shear connectors to flexural chords on the various structural 

response.  

                                                                                       

                                                               

5.4.3 Effect of Aspect Ratio 

The aspect ratio (AR) of 3.0 and 1.5 represent 200 ft and 100 ft long structure respectively. 

Fig 5-27.(a) shows a slight reduction ~9% in the base shear. Fig 5-27.(b) shows the 

maximum mid-displacement of the model with AR of 1.5 is close to half of the maximum 

mid-displacement of the model with AR 3.0. This shows the aspect ratio as an important 

aspect in reducing maximum in-plane mid-displacement.  
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     (a) 

     

   (b) 

      
  

Fig 5-27. FE Model Response for varying aspect ratio: (a) Base shear; (b) Maximum 

middle joint displacement. 

 

Fig 5-28. FE Model displacement response for varying aspect ratio 

Fig 5-29.(a) shows the trend of the maximum acceleration in both the aspect ratio models 

have close values and are decreasing. However, a slight decrease in the acceleration for the 

aspect ratio 1.5 compared to the aspect ratio 3.0 can be seen. Fig 5-29.(b) shows the energy 

dissipation by the flexural chords and the shear connectors. The solid line in the Fig 5-27 

represents the AR of 3.0, and the dash line represents the AR of 1.5. Fig 5-29.(b) shows 

the flexural chords dissipated more energy compared to the shear connectors.  
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(a) 

 

(b) 

 
Fig 5-29. FE Model Response for varying aspect ratio: (a) Acceleration; (b) Energy 

dissipation. 

5.4.4 Comparison models with and without shear wall 

For the comparison of the models with and without the shear walls, Berkeley earthquake 

(DBE) is used. The model of length 200 ft is considered. Fig 5-30 (a) shows a huge 

difference in base shear for elastic and alpha 1.0 models. The reason for the elastic and the 

alpha 1.0 model to not match the model without the shear walls are discussed below. Fig 

5-30 (b) shows the displacement for the model with the shear walls is more compared with 

the model without the shear walls. The displacement for the model with the shear walls 

contains the displacement of the shear wall as well.  

  

Fig 5-30. FE model response comparison with and w/o shear wall: (a) Base shear; (b) 

Displacement. 
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Fig 5-31(a) shows a slip in the displacement for the elastic and the alpha 1.0 one-story 

model with the shear walls. The time history of mid-panel and shear wall is checked to 

know the cause of the slip. 

(a) 

 

(b) 

          

Fig 5-31. Global response: (a) Elastic (b) Alpha 1.0. 

Fig 5-32 shows for the alpha 1.0 and the elastic models, the shear walls do not return to its 

original position. For all other alpha models, the shear wall is self-centering whereas the 

mid-panels do not return to its original position. Fig 5-32 shows the slip in global 

displacement for the elastic and alpha 1.0 models is caused due to shifting of the shear 

walls.  

 

Fig 5-32. Displacement time history for models with the shear walls. 

B
as

e 
sh

ea
r 

(k
ip

s)
 



81 

 

Fig 5-31 (b) shows a bulge in the global response of the structure. To study the reason for 

the bulge, time history of the flexural chords and the shear connectors is studied. Fig 5-33 

represents chords deformation time histories for joint 1 to joint 10. Each joint has two plots 

in it which represent two axial chords of each joint. The response of those chords is equal, 

and opposite which shows when one end is in tension, another end is in compression. Fig 

5-34 represents connectors deformation time histories for joint 1 to joint 10. Fig 5-34 shows 

joint 9 has two big slip of sliding.  

 

Fig 5-33. Deformation time histories of chords for alpha 1.0 model. 

 

Fig 5-34. Deformation time histories of connectors for alpha 1.0 model. 

The time of the bulge was noted, which was 18.94 sec to 19.07 sec and, 23.36 sec to 23.46 

sec. The time was checked with the sliding time histories of shear connectors at Joint 9. 
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The bulging in the global response was found to be at the same time when the shear 

connectors slipped.   

(a) 

 

(b)

 

Fig 5-35. Model alpha 1.0: (a)Global response; (b) connector’s deformation time history 

Joint 9.  

5.4.5 Effect of stronger shear walls 

As discussed in the previous section, a decrease in the base shear for the one-story models 

was much lesser than compared to no shear wall models. The shear walls are made stronger 

by increasing the over-strength of the shear wall to 2.0. Fig 5-36 shows comparison plot of 

the base shear response of the model with and without the stronger shear walls. 

 

Fig 5-36. Base shear response comparison. 

Time:18.94 sec 

Time:19.07 sec 

w/ strong shear wall 

regular shear wall 
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5.4.6 Effect of Number of Story 

A four-story structure is considered to study the response of the FPS in the multi-story 

structure. The connection is designed for the highest diaphragm force i.e. roof diaphragm 

force for all the story. Therefore, the alpha shown represents the alpha for all the story. The 

ten-response compatible earthquakes, both DBE and MCE are used for the analysis. For 

the study, the shear walls of over-strength 2.0 are considered. Fig 5-37 shows the mean 

base shear and vertical profile of mid-panel displacement for 200 ft structure.  

(a)

 

(b)

 

Fig 5-37. Four-story 200ft structure DBE response: (a) Base shear; (b) Mid panel 

displacement.  

Fig 5-38 shows the mid-panel displacement for each story. The figure shows the 

displacement for the models with alpha 0.5 and alpha 0.25 for all stories are close or less 

compared to the displacement for the elastic case.   
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Fig 5-38. Mid-panel displacement response of each story. 

Fig 5-39 shows the diaphragm force profile at each story. The figure shows as alpha reduces 

diaphragm forces reduces for all story and reduces significantly for the fourth and first 

story.  

 

Fig 5-39. Diaphragm force profile. 

Fig 5-40 shows the inter-story drift of the 200 ft structure. Each plot shows the inter-story 

drift response when subjected to the ten response compatible earthquakes along with its 

mean value. For the comparison purpose, the mean inter-story drift is plotted in a single 

plot (See Fig 5-41 (a)). Fig 5-41 (a) shows as the alpha is decreased, the inter-story drift 

for 1st story increases, whereas inter-story drift lowers for most alpha cases for the upper 

stories. From the plot, the models with alpha 0.25 or greater seem to have acceptable inter-
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story drift for DBE earthquakes as an allowable story drift is 2.5% (ASCE 7-10, Table 

12.12-1). 

Fig 5-41 (b) shows the mean acceleration for each alpha model. The figure shows a huge 

reduction in acceleration compared to the elastic model. The figure shows a decrease in 

acceleration as alpha decreases.  

 

Fig 5-40. Inter-story drift response. 

  

Fig 5-41. Four-story 200ft structure DBE response: (a) Inter-story drift; (b) Acceleration. 
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The 3D 200 ft evaluation structure was subjected to the ten response compatible MCE 

earthquakes to study the response of the FPS under the MCE earthquakes. The response of 

the structure under the MCE earthquakes is compared to the response of the structure under 

the DBE earthquakes. All the models have the shear walls with over-strength 2.0. 

Fig 5-42 (a) shows a comparison plot (DBE vs MCE) of the base shear of the four-story 

structure. All the plots are the mean response. The figure shows an almost linear decrease 

in the base shear as alpha decreases.  

Fig 5-42 (b) shows an increase in the displacement as the alpha decreases except for the 

alpha 0.75 DBE where the displacement is close to the displacement from the elastic model. 

  

Fig 5-42. Four-story 200ft structure DBE vs MCE comparison: (a) Base shear; (b) 

Displacement. 

Fig 5-43 shows the comparison of the diaphragm force for each story between DBE and 

MCE. The figure shows the diaphragm force is more in MCE but also the reduction of the 

diaphragm force is more significant in MCE than DBE.  
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Fig 5-43. Four-story 200ft structure DBE vs MCE comparison: Diaphragm force profile. 

Fig 5-44 (a) shows the maximum inter-story drift of the four-story structure. The figure 

shows the inter-story drift for the first story is greater than the rest of the stories. The 

allowable story drift is 2.5% (ASCE 7-10, Table 12.12-1). The figure shows the model 

with the alpha 0.5 or greater has the inter-story drift within the allowable limit. Fig 5-44 

(b) shows the maximum acceleration in each story for various alpha models. The figure 

shows a huge reduction of acceleration for the various alpha models compared to the elastic 

model subjected to both MCE and DBE earthquakes. 

                       

Fig 5-44. Four-story 200ft structure DBE vs MCE comparison; (a) Mid panel 

displacement; (b)Inter-story drift; (c) Acceleration. 
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5.4.7 Effect of Columns (MCE) 

For the simplicity of FE models, columns were not added in the previous FE models. As 

the columns are an essential part of the structure, for the further study columns were added 

and, the effect of adding column was studied.  

The results are the mean response from the 200ft models subjected to the ten response 

compatible earthquakes. Fig 5-45 (a) shows the base shear response for with and 

without(w/o) columns case are close. Fig 5-45 (b) shows a decrease in displacement for 

the models with the columns compared to the models without the columns. Addition of the 

columns shows an improvement in displacement response especially in the lower stories 

such as the first and second story. 

   

Fig 5-45. Four-story 200ft structure with columns vs w/o columns comparison; (a) Base 

shear; (b) Displacement. 

Fig 5-46 shows the mid-panel displacement for each story comparing the response of the 

models with and without the columns. The figure shows the displacement of the models 

with the columns is lower for the first and the second story compared to the displacement 

for the models without the columns. However, for the models with the columns with the 
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alpha 0.15 and the alpha 0.25, the displacement of the fourth story increased compared to 

models without the columns. 

 

Fig 5-46. Four-story 200ft structure displacement comparison for models with columns 

vs w/o columns. 

The inter-story drift and the acceleration for the models with and without the columns are 

compared. Fig 5-47 (a) shows the inter-story drift comparison in which the inter-story drift 

of the first story for the models with lower alpha such as alpha 0.15 and alpha 0.25 reduced 

significantly whereas it increased for the upper stories. Fig 5-47 (b) shows the acceleration 

comparison where the acceleration of the model with the columns seemed to increase (0-

7%). 

(a) 

 

(b) 

 

Fig 5-47. Four-story 200 ft structure with columns vs w/o columns comparison; (a) Inter-

story drift; (b) Acceleration. 
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Fig 5-48 shows the global force vs the displacement for the models with all alpha subjected 

to the ten response compatible earthquakes. The force in the plot represents the base shear 

and the displacement represents the fourth story displacement. The figure shows in most 

of the cases, the system is not coming back to its original position. For clarity, time history 

of the fourth story displacement is plotted (See Fig 5-49). 

 

Fig 5-48. Global response of four-story 200ft MCE (models with columns). 

Fig 5-49 shows the time history of the displacement for all the models with various alpha 

for all the ten earthquakes. During most of the earthquakes, the figure shows as the alpha 

reduces the system fails to come back to its original position. For this reason, displacement 

of FPS is much higher than anticipated. If the system can reduce the residual displacement, 

lower displacement can be achieved. 

For reducing the displacement and for re-centering the panels, post-tensioning in the 

system is introduced (See section 5.4.8) 



91 

 

 

Fig 5-49. Displacement time histories of the four-story 200 ft MCE (models with columns). 

The time history of the fourth story displacement, and the contribution of the flexural 

springs, the shear springs and the panel deformation in the displacement is shown in the 

figures (Fig 5-50 - Fig 5-54) below. The figures show the models with the lower alpha such 

as alpha 0.10, shear is dominating. For the models with alpha 0.25, it shows both shear and 

flexure are contributing equally whereas, for the models with higher alpha such as 0.50 and 

0.75, flexure seems to dominate compared to shear. 



92 

 

 

Fig 5-50. Displacement time histories for the model with alpha 0.10. 

 

 

Fig 5-51. Displacement time histories for the model with alpha 0.25. 

 

Alpha 0.10 

Alpha 0.25 
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Fig 5-52. Displacement time histories for the model with alpha 0.50. 

 

 

Fig 5-53. Displacement time histories for the model with alpha 0.75. 

 

Alpha 0.50 

Alpha 0.75 



94 

 

 

Fig 5-54. Displacement time histories for the elastic model. 

The deformation profile plot of the flexural chords and the shear connectors were obtained 

for the various alpha cases. Earthquake 8 (EQ8) response is selected as the base shear 

response of the structure when subjected to EQ8 is greater than the base shear response 

from the rest of the earthquakes (See Fig 5-55) 

 

Fig 5-55. Base shear response of 200 ft structure with columns. 

Fig 5-55 shows the opening of the flexural chords along with the sliding of the shear 

connectors for each joint. The figure shows the opening of one chord and the sliding of one 

elastic 

Elastic 
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of the connectors. The figure shows the range of deformation during the earthquake. The 

location refers to the length of the entire structure. The figure shows the flexural chord 

response is higher for the edge joints and higher story, and the shear connector response is 

greater in the joints next to the middle joint.  

 

Fig 5-56. Range of the deformation profile of a chord and a connector. 

 

Alpha 0.10 

 

Alpha 0.25 

 

Alpha 0.50 

 

Alpha 0.75 

 

FCs 

SCs 
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5.4.8 Post-tension 

As the alpha was reduced, residual displacement in the structure was noticed. In some of 

the models, panels were not returning to their original position resulting in high 

displacement .Post-tensioning the panels is one of the ways to reduce the structure and/or 

bring the structure back to its original location. For understanding the usefulness of post-

tension in FPS, the one-story 100 ft structure is modeled. The structure is subjected to 

Imperial valley DBE earthquake (EQ5) as the residual displacement in the structure was 

one of the highest residual displacement noted. Alpha 0.5 is selected for the study. Fig 

5-57(a) shows the maximum structure displacement for various alpha cases. Fig 5-57 (b) 

shows the time history of the structure’s displacement for alpha 0.50.. 

(a)

 

(b) 

 

Fig 5-57. (a) Maximum displacement; (b) Time history of structure displacement. 

Fig 5-58 shows the force time history of the chords. Each subplot represents each joint with 

equal and opposite two chords’ response. The maximum strength of the chords is in the 

middle joint as shown in the Fig 5-58. 
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Fig 5-58. Force time history of chords. 

For post-tensioning of the structure, two cases of unbonded post-tensioning are considered. 

These cases are listed as follows: 

(1) Post-tension force in the strand along the two extreme edges of the structure; 

(2) Post-tensioning along the center of the structure. 

                   

Fig 5-59. Post-tension: (a) along two edges; (b) along the center of the structure. 

Each of the cases is studied and the response of the structure is discussed below: 

(1) Post-tension along two edges of the structure: 

For this case, the post-tensioned force is considered greater than the chord’s strength. The 

ratio of the post-tension force to the chord’s strength is taken as 0.7:0.3. Since the 

maximum force of the chord corresponding to maximum structural displacement is 47.78 

kips, an approximate post-tension force for 70% of the chord’s strength is 35 kips.  
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Since the post-tension force is greater than the chord’s strength, having two-way movement 

of the chords can affect the structure to return. Fig 5-60 shows reduction of maximum 

displacement in the structure as well as structure returning to its original position. The 

maximum displacement reduced from 1.7 inch to 1.1 inch, and residual displacement 

reduced from 1.2 inch to 0.1 inch.  

 

Fig 5-60. Displacement time history of one story structure post-tensioned along the two 

edges of the structure. 

Fig 5-61 shows the force in the post-tensioned (PT) strands during the earthquake. The 

response is from the 35 kips post-tensioned model with a gap which can only open. Since 

the gap only allowed to open, deformation of the chords either increases or remain zero 

during the earthquake. Two colors in the Fig 5-61  represent the two post-tension strands 

in the structure which are located at the two edges of the structure. It shows the opening of 

the gap between panels is opposite, i.e when one opens other does not. 

 

 



99 

 

 

Fig 5-61. Time history of two post-tensioned strands. 

Fig 5-62 shows the force-deformation of the two chords in each joint. Joint 1 and joint 2 

does not have any force as the Post-tensioned force is greater than the strength of the chords 

in those joints.   

 

Fig 5-62. Force-deformation of the chords in each joint. 

Fig 5-63 and Fig 5-64 show the time history of the deformation and force of the two 

chords in each joint. As the gap is only able to open, deformation of the chords is 

positive. The zoomed plot in Fig 5-63 of joint 5 shows when one opens, deformation of 

the chord in the other end stays zero. The time history of force shows force is both 
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positive and negative as when deformation of the chord is zero, there can still be a force 

due to the opening of the other end. 

 

Fig 5-63. Deformation time history of the chords. 

 

Fig 5-64. Force time history of the chords. 

(2)  Post-tension along the center of the structure: 

The chord strength for maximum displacement of the structure was found to be 47.78 kips. 

Post-tension of 70 kips at the center of the structure is considered. The calculation of a 

number of strands required is shown in the Appendix. 

Fig 5-65 shows the comparison of the displacement time history for without the post-

tension and with the center post-tension cases. Fig 5-65 shows post-tensioning along the 

center of the structure is also effective as post-tensioning along the two edges of the 

structure. The maximum displacement of the structure reduced from 1.7 inch to 1.0 inch, 

and residual displacement reduced from 1.2 inch to 0.1 inch as well. 
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Fig 5-65. Displacement time history of one story structure post-tensioned at 50 kips. 

Fig 5-66 to Fig 5-68 is a response from the models with post-tensioned 50 kips one way 

(only opens). The deformation of all the chords are positive as the deformation in the 

negative direction is constrained. Fig 5-67 shows the time history of the chords’ opening 

and Fig 5-68 shows the time history of chords’ force.  

 

Fig 5-66. Force-deformation of chords in each joint. 
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Fig 5-67. Deformation time history of the chords in each joint. 

 

Fig 5-68. Force time history of the chords in each joint. 

(3) Comparison of the two cases: 

Fig 5-69 shows a comparison of the two cases as discussed above. Both cases have the 

chords deform in only one direction. Both cases were able to reduce the residual 

displacement as well as maximum displacement of the structure as shown in the figure. Fig 

5-69 also shows the maximum deformation of the structure for the post-tension in the two 

edges is less than of the structure for the post-tension in the center of the structure. 
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Fig 5-69. Displacement time-history. 

Fig 5-70 shows the global force-deformation of the structure with and without the post-

tension. The figure shows the base shear of all the models to be similar. It also shows the 

reduction in the displacement of the post-tensioned structure compared to the structure 

without the post-tension.    

             

Fig 5-70. Global force-deformation. 
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CHAPTER SIX: CONCLUSION AND FUTURE WORK 

6.1 Conclusions 

In recent years, the earthquake engineering profession has changed from accepting damage 

to reducing/preventing damage under severe ground shaking. The proposed floating panel 

system is one of such low damage system which can reduce damage in the structure during 

an earthquake. This results from the analytical study shows the system can effectively 

reduce base shear in the structure for both one and multi-story structure. With reduction of 

base shear, forces in diaphragm reduces leading to low damage in the structure. The system 

successfully showed it can dissipate energy not only on a location but has capability to 

dissipate energy throughout the diaphragm via friction between the plates in the joints.  

On the basis of the 2D and 3D parametric study of the FPS conducted, the following 

conclusions can be made: 

1. The base shear decreases with a decrease in the strength of the system.  

2. The maximum mid-displacement of the model with decrease in alpha up to 0.50 seemed 

to have acceptable displacement and inter-story drift range.  

3. The maximum displacement for structure having residual displacement can be reduce 

by using unbonded post-tension in the structure. 
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4. The decreasing trend of acceleration with a decrease in the strength of the system can 

be observed. 

5. Increase in energy dissipation with decrease in alpha can be observed in the system. 

6. The decrease in aspect ratio contributed in a decrease in base shear and maximum mid 

displacement. 

7. Use of stronger wall is recommended for the system. 

8. A decrease (∼10-20%) in maximum mid-displacement is observed by considering the 

ratio alpha shear to alpha flexure other than 1.0. However, considering the ratio of the 

alpha shear to alpha flexure other than 1.0 seems to increase the base shear by 10-20%. 

The conclusions do indicate that: (1) the FPS can reduce base shear while maintaining 

displacement; (2) the FPS has potential to reduce acceleration; (3) the FPS can increase 

energy dissipation in the structure. 

6.2 Suggested Future work 

The parametric study studied in this dissertation is based on a one-bay evaluation structure. 

The study can be extended for more than one-bay structure including complex floor plan 

and complex diaphragm boundary condition. 

Experimental testing of joints with connectors can also be conducted to verify the 

numerical model. Individual chord and connectors can be tested to verify the anticipated 

behavior of the chords and the connectors.  
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APPENDIX A 

Design example of the 200 ft one-story structure 

 

A. Seismic Design Load 

Seismic Design Parameters 

Design site Berkeley 

SDC  E 

Ss 2.08 

S1 0.92 

Soil site class C 

Fa 1 

Fv 1.3 

Sms= Fa Ss 2.08 

Sm1= Fv S1 1.2 

SDS= 2/3 Sms 1.39 

SD1= 2/3 Sm1  0.8 

Transverse wall (Special RC wall)               R=5, 0=2.5, Cd=5 

Seismic response coefficient Cs 

1124.01002.0 4/34/3
=== nta HCT sec;  

157.01124.04.1 === auTCT sec 
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Transverse direction:  
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Table 1. Calculations of Equivalent Lateral Forces 

Story hx (ft) Wx (kips) Wx hx
k Cvx  Fx (kips) 

Fpx 
(kips) V (kips) M (k-ft) 

1 10 905  9050 1 251 251  251 2510 

Sum  905 9050 1 251    

 

 

B. Shear Wall Design 

Shear Wall Dimension 

Wall Dimension is iteratively determined to achieve a flexural design with total 

reinforcement ratio of 1%~1.5%: 

Lsw=8’ and t=10” 

Select two 8’ x 10” RC (fc’ = 5000psi) shear wall in transverse direction. 

  

Flexural and Axial Design 

Dead load                          72 psf 

Live load (parking garage-passenger vehicle only)           40 psf 

Tributary area                                                                       0.5*10’  64’=320 ft2 

Live load reduction*                       0.84*40=44 psf 

Self-weight                                                              0.15151012/12=22.5 kips 

                                                                                                                                                              *
0.25+15/(1320)^0.5=1.09 

Load combination at base of wall 

PD=723201/1000+10=33 kips 

PL=343201/1000=14 kips 
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Pu,max=(1.2+0.2SDS)DL+LL=(1.2+0.21.39) 33+14=63 kips 

Pu,min=(0.9-0.2SDS)DL =(0.9-0.21.39) 33=21 kips  controls 

Mu=2510/2=1255k-ft 

 

Check stability per ACI 318 Eqn. 14-1: 

kipsPkips
h

kl
AfP u

c

gcn 63,1562])
32

(1[55.0 max

2' ==−=   OK 

Boundary element width = 2’12=24”  

Try 6#6@6” for boundary element: 

%46.118/10/44.06 ==B , Ab=2.64 in2 

Try 20#6@6” for web: 

%47.1)18296/(10/44.020 =−=web , Aweb=8.8 in2 

Atotal=2 Ab+ Aweb=14.08in2, %47.1960/08.14 ==total  

 

 

Fig. 1. Wall detailing (shear reinforcements not shown). 

Shear Design 

'

ccvc fAV =  (ACI 21.7.4.1);  0.2=  for 67.015/10/ == ftftlh ww  

kipsVc 2041000/500012"10'83 ==  

kipsVVV cvus 3620475.0/2/252/ −=−=−=  ;  

Use minimum reinforcement: Try 2#4 

0025.0min = 0033.0
1012

2.02
=




==

ts

A

h

s

h (OK) 
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Select 2#4 @ 12” at two faces for Shear Wall transverse steel 

C. Chords’ and connectors’ stiffness calculation: 

 

      Section 10DT26 normal wt. considered (referred to PCI design handbook 6th edition) 

weight 718 plf 

Width 10 ft 

Length 64 ft 

edge distance 1 ft 

Spacing of connector 5 ft 

Area 689 in2 

Volume 529152 in3 

number of panels 20  
Weight in kips 45.95 kips 

Weight per ft 4.60 klf 

Length of the structure 200 ft 

Gap between panels 0.5 in 

Total length 200.79 ft 

Max. Shear force 461.34 kips 

Max. Moment 23158.25 K-ft 

Number of connectors  11   

Force per connector 41.94 kips 

Chord force 373.52 kips 

Number of chords 2   

mass density 2.25E-07  
Expected displacement 0.05 in 

 

 

Joint 1 2 3 4 5 

Shear connectors 

Shear Force 415 369 323 277 231 

Force/connector 38 34 29 25 21 

Stiffness (kshear) 755 671 587 503 419 

Flexural chords 

Moment  4400 8337 11811 14821 17369 

Ratio (M/Max. M)                      0.19 0.36 0.51 0.64 0.75 

Force in chords 71 134 190 239 280 

Stiffness (kaxial) 1419 2689 3810 4781 5603 
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Joints 6 7 8 9 10 
Shear connectors 

Shear Force 185 138 92 46 1 
Force/connector 17 13 8 4 0 
Stiffness (kshear) 336 252 168 83.9 2 

Flexural chords 

Moment  19453 21074 22232 22927 23158 
Ratio (M/Max. M)                      0.84 0.91 0.96 0.99 1.00 

Force in chords 314 340 359 370 374 

Stiffness (kaxial) 6275 6798 7172 7396 7470 

 

 

D. Panel deformation contribution (flexure or shear or panel) 

For one of the step (Load step 1048; time 31.44sec) contribution of flexure and shear in 

the total displacement is shown below: 

Shear connectors: 

  Joint 1 
Joint 

2 
Joint 

3 
Joint 

4 
Joint 

5 
Joint 

6 
Joint 

7 
Joint 

8 
Joint 

9 
Joint 

10 Total 

1 0.056 0.048 0.062 0.072 0.073 0.054 0.072 0.068 0.082 0 0.586 

2 0.053 0.046 0.060 0.070 0.071 0.053 0.071 0.067 0.082 0 0.574 

3 0.049 0.044 0.058 0.068 0.070 0.051 0.070 0.067 0.082 0 0.560 

4 0.045 0.043 0.057 0.067 0.069 0.051 0.069 0.066 0.081 0 0.549 

5 0.041 0.042 0.056 0.067 0.068 0.050 0.069 0.066 0.081 0 0.541 

6 0.040 0.042 0.056 0.066 0.068 0.050 0.069 0.066 0.081 0 0.537 

7 0.041 0.042 0.056 0.067 0.068 0.050 0.069 0.066 0.081 0 0.541 

8 0.045 0.043 0.057 0.067 0.069 0.051 0.069 0.066 0.081 0 0.549 

9 0.049 0.044 0.058 0.068 0.070 0.051 0.070 0.067 0.082 0 0.560 

10 0.053 0.046 0.060 0.070 0.071 0.053 0.071 0.067 0.082 0 0.574 

11 0.056 0.048 0.062 0.072 0.073 0.054 0.072 0.068 0.082 0 0.586 

Total 6.158 

Average 0.560 

Flexural chords: 

  
Joint  

1 
Joint  

2 
Joint  

3 
Joint  

4 
Joint  

5 
Joint  

6 
Joint  

7 
Joint  

8 
Joint  

9 
Joint 

10 

1 -0.037 -0.043 -0.046 -0.073 -0.107 -0.141 -0.159 -0.194 -0.217 -0.231 

2 0.037 0.043 0.046 0.073 0.107 0.141 0.159 0.194 0.217 0.231 
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Joint rotation and total deflection calculations: 

  Joint rotation Total rotation Deflection Total 

 Joints (rad) (rad) Increment (in) deflection (in) 

10 0.004 0.004 0.039 0.039 

9 0.007 0.011 0.111 0.149 

8 0.006 0.018 0.176 0.325 

7 0.005 0.023 0.229 0.554 

6 0.005 0.028 0.276 0.829 

5 0.004 0.031 0.311 1.141 

4 0.002 0.034 0.336 1.476 

3 0.002 0.035 0.351 1.828 

2 0.001 0.037 0.365 2.193 

1 0.001 0.038 0.377 2.570 
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APPENDIX B 

 

Design example of the 200 ft four-story structure 

A. Seismic Design Load 

Seismic Design Parameters 

Design site Berkeley 

SDC  E 

Ss 2.08 

S1 0.92 

Soil site class C 

Fa 1 

Fv 1.3 

Sms= Fa Ss 2.08 

Sm1= Fv S1 1.2 

SDS= 2/3 Sms 1.39 

SD1= 2/3 Sm1  0.8 

Transverse wall (Special RC wall)               R=5, 0=2.5, Cd=5 

Seismic response coefficient Cs 

Ta = CtHn
3/4 = 0.02 x 403/4  = 0.318 sec 

T= CuTa = 0.445 sec 
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Transverse direction:  

Cs = 0.277 ;   Cs,min = 0.092 ;   Cs,max = 0.298 

Determine Vertical Distribution of ELF 

V
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xx
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== ;   
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n

xi

i

n

xi
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==

 

Table 2. Calculations of Equivalent Lateral Forces 

Story hx (ft) Wx (kips) Wx hx
k Cvx  Fx (kips) 

Fpx 
(kips) V (kips) M (k-ft) 

4 40 1788  71520 0.400  793  793    

3 30 1788  53640 0.300  595  694  793  7934  

2 20 1788  35760 0.200  397  595  1388  21818  

1 10 1788  17880 0.100  198  496  1785  39670  

       1983  59505  

Sum   7152  178800  1  1983        

 

 

B. Shear Wall Design 

Shear Wall Dimension 

Wall Dimension is iteratively determined to achieve a flexural design with total 

reinforcement ratio of 1%~3%: 

Lsw=20’ and t=12” 

Select two 20’ x 12” RC (fc’ = 5000psi) shear wall in transverse direction. 

  

Flexural and Axial Design 

Dead load                          135 psf 

Live load (parking garage-passenger vehicle only)           40 psf 

Tributary area                                                                       1280 ft2 

Live load reduction*                       0.67*40=27 psf 

Self-weight                                                              120 kips 

 

 

Load combination at base of wall 

PD=13541280/1000+120=811 kips 

PL=2712804/1000=137 kips 
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Pu,max=(1.2+0.2SDS)DL+LL=1336 kips 

Pu,min=(0.9-0.2SDS)DL = 74.64 kips  controls 

Mu=29753 k-ft 

 

Check stability per ACI 318 Eqn. 14-1: 

𝛷Pn  = 4826 kips > Pu,max = 1336 kips (ok) 

Boundary element width = 3’12=36”  

Try 16#8@4.5” for boundary element: 

𝜌B = 2.91 %, Ab = 12.56 in2  

Try 56#8@6” for web: 

𝜌web = 2.18 %, Aweb = 43.98 in2  

 

Atotal=2 Ab+ Aweb=69.11 in2, 𝜌web = 2.4 %,  

 

 

Fig. 2. Wall detailing (shear reinforcements not shown). 

III) Post tension calculation 

For 100ft one story structure, alpha 0.50 is considered.  For maximum structural 

displacement, corresponding deformation of the axial chords are noted to get the strain in 

the structure. 

E steel 28500 ksi 

Total length 104.50 ft 

Total opening  1.87 in 

strain 0.0015   

stress required 42.59 ksi 

tensile strength of strands 270 ksi 

loss during tightening of strands 50 % 

tensile strength  135 ksi 
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With post-tension force of 35 kips: 

Posttension force 35 kips  
Area of PT strands 0.153 in2  
Number of PT strands 1.7   
Use PT strands 2   

Stress due to 2 PT strands 114.38 ksi  

Remaining stress 20.62 ksi 
< 42 ksi (not enough to 
bring the structure back) 

Use PT strands 3   

Stress due to 2 PT strands 76.25   

Remaining stress 58.74 ksi >42 (ok) 

 

With post-tension force of 50 kips: 

Posttension force 50 kips  
Area of PT strands 0.153 in2  
Number of PT strands 2.4   
Use PT strands 4   

Stress due to 2 PT strands 81.70 ksi  

Remaining stress 53.3 Ksi >37.925 ksi (ok) 
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