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ABSTRACT  

This report provides  research that will eventually lead to seismic design 

guidelines for glazing systems that will be utilized by professional s as a way to mitigate 

glass damage.  Researchers at The Pennsylvania State University and University of 

Missouri have  conducted many experimental studies  on various curtain wall and 

storefront configurations, and based on the results from this extensive database a new 

closed-form equation and fragility curves were developed.  Furthermore, conditions 

between the laboratory and field were investigated for practical application of the 

results. 

To expand the set of existing experimental data, new testing on glass curtain 

walls with various glass -to-frame clearances was performed to study the effect that glass 

ɬto-frame clearances specifically have on the seismic performance of glass panels.  

Furthermore, sensor testing was conducted on the racking facility to m easure if any 

significant flexibility existed.  

Fragility curves were developed for twenty -four different glass configurations as 

a way to predict the seismic performance of glass in a probabilistic manner for  gasket, 

cracking, and glass fallout damage states according to economic and life safety 

consequences.  Then, a closed-form equation was formulated to predict the seismic 

cracking drift of a glass system.  The equation uses the ASCE equation as its base, and 

then considers effects from glass type, glazing configuration type, substandard 
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clearances, frame system type, and aspect ratio through the application of defined 

factors.  An analysis showed that the proposed equation increases the accuracy of failure 

prediction by 33% compared to the ASCE equation. 
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Chapter 1 

 

Introduction  

1.1 Background and Statement of Problem  

Disasters from earthquakes in the United States during the last three decades 

have resulted in unprecedented economic losses associated with building and 

infrastructure damage.  While the buildings successfully resisted structural collapse, the 

resulting large amounts of property damage from nonstructura l building components, 

such as architectural glass, has attracted the attention of the Federal Emergency 

Management Agency (FEMA).  In response to the problem, FEMA spearheaded and 

developed with various other organizations a new building design method ter med 

Ɂ/ÌÙÍÖÙÔÈÕÊÌ-!ÈÚÌËɯ2ÌÐÚÔÐÊɯ#ÌÚÐÎÕɂɯȹ/!2#ȺɯÛÏÈÛɯÞÖÜÓËɯÚÌÙÝÌɯÈÚɯÈɯÉÌÛÛÌÙɯÞÈàɯÛÖɯ×ÙÌËÐÊÛɯ

how a building would be expected to perform in terms of capital loss and casualties in 

earthquake events for building owners, designers, insurers, and others.  Now , in 

conjunction with the Applied Technology Council (ATC), the ATC -58 Project (ATC 

2005) is under way to create the Next-Generation Performance-Based Seismic Design 

Criteria to develop specific guidelines for use by engineers and designers.  

 The ATC-58 Project has been refining the procedures involved with the PBSD of 

buildings.  The main elements of PBSD are selecting the performance objectives for a 

building, developing a preliminary design, and then assessing performance capacity of 



2 

 

the design based on three measures of performance that include direct economic loss, 

indirect economic loss, and casualties.  While the ATC-58 Project is developing 

guidelines that cover selecting performance objectives and the performance assessment 

of a building, the step of preliminary design will remain undeveloped as of yet.   

Architectural glass exterior systems can be one of the largest systems on a 

building, and as part of the envelope, glazing is an important component contributing to 

the proper function of a building.  Building envelopes, and specifically the wall systems 

portion on taller structures, are also economically significant and can cost over 20% of a 

ÉÜÐÓËÐÕÎɀÚɯ ÊÖÕÚÛÙÜÊÛÐÖÕɯ ÉÜËÎÌÛɯ ȹ-(!2ɯ ƖƔƔƜȺȭɯ ɯ "ÜÙÙÌÕÛÓàɯ ÛÏÌÙÌɯno seismic design 

approaches published for glazin g systems that are extensive and assist engineers in 

proper selection of glazing details to more effectively resist earthquake damage.  

Considering the emphasis that PBSD places on the economic performance of a building, 

the exterior wall portion of a buil ding envelop e will have a significant  role in the future 

PBSD of building projects.  This report will provide research that will eventually lead to 

a Glass Curtain Wall and Storefront System Design Manual that professionals will be 

able to use in a perform ance-based or conventional design approach of glazing systems.  

Researchers at the Pennsylvania State University and University of Missouri have  

conducted large amounts of experimental studies on various curtain wall and storefront 

configurations, and based on the results from this extensive database, a new closed-form 

equation and fragility curves, which predict the performance of architectural glass, are 

developed.  
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1.2 Objectives  

The ultimate goal of the research carried out is to provide work that leads to the 

development of a seismic design glazing manual for architectural glass systems.  To 

accomplish this mission three objectives were emphasized: (1) developing fragility 

curves for use in a PBSD approach; (2) developing a closed-form equation as a way to 

predict the cracking capacity of various glass systems in terms of drift; and (3) 

investigating the different conditions between the laboratory and field.  Th e first two 

objectives develop methods to predict the seismic performance and capacity of glass 

systems that can be utilized in design approaches.  The third objective provides a way to 

apply and interpret design analysis results for glass systems on actual buildings.  

A closed-form equation is developed because current or past seismic building 

codes do not offer ways to determine the cracking capacity of glazing systems.  

Equations present in different codes such as ASCE 7-05 (ASCE 2006) offer only design 

limitations that are based on edge clearances for seismic drift displacement and stresses 

of the glass pane with the goal of preventing glass fallout .  The provisions were 

evaluated to interpret the glass failure response that is represented by the equations, and 

then the accuracy of these equations were determined  by comparing the predicted 

failure values for certain glass systems with available experimental data.  Then, based on 

the comparison results it was determined whether the equations should be used, 

modified, or disregarded in the formulation of the closed -form equation.  
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The probabilistic fragility functions are developed for glass configurations with 

various characteristics and detailing.  Based on available past experimental glass testing 

and the results of new experimental tests, architectural glass configurations were 

selected for analysis which not only have sufficient experimental data to analyze but 

also contribute to the variety of glazing details represented in the research.  Data for 

many of the glass configurations are provided from past studies (Behr 1996, Behr 1998, 

and Memari et al. 2003), while data for some of the glass configurations with varied 

glass-to-frame clearances were obtained through new experimental testing.  To ensure 

conservatism in the data, sensor testing was also executed on the racking facility to 

determine whether flexibilities were present.   

It is the hope that the developed fragility functions and closed-form equation will 

be incorporated within the context of design  approaches for architectural glass in the 

future development of a Seismic Design Manual for Glazing Systems.  In the meantime, 

though, professionals can utilize the proposed equation and fragility functions as tools 

to predict the seismic capacity of glass panels.  In summary, to achieve the goal and 

objectives that were set the following research activities were carried out : 

¶ Test glass configurations with varying glass -to-frame clearances to fill in 

current data gaps so that analytical research is more effective 

 

¶ Conduct facility sensor testing to ensure data accuracy 

 

¶ Develop fragility functions for various selected glass curtain wall and 

storefront configurations based on raw laboratory data and for defined 

damage failure limit states 
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¶ Develop closed-form equation which estimates glass panel seismic 

cracking capacity 

 

¶ Provide users with procedures for translating individual glass panel 

performance results in the laboratory to the expected performance of a 

glass system on an actual building  



 

 

Chapter 2 

 

Literature Review  

This chapter provides a literature review  of research related to glazing systems, 

building code provisions, and the performance -based design approach.  Section 2.1 gives 

an overview of architectural glass, which includes its application in curtain wall (CW) 

and storefront (SF) systems and different glazing configurations available.  Section 2.2 

examines requirements in current codes relating to the seismic capacity of glazing 

systems.  Section 2.3 summarizes experimental studies that have been performed on the 

seismic performance of architectural glass.  Section 2.4 reviews analytical research on 

glazing systems that have been published concerning the analysis of the seismic 

performance of architectural glass.  Section 2.5 gives a background into PBSD, first-

generation and next-generation.  Finally, Section 2.6 provides conclusions based on the 

literature review.  

2.1  Architectural Glass  

Architectural glass can be used in many applications on a building, including use 

in various fenestration and atria systems, which are parts of the larger building envelop e 

system.  From the many different types of fenestration systems, glass CW and SF 
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window unit types will be investigated .  These are the two glazing systems that will be 

analyzed for fragility curve and equation development .  

2.1.1  Curtain Wall Systems  

A curtain wall is defined as an exterior wall on a building , which does not 

support the roof or floor loads  but is connected to the structural frame (NIBS 2008), and 

is an element of the larger building envelope  system.  While a CW encompasses systems 

that use various material cladding such as metal panels and stone, one of the most 

popular configurations is a metal frame assembly glazed with architectural glass.  Glass 

CW systems have become a common building component  as mass load bearing wall 

systems slowly transitioned and were replaced with cavity wall systems during the 

twentieth century  and lightweight wa ll system options were needed.   Figure 2.1 shows 

an example of the application of an aluminum architectur al glass CW system on a 

building.  

 Curtain walls have many various functions, some of which are harder to achieve 

effectively than others.  These wall systems have requirements which include structural 

load transfer and resistance, water infiltration protection , air infiltration control, 

condensation prevention , energy management, sound attenuation,  safety, 

maintainability, constructability, durability, aesthetics, and economic viability ( Schwartz 

2001).  On top of these considerations, though, a CW must be able to effectively resist  



8 

 

 

lateral loads transferred from the structural frame of the building  during an earthquake 

event or the other functions will be compromised.  

 Architectural glass CW systems are grouped into two types, either stick-built or  

unitized.    Stick-built systems use a series of horizontal transoms and vertical mullion 

frame members which are assembled and glazed on site, as seen in Figure 2.2 (a).  

Unitized systems are manufactured in modules in a factory and then erected on the 

building in sections, and are usually pieced together one f loor height at a time (NIBS 

2008).  An example of the installation of a section of unitized CW can be seen in 

Figure 2.2 (b).  Both types of curtain walls can be ordered according to standard 

manufacturer catalogs or can be custom designed to desired specifications.  All of the 

glass CW and SF systems which will be analyzed in this report are considered stick-built 

type assemblies. 

 

 

Figure  2.1: An example of an architectural glass CW system on a building 

(kawneer.com) 
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2.1.2  Storefront Window Systems  

An exterior storefront wall system is a type of window unit system that utilizes a 

frame assembly in which architectural glass is glazed.  It is similar to a glass CW system 

in that both systems use two main components of framing and glazing.  However , 

unlike CW systems, SF and window unit  systems are not an exterior wall onto 

themselves (NIBS 2008), but rather integ rated into it.  Glass SF wall systems have 

widespread applications in mall facades, store facades, and other low-rise commercial 

buildings (Behr et al. 1995), an example of which  is shown in Figure 2.3. 

 

 

 

 

      
(a)                                                                       (b) 

Figure  2.2: Comparison between (a) stick-built and (b) unitized CW systems 

(www.livemodern.com,  www.archsd.gov.hk)  
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Storefront and other w indow unit systems have many functions , which include 

thermal performance, moisture protection, aesthetics, acoustical performance, life safety, 

durability, constructability, and maintainability ( NIBS 2008).  Unlike CW systems, SF 

and window units are not solely responsible for transferring loads, such as wind, to the 

structural system of the building.  Although, the architectural glass will be subjected to 

any loads that the exterior wall system experiences, and as a result will be expected to 

reasonably resist these loads for reasons such as life safety.  The most important 

consideration when attempting to effectively achieve these functions successfully is the 

integration of the SF window units with the wall elements, so that all components act as 

one exterior wall system (NIBS 2008).  

 

 

Figure  2.3:  An example of a glass SF window unit system application (kawneer.com)  



11 

 

2.1.3  Glazing  

The architectural glass, which is commonly glazed in CW or SF systems, is 

available in many different varieties  and configurations .  First of all, there are three 

strength level options due to surface pre-stressing manufacturing methods available.  

Annealed (AN) glass is the basic and most commonly used architectural glass type 

(NIBS 2008).  It is not heat treated during fabrication and  of the three options it has the 

least amount of strength.  Heat-strengthened (HS) glass is heated and cooled in a process 

that allows surface compression to develop increasing the resistance of glass breakage.  

Fully -tempered (FT) glass undergoes a more complete heat and cooling process, which 

gives it the highest resistance to breakage out of all three glass types.  The industry 

generally accepts that HS glass is twice as strong as AN, and FT four times stronger than 

AN ( NIBS 2008).  Furthermore, AN glass usually fails into large shards when damaged, 

while FT breaks iÕÛÖɯÚÔÈÓÓɯɁËÐÊÌ-ÓÐÒÌɂɯÍÙÈÎÔÌÕÛÚȭɯɯHS fails in a manner somewhere in 

between either the failure behavior s, depending on the level of glass surface pre-

compressive stresses. 

The three different types of glass can also be used in a laminated  configuration .  

A laminated glass unit consists of at least two panes of glass with an interlayer between 

the glass lites.  The interlayers are generally composed of plasticized polyvinyl  butyral 

(PVB), aliphatic urethane, or ionoplast rigid sheet  permanently bonded with use of heat 

and pressure, or a liquid resin permanently cured with exposure to ultraviolet light, 

heat, or chemicals (GANA 2004).  Polyester (PET) film can also be applied on 
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configurations.  Some laminated glass units can have higher resistance to glass breakage 

compared with AN glass , and prevent the large shard failure behavior that AN glass 

exhibits.  Furthermore, laminated glass has impact energy absorption characteristics, 

vibration attenuation characteristics, and can provide protection against ultraviolet rays 

(NIBS 2008).  As a result, common applications of laminated glass include overhead 

glazing, specific acoustical projects, and blast or bullet-resistant needs.   

Another glass configuration is an insulating glass unit (IG U), which is composed 

of two (or more) panes of glass and an enclosed air space in between them.  The air 

space is created with continuous spacers that seal the gap, and the sealed space can be 

filled with gas.  Certain IGU configurations contain glass panes that are of different 

types.  For example, the inner pane might be AN glass and the outer pane a laminated 

HS glass panel.  (&4ɀÚɯÈÙÌɯ×Ö×ÜÓÈÙɯÐÕɯÔÈÕàɯÉÜÐÓËÐÕÎɯ×ÙÖÑÌÊÛÚɯËÜÌɯÛÖɯtheir  thermal, 

energy, and acoustical performance qualities compared with sing le pane glass 

configurations ( NIBS 2008), which are termed monolithic.  

In addition, glass can be coated or tinted to achieve particular goals.  A popular 

ÎÓÈÚÚɯÊÖÈÛÐÕÎɯÈ××ÓÐÊÈÛÐÖÕɯÐÚɯÙÌÍÓÌÊÛÐÝÌɯÖÙɯɁÓÖÞ-emissivity ,ɂɯÞÏÐÊÏɯÈÓÛÌÙÚɯÛÏÌɯÛÏÌÙÔÈÓɯ

performance in a beneficial manner (NIBS 2008).  Also, glass that has been tinted alters 

the solar radiation behavior depending on the characteristics of the tint  (GANA 2004).  

However, neither  of these detailing options has been found to affect the seismic 

performance of glass. 
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The architectural glass in a CW or SF system can also be glazed in different ways.  

The purpose of glazing around the glass perimeter is to prevent water infiltration and 

help control the thermal performance of a building as much as possible.  Nevertheless, 

the glazing can affect the movement of the glass within the CW frame when in-plane 

loading occurs.  Generally, types of glazing are characterized as either dry or wet .  Dry-

glazing consists of rubber gaskets that compress onto the glass edges and are attached to 

the framing members.  Wet-glazing is a liquid  sealant or tape that is applied on top of a 

backer rod and allowed to cure.  Both dry -glazing and wet-glazing have various 

advantages and disadvantages, and when a glazing type is selected for a glass wall 

system the designer considers the economics, constructability , performance, and life-

cycle factors (NIBS 2008).  

Glass panels are kept in place within the framing through the use of setting and 

side blocks.  Generally, there are two setting blocks placed in between the glass and the 

ÉÖÛÛÖÔɯÏÖÙÐáÖÕÛÈÓɯÍÙÈÔÌɯÔÌÔÉÌÙɯÞÏÐÊÏɯÛÏÌɯÎÓÈÚÚɯ×ÈÕÌÓɯɁÙÌÚÛÚɂɯÖÕȮɯÈÕËɯÖÕÌɯÚÐËÌɯÉÓÖÊÒɯÐn 

between the glass panel and vertical framing members to restrict movement.  Figure 2.4 

depicts the suggested location of these blocks by the GANA Glazing Manual (GANA 

2004).  As a result of the setting and edge blocks, there is a glass-to-frame clearance 

ÉÌÛÞÌÌÕɯÛÏÌɯÎÓÈÚÚɯÈÕËɯÍÙÈÔÐÕÎȮɯÈÕËɯÈɯÎÓÈÚÚɯɁÉÐÛÌ,ɂɯÞÏÐÊÏɯÐÚɯÛÏÌɯËÐÚÛÈÕÊÌɯÉÌÛÞÌÌÕɯÛÏÌɯ

edge of the glass and the lip of the framing.  The glass-to-frame clearances and bite 

characteristics can vary among glass CW and SF configurations.  
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2.2  Architectural Glass Provisions in Seismic Codes  

Currently there are some provisions regarding architectural glass in seismic 

codes.  The International Building Code (IBC) of 2006 (ICC 2006) references ASCE 7-05 

(ASCE 2006) to provide drift limit requirements that glass systems must meet.  

Originally in troduced in ASCE 7-02 (ASCE 2002) under sections 9.6.2.4.2 through 

ƝȭƚȭƖȭƕƔȭƖɯȹ!ÌÏÙɯƖƔƔƚȺȮɯÚÌÊÛÐÖÕɯƝȭƚȭƖȭƘȭƖɯÚÛÈÛÌÚɯÛÏÈÛɯɁÎÓÈÚÚɯÐÕɯÎÓÈáÌËɯÊÜÙÛÈÐÕɯÞÈÓÓÚɯÈÕËɯ

storefronts shall be designed and installed in accordaÕÊÌɯÞÐÛÏɯ2ÌÊȭɯƝȭƚȭƖȭƕƔɂɯȹ 2"$ɯƖƔ02). 

Section 9.6.2.10 provides Equation  2.1, which needs to be satisfied by glass panels in CW 

or SF system: 

 

 

Figure  2.4: Suggested setting block locations as suggested by GANA 2004 
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} whichever is greater 

where I ËÌÕÖÛÌÚɯÛÏÌɯÐÔ×ÖÙÛÈÕÊÌɯÍÈÊÛÖÙȮɯͅfallout  denotes the drift that causes glass fallout in 

the CW or SF system under consideration, and Dp denotes the drift that the glazing 

component must be designed to accommodate.  Dp is defined as the relative 

displacement over the height of the component, and originates from the bui lding 

structural analysis conducted for seismic loads under  ASCE 7-02 with the consideration 

ÖÍɯ ËÐÚ×ÓÈÊÌÔÌÕÛɯ ÈÔ×ÓÐÍÐÊÈÛÐÖÕɯ ÍÈÊÛÖÙȭɯ ɯ  Úɯ ÚÛÈÛÌËɯ ÐÕɯ 2ÌÊÛÐÖÕɯ ƝȭƚȭƖȭƕƔȭƖȮɯ ͅfallout for a 

particular glass system must be determined by engineering analysis or laboratory testing 

according to the recommended dynamic test protocol as outlined in AAMA 501.6 

(AAMA 2001 b).   

  ÕɯÌßÊÌ×ÛÐÖÕɯÍÙÖÔɯËÌÛÌÙÔÐÕÐÕÎɯͅfallout  as offered by ASCE 7-02 under Section 

9.6.2.10.1 is designing a system with a sufficient glass-to-frame clearance that satisfies 

Equation 2.2: 

where Dclear denotes the drift that occurs relative to the height of the glass panel and 

represents expected initial glass-to-frame contact.  Dclear can be determined by 

Equation 2.3 for glass specimens of rectangular dimensions within rectangula r framing:  

 

 

fͅallout   ȁɯƕȭƖƙID p 

                          or   ȁɯƔȭƙ in.    
2.1 

ὈὧὰὩὥὶ 1.25Ὀὴ 2.2 

ὈὧὰὩὥὶ=  2ὧ1 1 +
Ὤὴὧ2

ὦὴὧ1
 2.3 
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 where hp and bp denote, respectively, the height and width of the rectangular glass 

panel, c1 denotes the glass-to-frame clearance along the vertical glazing edges, and c2 

denotes the glass-to-frame clearance along the horizontal glazing edges. 

2.3 Review  of Experimental Research  

The seismic performance of architectural glass has been investigated in the 

laboratory by a variety of  institutions .  Initial  experiments determined that  in-plane 

dynamic loading on a steel frame facility was a practical way to mimic seismic motions  

on a glass specimen, while following experiments refined the testing pro tocols and 

isolated the factors affecting the seismic performance of architectural glass.   

The first experimental study published concerning the seismic performance of 

glass panels was conducted by Bouwkamp (1961) at the University of California.  In this 

experiment, the in-plane static behavior of glass window panels was studied .  The 

variables of the glass assemblies used included the size of the glass pane and 

configuration, panel attachment to structural frame, the material of the frame, glass -to-

frame clearance, and type of putty.  The testing facility was a steel frame where pinned 

connections existed at the four corners to allow the top steel horizontal to freely translate 

when lateral load was applied, which also occurred on the top horizontal.  Glass panel 

sizes 4 ft by 2 ft (1.2 m x 0.6 m), 4 ft by 4 ft (1.2 m x 1.2 m), and 4 ft by 8 ft (1.2 m x 2.4 m) 

with glass thicknesses of 1/8 in. (3 mm), 3/16 in. (5 mm), and 1/4 in. (6 mm), respectively, 

were tested with two different panel attachment (to hinged loading frame) conditions: 
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panel attached all-around  or panel attachment at top and bottom horizontal only.  

Furthermore, the three glass configurations were tested with different sash materials of 

aluminum, steel, or wood, different glass -to-frame clearances, which was either the 

minimum or maximum dimensional clearance possible, and putty that was either soft or  

hard.  Not every combination possible w as tested, but the authors set up testing groups 

of 12 different specimen combinations in a way that they believed could allow for the 

best variable effect analysis.   

Failure of the glass panels was identified  when either cracking or fallout of glass 

occurred, and was recorded as the drift displacement experienced by the top horizontal  

at time of failure .  The authors observed that the drift value , which resulted in failure of 

the glass, was related to the point at which the glass came in contact with the framing . 

Glass contact was a consequence of the horizontal translation and rotation of the glass 

panel within the frame  combined with framing deformation .   Using this theory and 

dimensional analysis, Equation 2.4 was suggested as a way to predict the lateral drift 

that a glass panel would experience before contacting the framing for configurations 

with soft putty : 

where ɲ denotes total drift displacement between top and horizontal frame members, h˒ 

denotes rotational adjustment, c denotes glass-to-frame clearance, b denotes the nominal 

width of panel, and h denotes the nominal height of panel.  For configurations with hard 

ɲ ɬ h˒ = 2c (1 + h/b) 2.4 
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×ÜÛÛàȮɯÛÏÌɯÈÜÛÏÖÙÚɯÈËËÌËɯÈɯÙÌËÜÊÛÐÖÕɯÍÈÊÛÖÙɯɁFɂɯÛÖɯÛÏÌɯÌØÜÈÛÐÖÕȮɯÞÏÌÙÌɯF was empirically 

derived and based on the aspect ratio (b/h) of the glass.  

Lim and King (1991) experimented on five different glass CW configura tions, 

which included dry -glazed, patch fitting, two -sided silicone wet-glazed, four -sided 

silicone wet-glazed, and conventional windows.  Similar to Bouwkamp, these tests 

studied  the in-plane dynamic  loading performance of glass.  The test setup consisted of a 

testing facility constructed of vertical and horizontal steel members , to which  the glazing 

framing was attached to, and connections that could be fixed or free depending on the 

test protocol.  King and LimɀÚɯÍÐÕËÐÕÎÚ concentrated on the applicability of the racking 

testing procedures rather than the seismic behavior of the glass.  The authors concluded 

that it was possible to determine the racking capacities of full -scale curtain walls 

accurately through appropriate controlled  in-plane displacement loading  in the 

laboratory.  Also, the authors noted glass rotation and subsequent glass contact within 

the frame during increasing loading, similar to the observations of Bouwkamp  (1961).  

They stated that to achieve the full potential capacity in the glass, the glass should move 

unrestricted within the glazing panel to prevent  premature stresses and subsequent 

failure . 

Behr et al. (1995) performed racking tests on a variety of full -scale SF window 

unit  configurations.  Two loading histories were developed, a Serviceability Test and an 

Ultimate Test (see Figure 2.5), modeled from a former moderate -to-severe earthquake 

event.  The Serviceability Test was designed to impose a serviceability limit state on the 
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glass, which was defined as glass edge damage, glass panel translation and rotation, and 

gasket seal damage.  The Ultimate Test, which was twice the displacement amplitude 

but the same frequency as the Serviceability Test, was designed to impose an ultimate 

li mit state on the glass, which was defined as minor an d major glass fallout .  The testing 

facility consisted of an upper and lower horizontal steel tube situated on roller 

assemblies.  Displacement was applied to the bottom horizontal through a  hydraul ic 

arm, and the top horizontal wa s coupled to the bottom tube by means of a fulcrum and 

pivot arm , which let  the top tube displace opposite of the bottom.  Figure 2.6 shows the 

racking facility and testing setup, where  three specimens were tested at once.  The 

different types of glass tested included 1/4 in. (6 mm) AN  monolithic, 1/4 in. (6 mm) FT 

monolithic, 1/4 in. (6 mm) AN  laminated, 1 in. (25 mm) AN  IGU, and 1 in. (25 mm) FT 

IGU.  All o f the glass specimens were 5 ft wide by 6 ft high (1.5 m x 1.8 m).  The variables 

in the experiments concentrated on different glass configuration types and their e ffect on 

glass failure, which was either Serviceability or Ultimate.  

 Many glass panel observations were documented, which included edge damage, 

glass panel translation and rotation, gasket seal degradation (distortion, pull -out, push-

in, and shifting), gasket seal degradation per edge, fallout damage locations, and 

displacement values for serviceability and ultimate limit failure states.  For the 

serviceability limit st ate failure behavior , the authors concluded that all three AN glass 

configurations  experienced significant glass edge damage, while the FT glass d  
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configurations better resisted this type of damage.  Furthermore, most glass specimens 

experience considerable horizontal translation within the frame during the serviceability 

testing.  For the ultimate limit state testing, the authors observed that only the 1/4 in. (6 

mm) AN  monolithic glass type experienced glass fallout.   

Behr and Belarbi (1996) reported on more racking experiments including glass  SF 

architectural glass, but in this study the specimens were tested according to a newly 

 

       

Figure  2.5:  Drift time histories for, respectively, the Serviceability and Ultimate test  

(Behr et al. 1995) 

 

 

Figure  2.6:  Facility setup for the storefront glass (Behr et al. 1995) 
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proposed ɁÊÙÌÚÊÌÕËÖɯÛÌÚÛɂɯ×ÙÖÛÖÊÖÓȭɯɯ3ÏÌɯÈÜÛÏÖÙÚɯoffered the crescendo test method as a 

way to better  relate interstory drift experienced by a building and the limit states 

subsequently experienced by the CW systems, and as a possible standard seismic test 

method for architectural glass in the future.  T he proposed crescendo test consisted of a 

ÊÖÕÛÐÕÜÖÜÚɯÚÌÙÐÌÚɯÖÍɯÈÓÛÌÙÕÈÛÐÕÎɯÐÕÛÌÙÝÈÓÚɯÖÍɯɁÙÈÔ×-Ü×ɂɯÈÕËɯɁÊÖÕÚÐÚÛÌÕÛɂɯËÐÚ×ÓÈÊÌÔÌÕÛÚȮɯ

with each interval composed of four sinusoidal cycles at a frequency of 0.8 Hz.  Each 

Ɂramp-Ü×ɂɯÐÕÛÌÙÝÈÓɯÚÛÌ×ɯÐÕÊÙÌÈÚÌËɯÉàɯÈÕɯÈÔ×ÓÐÛÜËÌɯÖÍ ±0.25 in. (6 mm), the time histories 

of which are shown in Figure 2.7.  

 

 The same racking test facility and set -up used in the previous SF tests was used 

(see Figure 2.6).  Also, the same five various glass configurations were tested as the 

previous experiment , with 12 or 16 specimens tested for each configuration.  For the 

ÍÈÐÓÜÙÌɯÔÖËÌÚȮɯÈɯɁÓÖÞÌÙɯÜÓÛÐÔÈÛÌɯÓÐÔÐÛɯÚÛÈÛÌɂɯÞÈÚɯdefined as reached when a cracking 

pattern in the glass appeared that was signifi cant enough to lead to major fallout.  An 

ɁÜ××ÌÙɯultimate ÓÐÔÐÛɯÚÛÈÛÌɂɯÞÈÚɯËÌÍÐÕÌËɯÈÚɯÙÌÈÊÏÌËɯÞÏÌÕɯÔÈÑÖÙɯÍÈÓÓÖÜÛɯÖÍɯÛÏÌɯÎÓÈÚÚɯ

 

    

Figure  2.7ȯɯ ɯ 3ÐÔÌɯ ÏÐÚÛÖÙÐÌÚɯ ÍÖÙɯ ÛÏÌɯ ɁÊÙÌÚÊÌÕËÖɯ ÛÌÚÛɂɯwith, respectively, the entire 

crescendo test and first twenty seconds of the crescendo test shown (Behr and Belarbi 

1996) 
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occurred.  The conclusions from the authors regarding the performance of the different 

glass configurations were very similar to  the previous SF experiments.  Also, the failure 

drift values were consistent and the statistical standard deviation of the data was small, 

whic h suggested that the crescendo test is a good standard for measuring the seismic 

capacity of glass.   

Behr (1998) went on to study the racking performance of various mid -rise glass 

CW configurations .  Similar to past testing, in-plane dynamic loading  was performed on 

the specimens and used the standard crescendo test method (see Figure 2.7).   The same 

racking test facility used in the Behr et al. (1995) SF tests was used, except the setup was 

slightly different as each glass specimen was tested individually  (see Figure 2.8).  The 

variables among different glass configurat ions included glass type, glazing details , and 

PET film application .  All of the  glass configurations were 5 ft wide by 6 ft high (1.5 m x 

1.8 m) and used aluminum Kawneer 1600TM CW framing.   A summary of the different 

glass configurations tested are listed in Table 2.1.  Through the course of the crescendo 

test the authors were looking to determine the following failure states for each glass 

specimen: 

a. ɁÚÌÙÝÐÊÌÈÉÐÓÐÛàɯËÙÐÍÛɯÓÐÔÐÛɂɯdefined as the drift causing observable glass cracking 

b. ɁÜÓÛÐÔÈÛÌɯËÙÐÍÛɯÓÐÔÐÛɂɯËÌÍÐÕÌËɯÈÚɯÛÏÌɯËÙÐÍÛɯÊÈÜÚÐÕÎɯÎÓÈÚÚɯÍÈÓÓÖÜÛɯȹglass fallout 

fragment greater than 1 in.2) 
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Figure  2.8: Racking facility and setup used for the mid -rise CW testing (Behr et al. 1995) 

Table  2.1: Summary of the various glass mid-rise CW configurations  

Glazing Type  Glass Thickness  Sealant 

AN 1 monolithic  0.25 in. (6 mm) Dry 6 

HS2 monolithic  0.25 in. (6 mm) Dry  

HS monolithic  0.25 in. (6 mm) Wet7 

FT3 monolithic  0.25 in. (6 mm) Dry  

AN laminated  0.25 in. (6 mm) Dry  

AN monolithic with 4 mil. (0.1 mm)          

PET4 film  

0.25 in. (6 mm) Dry  

HS monolithic spandrel  0.25 in. (6 mm) Dry  

HS monolithic spandrel  0.25 in. (6 mm) Wet 

HS laminated 0.375 in. (10 mm) Dry  

AN IGU 5 1.0 in. (25 mm) Dry  

AN IGU  1.0 in. (25 mm) Wet 

HS IGU 1.0 in. (25 mm) Dry  
1AN = annealed,  2HS = heat strengthened,  3FT = fully tempered,  4film is not anchored 

mechanically to the curtain wall frame,  5IGU = insulating glass unit,  6Dry = dry glazing 

gaskets used on curtain wall frame,  7Wet = beaded structural silicone glazing used on 

vertical edges (with dry glazing used on horizontal edges)  
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 Comparing the drift failure values for both limit states among  the various glass 

configurations, the authors  isolated the effect that each different glazing detail had on 

the lateral capacity of these CW systems.  Conclusions reached included: (1) minor 

increases in serviceability and fallout failure drift limits occur across increasing glass 

surface pre-stress treatments from AN to HS to FT,  (2) glass with PET film or lamination 

had significantly higher ultimate limit state capacities compared with standard AN  glass 

specimens but no difference in capacities for cracking, and (3) compared with the SF 

systems, the mid-rise CW systems had overall lower cracking and fallout drift capacities  

due to the stiffer nature of  the mid -rise systems.   

Memari  et al. (2003) performed research on mid -rise curtain wall configurations 

by dynamically racking  different  asymmetric insulating glass unit s (IGU).  An 

asymmetric IGU consists of an AN  inner pane and an outer laminated pane, with an 

argon gas filled space in between the two panes of glass.  A summary of the different 

IGU CW configurations which were tested are listed in  Table 2.2.  The racking facility  

located in the Building Envelope Research Laboratory at PSU was used to apply in -

plane controlled displacements according to the crescendo test protocol.  The cyclic 

loading  ÛÌÚÛɯÞÈÚɯÙÜÕɯÐÕɯÈɯɁÚÛÌ×-ÞÐÚÌɂɯÔÈÕÕÌÙɯÈÚɯÖ××ÖÚÌËɯÛÖɯÈɯÊÖÕÛÐÕÜÖÜÚɯcrescendo 

fashion, as shown in the time history profile in Figure 2.9.  The failure limits 

documented for  each glass specimen included the drift amplitude associated with first 

glass-to-frame contact, the serviceability drift limit for the inner and outer glass pane, 

the ultimate drift limit for the inner pane, pullout of the glass unit from the glazing 
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pocket, and the ultimate d rift limit fo r the entire IGU.  The limit state of glass pullout 

was defined as when the laminated pane came out of the framing pocket as a result of 

glass panel buckling or forces from pressure plate clamping.  Also, since the laminate 

pane did not experience fallout until maximum loading (if at all), an alternative ultimate 

ÓÐÔÐÛɯÚÛÈÛÌɯÛÌÙÔÌËɯɁÌÕÛÐÙÌɯÜÕÐÛɯÍÈÓÓÖÜÛɂɯÞÈÚɯÙÌÊÖÙËÌËɯÈÕËɯËÌÍÐÕÌËɯÈÚɯÞÏÌÕɯÛÏÌɯÖÜÛÌÙɯ

laminated pane along with the attached IGU spacer completely separated from the CW 

framing.  

 

 

Table  2.2:  Summary of various CW ÊÖÕÍÐÎÜÙÈÛÐÖÕÚɯÊÖÕÛÈÐÕÐÕÎɯÈÚàÔÔÌÛÙÐÊɯ(&4ɀÚɯÛÌÚÛÌË 

ID  Inner Pane1 Outer Pane LAM PVB interlayer 2 

A 0.25 in. (6 mm) AN  0.25 in. (6 mm) AN LAM 3 0.030 in. (0.76 mm)  

B 0.25 in. (6 mm) AN 0.25 in. (6 mm) AN LAM  0.060 in. (1.52 mm)  

C 0.25 in. (6 mm) AN 0.5 in. (13 mm) AN LAM  0.030 in. (0.76 mm)  

D 0.25 in. (6 mm) AN 0.25 in. (6 mm) HS LAM 0.060 in. (1.52 mm)  

E 0.25 in. (6 mm) AN 0.5 in. (13 mm) HS LAM 0.060 in. (1.52 mm)  

F 0.25 in. (6 mm) AN 0.5 in. (13 mm) FT LAM 0.060 in. (1.52 mm)  

G4 Monolithic: 0.25 in. (6 mm) AN LAM  0.030 in. (0.76 mm)  
1All IGU specimens were 59.5 in. wide x 72 in. high (1511 mm x 1829 mm), dry glazed, and used Kawneer 1600 

framing, 2PVB Saflex interlayer which resides between the two panes of glass which compose a laminated glass 

unit, 3LAM = laminated, 4Configuation G w as the control for the experiment and was not an IGU configuration  
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 The authors concluded from the  analysis of the racking results that the polyvinyl 

butyral (PVB) interlayer thickness, glass thickness, and glass type variables did not have 

significant effects on the serviceability (cracking) or ultimate (fallout) failure capacity  for 

the AN inner glass panes, the serviceability of the outer AN laminated panes, or  the 

entire unit fallout limit state.  Overall, the authors concluded that asymmetric IGU 

configurations had larger serviceability capacities for the entire unit and also each AN 

inner and laminated outer pane  individually  compared wi th non-ÏàÉÙÐËɯ(&4ɀÚɯÖÙɯsingle 

laminated glass units .  Lastly, it appeared that no benefit to the fallout capacities existed 

with asymmetric IGU configurations.   

 Memari  et al. (2004) evaluated the seismic capacity of architectural glass curtain 

walls fitt ed with anchored PET film  as a pilot study .  Three different film -to-frame 

anchoring options  were tested: (I) SSG applied along the entire glass perimeter, (II) an 

aluminum bar anchoring the film along the top horizontal of the glass to the frame, and 

(III ) two aluminum bars anchoring the film along both verticals of the glass to the frame.  

 

     

Figure  2.9:  Typical crescendo racking step (Step 8, 2 in. (50 mm), 0.8 Hz) and the entire 

ÛÐÔÌɯ ÏÐÚÛÖÙàɯ ÖÍɯ ÛÏÌɯ ÊÙÌÚÊÌÕËÖɯ ÛÌÚÛɯ ȹÞÐÛÏɯ ÛÏÌɯ ɁÙÈÔ×-ËÖÞÕɂɯ ÐÕÛÌÙÝÈÓÚɯ ÙÌÔÖÝÌËȺȮɯ

respectively (Memari et al. 2003) 
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Besides finding the limit state values, damage relating to the film and anchoring bars 

also would be observed.  Due to the nature of pilot studies, the testing was limi ted.  

Memari  et al. (2006a) reported on the in-plane dynamic racking performance of 

architectural glass with rounded corners.  In an effort to discover a technique which  

increases the cracking capacity of glass that is cost effective and simple to employ , the 

authors proposed the rounded -corner glass (RCG) concept.  RCG modifies standard 

rectangular glass panes by rounding square corners and then finishing the corners 

and/or edges as illustrated by Figure 2.10 below.  Based on the observations from 

testing, the authors suggest that drift capacities may ultimately be more critical from 

glass edge corner conditions rather than material strength.  In general, it was stated that 

the RCG design concept was promising because of the overall increased seismic 

resistance. 

 

 

 

Figure  2.10:  A square corner of a standard glass pane compared with the rounded 

corner of the modified glass panels (Memari et al. 2006a) 
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Memari  et al. (2006b) studied the seismic performance of various glass curtain 

wall configurations with two -side structural silicone glazing.  The objective of the 

experiment was to identify the failure limit states associated with glass in SSG 

assemblies.  It was noted that load transfer between the glass and framing systems in 

SSG configurations must occur through the sealant, which means that the seismic 

response of SSG systems are most likely different from systems that are dry-glazed. 

2.4 Review of Analytical Research  

 Analytical research projects have been conducted, which  further contribute to the 

understanding of the seismic performance of architectural glass.  These works include 

an investigation into the combined in -plane deformation and out-of-plane resistance of 

glass and subsequent equation development and also a static finite element analysis of 

glass under in -plane loads.  

Sucuoglu and Vallabhan (1997) investigated the seismic response of glass by 

defining the in-plane deformation and out-of-plane resistance capacity of glass subjected 

to in-plane loading.  For seismic capacity of the glass relating to in-plane deformation 

the authors continued !ÖÜÞÒÈÔ×ɀÚɯ(1961) work and performed a dimensional analysis 

to further develop an equation to predict glass capacity in t erms of drift.  The authors  

concluded that the in-plane deformation capacity of  glass is determined by two separate 

responses by the glass panel when it is subjected to lateral loading.  The first response 

behavior is rigid body motion, which occurs when the framing surrounding the glass 
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deforms and the glass pane translates within the frame until opposite diagonal corners 

come in contact with the framing  as shown in Figure 2.11 (b).  Then, the contact causes 

the glass panel to rotate and translate further until the opposite corners of the glass are 

up against within the corner of the framing  as shown in Figure 2.13 (c).  Rigid body 

movement and subsequent contact leads to glass cracking, and the drift capacity o f the 

glass as a result of this response as validated by the authors offered initially by 

Bouwkamp (1961) is represented in the first term of Equation 2.1.   

 

The second glass response from seismic loading that contributes to the in -plane 

deformation capacity according to the authors is diagonal buckling , which occurs after 

rigid body motion and once opposite diagonal corners of the glass pane become flushed 

against the corners of the framing.  At this point loading creat es a diagonal compressive 

force across the pane of the glass.  The authors claim that as a result of this compressive 

 

 

 

 

                   (a)                                                              (b)                                         (c) 

Figure  2.11:  Summary of glass panel movement under lateral loading with (a) 

undeformed glass specimen, (b) loaded glass specimen depicting frame deformation and 

initial glass contact, and (c) loaded glass panel with opposite corners within glazing 

pockets (Sucuoglu and Vallabhan 1997) 
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force, the glass deflects diagonally out-of-plane as shown in Figure 2.12 and 

subsequently shortens and further rotates, which continues until the maximum 

allowable flexural tensile stress of the glass is reached and the specimen fails.  The 

authors proposed Equation 2.5 as a way to estimate the in-plane seismic glass capacity, 

where the second term accounts for the capacity added from out-of-plane deformation:  

where ϗ denotes drift capacity, c denotes glass-to-frame clearance, b denotes nominal 

wid th of panel, h denotes nominal height of panel, Ϧall denotes allowable tensile stress, d 

denotes nominal diagonal distance across the glass through opposite corners, E denotes 

glass 8ÖÜÕÎɀÚɯÔÖËÜÓÜÚȮɯÈÕËɯt is the thickness of the glass. 

= 2ὧ1 +
Ὤ

ὦ
+  

1

ὦ

„ὥὰὰὨ
2

“Ὁὸ

2

 

 

2.5 

 

 

                                       (a)                                                   (b) 

Figure  2.12:  Framing deformation leading to (a) the development of a diagonal 

compressive force with rotation and (b) out -of-plane deflection along section a-a 

(Sucuoglu and Vallabhan 1997) 
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 Furthermore, Sucuoglu and Vallabhan discuss the out-of-plane vibration 

response of glass from seismic loading.  They then develop charts based on slenderness 

ratio and floor acceleration variations to aid in an out -of-plane vibration analysis of glass 

SF systems.  For CW configurations, it is stated that the tensile strength of the glass on 

buildings need to be larger than the maximum principal flexural stress that is predicted 

in an earthquake.  Overall, the publication states that observations in past earthquake 

reconnaissance reports show that in-plane deformations are most likely the cause of 

glass failure, as opposed to glass panels experiencing failure from out-of-pane 

vibrations.  

 Memari et al. (2007) performed  a pilot study to determine the feasibility of 

creating finite element modeling formulations of architectural glass curtain walls under 

in-plane dynamic  loads.  The objective of the analysis was to correlate strains measured 

at two locations on the glass panel during one experimental test with predicted strain s 

from a finite element model (FEM)  to determine if the onset of a cracking damage limit 

could be accurately estimated in the experimental mockup.  For the finite element 

analysis many different finite elem ents were used to model the glass panel, aluminum 

frame, and glass-to-frame connection of the experimental mocku p as shown in 

Figure 2.13.  For simplicity reasons, the authors stated the analysis would cover the  

behavior of the glass panel after initial glass -to-frame contact.   
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 The results from the measured strains in experimental test compared with the 

FEM showed some significant differences.  When relating principal strain versus load, it 

was found that the measured strains in the top corner of the glass panel was larger than 

those measured in the bottom corner, and overall the two measured experimental strains 

were larger than those predicted by the FEM.  Some matching correlation was reported 

at certain point s in the experimental testing but ultimately  the FEM departed 

significantly  from the measured strains over the course of the loading.  Reasons for these 

differences include simplified  FEM assumptions. Despite these discrepancies, the 

authors state that finite element modeling could eventually be a viable tool in predicting 

the stress and failure behavior of glass panels with further research and modifications to 

the FEM. 

 

 

Figure  2.13:  FEM schematic depicting the lateral load application and FEM meshing 

components (Memari et al. 2007). 
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2.5 Performance-Based Seismic Design  

Performance-based seismic design (PBSD) is an alternative to current design 

methods that offers professionals a way to design buildings with respect to an expected 

probable performance of a structure for various type s of future earthquake events.  It 

ultimately allows a more reliable understanding and prediction of seismic risk 

associated with buildings.  In its basic form, the performance-based design process 

involves actively analyzing the performanc e capability of a building to determine if the 

predicted performance meets the selected design objectives (ATC 2005).  The primary 

steps involved with PBSD are: (1) selecting building performance objectives, (2) creating 

a prelimina ry design, (3) assessing the performance capability of the current design, and 

(4) determining whether the assessed performance satisfies the selected objectives.  

Figure 2.14 depicts a flow diagram of these fundamental steps.  The PBSD process is 

finished when the selected objectives are met in an assessed design. 

Performance-based seismic design was developed in response to the inadequate 

performance and related large amount of economic losses from  buildings designed to 

standard seismic codes in earthquake events in the last three decades (EERI 2000).  

Seismic design procedures found in current building codes, such as IBC 2006 (ICC 2006), 

give requirements which rely on meeting minimum levels of standard for stiffness, 

strength, ductility, and dynamic response.   The main purpose of these codes is to 

protect the life safety of the public by such methods as preventing structural collapse, 

and therefore is not based on the actual performance of the building.  As a result,  
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buildings which are currently still designed to earthquake resistant requirements in 

conventional codes will most likely sustain significant damage and result in large 

economic losses for the owner in a moderate seismic event, even if the goal of life safety 

is achieved (Hamburger 2006).   

 There are several advantages of PBSD compared to conventional design 

procedures.  These advantages include the potential for buildings to better resist 

economic losses associated with earthquake damage, a higher chance that buildings will 

perform as expected, adoption of new materials or structural systems not yet addressed 

by codes, and designing to a desired performance with  lower project costs (ATC 2008).  

 

 

Figure  2.14:  Fundamental flow diagram for Performance-Based Seismic Design 
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Furthermore, the potential exists for PBSD to be adopted to other disaster events, such 

as wind, blast and fire. 

2.5.1  First -Generation  

The first steps taken toward the development of PBSD was undertaken by the 

Federal Emergency Management Agency (FEMA) , which  states that one of its main 

goals is the prevention and mitigation of damage of the built environment from natural 

disasters (ATC 2006).  Citing knowledge limitation that exist in the  understanding of the 

performance of buildings in earthquake events, FEMA contracted with the Pacific 

Earthquake Engineering Research Center (PEER) to develop a plan, referred to as the 

FEMA-283 (EERC 1996) project, outlining the research needed to successfully develop 

PBSD for existing building retrofitting purposes.  Updated with  the FEMA-349 (EERI 

2000) project outlines, these initial efforts ÖÕɯ/!2#ɯ ÞÌÙÌɯ ÛÌÙÔÌËɯ ɁÍÐÙÚÛ-ÎÌÕÌÙÈÛÐÖÕɂɯ

because of their emphasis on existing structures and the inability to quantify the loss 

predict ions in terms of parameters important to the decision making community, such 

as repair costs (Hamburger 2006).  

 The first-generation PBSD represents the current state of practice of performance-

based methodology in field today.   First-generation practices have made their way into 

national guidelines for the seismic evaluation, upgrade and retrofit of existing buildings  

(ATC 2008).  Under these procedures, professionals select a desired performance level 

(fully functional, immediate occupancy, life safety,  and collapse prevention) and match 
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it with an earthquake event that t he performance level needs to achieve.  The retrofit 

design is modeled and analyzed according to engineering criteria (i.e., deformations and 

stresses) to see if the selected performance level is met.  In this respect the first-

generation is performance-based, although measures such as economic loss are left to 

the independent judgment and personal experiences of engineers.  As a result, the 

predicted performance of a building is considered subjective (ATC 2008). 

2.5.2  Next -Generation  

In efforts to develop PBSD procedures that address new building  design, the 

Ɂ ÊÛÐÖÕɯ/ÓÈÕɯÍÖÙɯ/ÌÙÍÖÙÔÈÕÊÌ-!ÈÚÌËɯ2ÌÐÚÔÐÊɯ#ÌÚÐÎÕɂɯÞÈÚɯÊÙÌÈÛÌËɯÜÕËÌÙɯthe FEMA-349 

project (EERI 2000).  To execute the plan, FEMA contracted with the Applied 

Technology Council (ATC) to create guidelines for the new design procedures.  As a 

result, the ATC-58 pÙÖÑÌÊÛɯÌÕÛÐÛÓÌËɯ ɁDevelopment of Next -Generation Performance-

!ÈÚÌËɯ2ÌÐÚÔÐÊɯ#ÌÚÐÎÕɯ&ÜÐËÌÓÐÕÌÚɯÍÖÙɯ-ÌÞɯÈÕËɯ$ßÐÚÛÐÕÎɯ!ÜÐÓËÐÕÎÚɂɯwas established (ATC 

2005).  The goal of the ATC-58 project is to develop PBSD procedures that can directly 

relate performance in terms of quantified risks (as opposed to subjective) that the 

decision-making community can relate readily  with (ATC 2008).  ATC-58 has been split 

into two major phases that are: (1) creating a building assessment guideline in terms of 

defined quantified risks, and (2) developing  design guidelines with respect to PBSD.  

Currently, the first phase of the ATC -58 project is underway with the development of 

Ɂ&ÜÐËÌÓÐÕÌÚɯÍÖÙɯ2ÌÐÚÔÐÊɯ/ÌÙÍÖÙÔÈÕÊÌɯ ÚÚÌÚÚÔÌÕÛɯÖÍɯ!ÜÐÓËÐÕÎÚȮɂɯȹ 3" 2005). 
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As noted previously, the four primary steps of PBSD are selecting building 

performance objectives, creating a preliminary design, assessing the performance 

capability of the current design, and determining whether the assessed performance 

satisfies the select objectives (see Figure 2-9).  These four main components of PBSD 

have remained intact in lieu of the developme nt of next-generation protocols; however, 

the details and guidelines for some of these steps have become more developed than 

others.  Since the development of PBSD has been an ongoing effort, the current stage of 

development  for each primary step  is investigated for clarity . 

The selection of performance objectives is the first step for a project at the start of 

a performance-based design process.  This task is intended to be executed by a 

committee of decision makers, which could include the building owner(s), designers, 

building officials, or other peo ple given this responsibility, and may have to represent 

the needs of other groups, such as insurers or the public.  A  Ɂ×ÌÙÍÖÙÔÈÕÊÌɯÖÉÑÌÊÛÐÝÌɂɯ

represents the accepted probability risk in an earthquake event, and any losses 

associated with the damage.  New measures of performance are introduced in the ATC -

58 Guidelines, which are separated into direct economic loss, indirect economic loss, and 

losses associated with casualties (injuries and/or death).  Direct economic loss represents 

the costs of repair and/or replacement of building  components from the damage, while 

indirect economic loss is defined by the costs incurred while the building is not 

functional and unoccupied (ATC 2005).  Depending on the intended use for a building, 

any given performance measure could be more useful than other measures. 
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The ATC-58 Guidelines present measures of performances, or losses, of a building 

that are quantified through the use of cumulative probability  functions.  These 

probability functions, termed loss distributions or loss functions, plot a curve of a 

cumulative probability  on the y-axis against damage values (sum of direct, indirect, and 

casualty) on the x-axis representing a capital loss range.  A point on the  curve represents 

the probability that for  a given loss value among all possible loss values, the outcome 

will be equal to or less than the given loss value.  The data distribution is based on the 

mean value (x) and standard deviation (Ϧ) parameters, and can be distributed normally 

or lognorma lly.   Figure 2.15 shows a cumulative probability function for a hypothetical 

building design for a selected given ÌÈÙÛÏØÜÈÒÌɯÌÝÌÕÛȭɯɯ ÚɯÈÕɯÌßÈÔ×ÓÌȮɯÓÌÛɀÚɯÚÈàɯÛÏÈÛɯÐÛɯÐÚɯ

desired to know the probability that the damage losses for this building will n ot exceed 

$1.25 million for the given earthquake event.  Using the loss function, it is determined 

that there is a 55% chance that the total damage to the building will not exceed $1.25 

million for the selected earthquake.   The loss function will alter according to the type 

and intensity of a given earthquake event and how susceptible to damage the structural 

and nonstructural components of a building are  (ATC 2005). 
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The types of values suggested by the ATC-58 Guidelines as a way to be used to 

quantify the performance of a building design or an existing building from the loss 

functions include median loss, average loss, probable maximum loss (PML), and bound 

loss.  The median loss represents a damage loss value that has a 50% probability of being 

exceeded, and therefore a 50% probability of being conservative or exactly met.  An 

average loss represents the capital loss that is expected in an earthquake event, and will 

vary from the median loss value if the loss d istribution is lognormal due to the lopsided 

nature of lognormal distributions.  A PML is a loss value where there is a 90% chance 

that the capital loss on a building will not exc eed that value.  A bound loss gives a lower 

 

 

Figure  2.15:  An example of a cumulative fragility function  for a hypothetical building 

design and given earthquake 
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and upper loss value where there is an 80% chance that the capital loss in an earthquake 

event will be between those two values (ATC 2005).  From these available various loss 

value parameters, decision-makers can select quantifiable performance objectives for a 

building during the first step of PBSD.  

The next primary step in PBSD is development of a preliminary design.  Ideally, 

this preliminary design should be developed with the performance objectives in mind.  

The closer the initial preliminary design is to creating a final building design that meets 

the objectives on a performance-based level, the greater the possibility of reducing the 

number of assessments and PBSD cycles required will be, consequently saving time and 

money.   Currently, there is no literature with guidelines or  procedures outlining this 

step. 

The third stage in PBSD is to assess the preliminary building design.  The ATC-

58 Guidelines give the following five sub-steps for  the assessment process (see 

Figure 2.16): (1) Define building, (2) Characterize earthquake shaking (or ground 

motions); (sub-steps 1 and 2 can be done simultaneously), (3) Simulate building 

response, (4) Assess building damage, and (5) Compute building losses.  Also, there are 

three suggested types of performance assessments (intensity -based, scenario-based, and 

time-based) all of which follow the five sub-steps outlined.  In an intensity -based 

assessment, the damage is assessed according to a given intensity (e) of an earthquake.  

A scenario-based assessment estimates the damage losses from a specific earthquake at a 

defined location, where the magn itude and distance of the earthquake is determined 
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based on the relationship between the defined earthquake location and the known 

building site.  For a time-based assessment, damage is assessed as an estimate of the 

probable damage that may happen from all potential earthquakes over a given period of 

time (ATC 2005).   

 

The first sub-step of the performance assessment involves identifying the seismic 

hazard and ground motion intensity at the site location, the site conditions, the 

structural/nonstructural systems and components, and information on intended 

occupants and contents.  Next, an earthquake event for the assessment needs to be 

defined, which will take the form as either a response spectrum for intensity -based, a 

median spectrum and related period -dependant dispersion value for scenario-based, or 

a mean seismic hazard curve (or median seismic curve with dispersion) for time -based 

assessment type.  The third sub-step entails simulating the response of the building 

 

 

Figure  2.16:  Flow Diagram for the performance assessment of a building as outlined in 

the Guidelines 
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through the use of simplistic or complex modeling (determined by designer) from the 

defined earthquake event characteristics. The fourth step, or the assessment of building 

damage, calculates the probability  of damage to each structural and nonstructural 

building component based on the demands found in the structural analysis of Step 3.  

This is accomplished through the use of component-specific fragility functions, which 

produce expected damage losses on an individual  component level based on the 

building responses (story drifts, floor accelerations, etc.) from the structural analysis.  

Lastly, the fifth step of computing building  losses is finished through  the use of a Monte 

Carlo statistical analysis of all factors which affect performance (earthquake intensity, 

structural response, estimated damage, and losses from damage), that results in mean 

estimates for direct economic loss, indirect economic loss, and casualties (ATC 2005).   

2.5.2.1  Fragility Functions  

As introduced by the ATC -58 Guidelines, fragility function s are used to calculate 

a probable loss for each building component during the building performance 

assessment stage (Step 4) of PBSD conditioned on the found structural  responses (Step 

3).  Each component or system has a unique fragility curve for predefined damage limit 

states particular to the component or system.  As a result, a different fragility function 

will be required for each building component/system and for each limit state ass ociated 

with that particular assembly (Porter and Kiremidjian 2001).  The predicted losses are 

calculated through the input of expected seismic structural responses, where this 
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demand of which is measured by story drifts, floor accelerations, component force, or 

component deformation.  

Discrete damage states are defined for each building component based on the 

three performance loss measures (direct loss, indirect loss, and casualties).  For example, 

a damage state may be defined when an initial  damage failure benchmark is reached 

during drift displacements  for a component, which leads to direct damage.  Certain 

damage states may be related to one of the loss measures, but not any of the others.  It is 

required that all three performance loss measures are represented in the set of one or 

more damage states identified for a building component (ATC 2005). 

Fragility functions must be developed for a building component if they do not 

already exist.  They can be developed from experimental test data, derived from 

modeled behavior, or created from expert opinions.  The methods for properly 

developing fragilities are outlined in the Guidelines for Seismic Performance 

Assessment of Buildings (ATC 2005). 

The fragility function is defined in the form of the following lognormal 

cumulative distribution function ( Equation 2.6) since the demand is always positive: 

where D denotes the demand parameter, ϛi denotes the median of the probability 

distribution, ϕi denotes the logarithmic standard deviation (or dispersion )ȮɯÚÜÉÚÊÙÐ×ÛɯɁiɂɯ

represents the damage state of interest, Fi(D) expresses the conditional probability that 

the component/system under consideration will sustain  ËÈÔÈÎÌɯÚÛÈÛÌɯɁiɂɯÖÙɯÈɯÔÖÙÌɯ

 ὊὭὈ =  l
ὰὲὈ/—Ὥ
Ὥ

 2.6 
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ÚÌÝÌÙÌɯËÈÔÈÎÌɯÚÛÈÛÌȮɯÈÕËɯ͖ɯÙÌ×ÙÌÚÌÕÛÚɯÛÏÌɯÚÛÈÕËÈÙËɯÕÖÙÔÈÓɯÊÜÔÜÓÈÛÐÝÌɯËÐÚÛÙÐÉÜÛÐÖÕɯ

function. The conditional probability for damage ÚÛÈÛÌɯɁiɂȮ P[i|D], is given by the 

ËÐÍÍÌÙÌÕÊÌɯ ÉÌÛÞÌÌÕɯ ÛÏÌɯ ÊÖÕËÐÛÐÖÕÈÓɯ ×ÙÖÉÈÉÐÓÐÛàɯ ÈÚÚÖÊÐÈÛÌËɯ ÞÐÛÏɯ ËÈÔÈÎÌɯ ÚÛÈÛÌɯ ɁiǶƕɂȮɯ

Fi+1ȹ#ȺȮɯÈÕËɯÛÏÈÛɯÍÖÙɯËÈÔÈÎÌɯÚÛÈÛÌɯɁiɂȮɯ%i(D) (ATC 2005). 

The dispersion ϕ is a measure of uncertainty  associated with a particular buildi ng 

component or system.  This uncertainty represents the disparity  between the conditions 

of the actual construction with that of the tested laboratory specimen in addition to the 

differences in the actual loading an actual component/system may experience in a 

seismic event as compared to that of the laboratory loading conditions.  Furthermore, 

the Guidelines state that for cases where a fragility function is generated from a limited 

experimental database, a two-part ϕ parameter can be used, computed from  

Equation 2.7:   

Accordingly, ϕr expresses the random variability in the experimental data , which is 

statistically  determined based on the variability within the  laboratory data  value results. 

On the other hand, ϕu is a measure of the uncertainties associated with  the actual 

physical construction details and loading conditions on the building as compared to the 

component testing conditions in the laboratory.   Also, ϕu can represent the uncertainty 

concerning the adequacy of the experimental database to properly reflect the variability 

of the specimens behavior.  The ATC-58 Guidelines recommends a minimum value of 

0.25 for ϕu if: (a) five or fewer specimens were tested under the same loading protocol; 

=  ὶ
2 + ό

2 2.7 
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(b) different configurations are possible for the installation of the component on the 

building, but the specimens tested all had the same configuration; and (c) although the 

laboratory specimens were tested, for example, in only one direction, but the 

components on an actual building could experience diffe rent loading conditions. The 

Guidelines further recommend a value of 0.1 if such conditions are not applicable. 

 The fragility functions derived from laboratory data are based on two primary 

statistical parameters: the median value of demand (ɗ) and the dispersion (ϕ) value.  The 

median value of demand is the demand intensity at which a damage state is most likely 

to initiate, and is found by Equation 2.8: 

where M  denotes the total number of specimens tested that at least experienced the 

initiation of the damage state, and di ËÌÕÖÛÌÚɯÛÏÌɯËÌÔÈÕËɯÝÈÓÜÌɯÐÕɯÛÌÚÛɯɁÐɂɯÞÏÌÕɯÛÏÌɯ

damage state was reached.  The random dispersion value, ϕr, which is input into 

Equation 24 to find ϕ, is determined through Equation 2.9: 

 

where M , di, and ɗ are denoted previously.  

—=  Ὡ
1
ὓ
В lnὨὭ
ὓ
Ὥ= 1  2.8 

ὶ=  
1

ὓ 1
ln
ὨὭ
—

2ὓ

Ὥ= 1
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2.5.2.2  Fragility Analytical Review for Architectural Glass  

In conjunction with the ATC -58 project, two separate analytical efforts were 

undertaken to develop fragility functions for architectural glass curtain walls.  These 

initial works were produced based on available published glass CW laboratory data.  

The two reports represent the beginning groundwork in determining how fragility 

functions will be developed for architectural glass, the laboratory data that is applicable, 

and the types of damage states which should be identified. 

Porter and Kiremidjian (2001) began exploring fragility development by 

reviewing previous published architectural glass experiments.  It was noted that Behr 

(1998) had completed glass testing of interest, and that the damage states would be 

comprised of glass cracking and glass fallout.  The authors went ahead and developed 

ÍÙÈÎÐÓÐÛàɯÍÜÕÊÛÐÖÕÚɯÍÖÙɯÍÖÜÙÛÌÌÕɯËÐÍÍÌÙÌÕÛɯÎÓÈÚÚɯÊÖÕÍÐÎÜÙÈÛÐÖÕÚɯÈÕËɯÈɯɁÔÐßÌËɂɯÍÙÈÎÐÓÐÛàȮɯ

which is a probabilistic mixture of all fragi lities.  It is noted that the fragilities can be 

used directly if glazing on a building has the same framing system, glass type, and 

sealant.   

Porter (2006) further examined  fragility curve development for curtain walls 

with the intention of creating frag ility functions for configurations detailed with AN  

glass, square corners, glass dimensions of 12 ft (3.7 m) high by 10 ft (3.0 m) wide, and 

glass-to-frame clearances of 7/16 in. (11 mm).  For this report, Porter identified three 

damage states of interest, which are: (1) glass cracking, (2) glass fallout, and (3) curtain 

wall framing damage.  The author proceeded to review Bouwkamp (1961), ASCE 7-05 
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(2006), Behr (1998), Memari et al. (2006), and Sucuoglu and Vallabhan (1997).  Overall, 

Porter stated that only specimens from the study of Behr and Worrell (1998) are similar 

to the characteristics of glass configurations in the field , but not enough so for direct 

empirical development of  fragility functions from the  laboratory data.   

Consequently, Porter attempted to determine if fragility functions could be 

analytically derived .  He started this process by comparing the cracking failure values 

from all reviewed experiments and compared the results to the expected cracking failure 

values from both  the ASCE 7-05 equation (see Equation 2.3) and Sucuoglu and 

VÈÓÓÈÉÏÈÕɀÚɯ ÌØÜÈÛÐÖÕɯ ȹ$ØÜÈÛÐÖÕɯ Ɩȭƙ).  It was concluded that while Sucuoglu and 

5ÈÓÓÈÉÏÈÕɀÚɯÖÝÌÙÌÚÛÐÔÈÛÌËɯÛÏÌɯÊÙÈÊÒÐÕÎɯÊÈ×ÈÊÐÛàɯÖÍɯÎÓÈÚÚɯÚÓÐÎÏÛÓàȮɯÐÛɯÚÌÌÔÌËɯÛÏÌɯÉÌÚÛɯ

choice for estimating capacity.  It was noted that the ASCE 7-05 equation did not account 

for varying glass strength.  In general, it was concluded that neither equation accounts 

for uncertainty, and  as a result a Monte Carlo simulation was carried out  using the 

factors in Sucuoglu and 5ÈÓÓÈÉÏÈÕɀÚɯÌØÜÈÛÐÖÕ to produce a cracking damage state 

fragility .  Then, Porter created a glass fallout fragility by direct correlation to  the 

cracking fragility parameters  by a ratio derived from the cracking and fallout failure 

value data relationships observed in the Behr (1998) and Memari et al. (2006) 

experimental tests.  Lastly, Porter concluded that frame damage generally will not occur 

before structural collapse, so therefore this damage state should ultimately be 

disregarded in fragility developme nt.  
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2.6  Summary and Discussion  

Architectural glass curtain wall and storefront systems are an important 

component of a building envelope and are available in a wide variety of configuration 

Ûà×ÌÚȭɯɯ#ÌÚ×ÐÛÌɯÈɯÚÐÎÕÐÍÐÊÈÕÛɯÌÊÖÕÖÔÐÊɯÊÖÚÛȮɯÐÔ×ÖÙÛÈÕÊÌɯÛÖɯÈɯÉÜÐÓËÐÕÎɀÚɯÍÜÕÊÛÐÖÕȮɯÈÕËɯ

widespread use, there are only a few drift limit equations required to be satisfied by 

architectural glass systems which are outlined in IBC 2006 (ICC 2006).  Consequently, 

the lack of well -defined seismic design guidelines for glazing systems leaves 

professionals with a subjective and challenging dilemma of designing an architectural 

glass system that is properly capable of resisting earthquakes. 

It is the intent of this thesis to perform analytical research based on seismic 

performance studies on architectural glass that leads to the development of seismic 

design approaches for glazing systems.  The early studies of Bouwkamp (1961), Lim and 

King (1991), and Behr et al. (1995), while important in finding that in -plane dynamic 

loading is an acceptable method for determining the seismic capacity of glass panels, are 

too diverse in the test methods and configuration details for the failure data re sults to be 

useful in research analysis.  However, the data from later experimental tests which used 

the same racking facility, similar crescendo loading protocols, and consistent glazing 

characteristics as utilized in this research.  These studies include !ÌÏÙɯÈÕËɯ!ÌÓÈÙÉÐɀÚɯ

(1996) tests on SF configurations, Behr (1998) on mid-rise glass CW configurations, and 

,ÌÔÈÙÐɯÌÛɯÈÓȭɯȹƖƔƔƗȺɯÖÕɯ"6ɯÊÖÕÍÐÎÜÙÈÛÐÖÕÚɯÞÐÛÏɯÈÚàÔÔÌÛÙÐÊɯ(&4ɀÚȭɯɯ,ÌÔÈÙÐɯÌÛɯÈÓȭɯ

(2006b) on the seismic performance of glass with SSG was not be analyzed because the 
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seismic behavior of architectural glass that is wet-glazed is substantially different from 

dry -glazed assemblies.   

Two analytical studies in the past have been carried out in an effort to model the 

failure behavior of architectural glass,  and ultimately a suggested equation from 

Sucuoglu and Vallabhan (1997) is evaluated for accuracy.  Sucuoglu and Vallabhan 

(1997) present an interesting observation pertaining to the out-of-plane deformation of 

glass, but it is predicted that  these types of deformations contribute little to the drift 

capacity of the types of glass systems studied .  Therefore, it was predicted that out -of-

plane deformations modeled by the Sucuoglu and Vallabhan equation should not be 

used in the formulation of the closed -form equation, but an accuracy analysis 

determines whether this is the proper decision.  One reason why out-of-plane 

deformations are not likely not develop before glass failure occurs is because the edges 

and surfaces of most glass panes are riddled with microscopic flaws.  These flaws can be 

incurred during manufacturing and handling of the glass and are propagated by 

weathering elements and long-term loading after installation.  The consequence of these 

defects is that stresses concentrate around them, eventually leading to premature 

fracture and resulting in an overall reduced strength for the glass pane (Schwartz 1984).  

As a result, it is unlikely that a glass pane will experience significant out-of-plane 

deformations before more localized edge failures during an earthquake event.  Secondly, 

out-of-plane deformations of glass panels are more prone to occur in larger and thinner 

specimens as opposed to thicker and relatively smaller glass panes.  The relatively 
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modest dimensions of glass panels (5 ft x 6 ft, 1.5 m x 1.8 m) experimentally tested and 

used in the research analysis diminish the chances of out-of-plane deformations 

occurring .   

The second analytical work of Memari et al. (2007) to develop a FEM to estimate 

the seismic capacity showed potential.  However, more research needs to be performed 

on this subject before this type of analysis of architectural glass is truly verifiable .  As a 

result, finite element modeling will not be used in the analytical research in this report.   

On the whole, PBSD is a fairly new design method that is still being developed.  

While the first -generation PBSD offered the engineering community an alternative 

approach to evaluating and retrofitting existing buildings that cut costs and gave a 

better understanding to the expected seismic performance of a structure, first-generation 

procedures had many limitations.  The next -generation PBSD is more performance-

based that can be used for new building projects.   

Fragility functions were introduced by the ATC -58 project as a tool to quantify 

the probability of risk for individual building components and systems.  Two analytical 

efforts were made with intentions of developing fragility functions for architectural 

glass wall systems.  Porter and Kiremidjian (2001) carried out an analysis based on only 

limited CW and SF failure data that have been published.  Furthermore, glass 

configuration results were combined in  analysis, which should be avoided when two 

very different glass detailing options (i.e. , dry -glazing vs. SSG) are combined into the 

same computation.  Porter (2006) compiled a more extensive review and analysis for his 
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fragility development, but again was  based on only a limited experimental database.  A 

,ÖÕÛÌɯ"ÈÙÓÖɯÚÐÔÜÓÈÛÐÖÕɯÞÈÚɯÊÖÔÉÐÕÌËɯÞÐÛÏɯ2ÜÊÜÖÎÓÜɯÈÕËɯ5ÈÓÓÈÉÏÈÕɀÚɯȹƕƝƝƛȺɯÌØÜÈÛÐÖÕɯ

to produce a single fragility function for a cracking limit state, but ideally there should 

be fragility functions for each  different glass configuration.  For the fallout limit state, 

Porter applied an empirically determined ratio from laboratory data and applied it to 

the cracking fragility parameters, which should also be avoided because it would be 

most appropriate if the fallout fragilities were based on actual glass fallout experimental 

data.  Overall, while the two analytical projects to develop fragility functions for 

architectural glass were useful as a beginning step at fragility development, future 

analyses of glass CW and SF systems will need to be more comprehensive. 



 

 

Chapter 3 

 

Research Program and Plan 

3.1  Overview  

The main goal of this study  was to perform analytical research on the seismic 

performance of architectural glass glazing systems that will be a basis for and allow the 

development of glazing design guidelines for these types of nonstructural building 

components.  The research program entailed executing new architectural glass 

laboratory testing to gather needed in-plane dynamic loading performance information 

for glass configurations with substandard clearances, performing sensor testing on the 

racking facility to determine the accuracy of laboratory results, and conducting 

analytical research on the glass failure data to create two different design approaches. 

Then, investigations were carried out to provide methods on how to apply the 

performance knowledge from the laboratory to building glass systems  in the field  for 

practical applications .   

The analytical research began with the development of  fragility functions for 

each glass configuration and defined damage limit states.  The past experimental failure 

data were reanalyzed to ensure that it is accurate, and represents the point in which the 

glass panel experienced the defined damage state.  The analytical research continued 

with the development of a closed -form equation to predict the seismic performance of 
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various glass configurations for the cracking limit state .  For the formulation  of the 

equation, previous equations (ASCE 7-05, Sucuoglu and Vallabhan) that predict the 

seismic behavior of glass were evaluated using the known experimental data , and the 

accuracy of their predictions are determined.  The result of the analysis guided the 

formulation of the new closed -form equation . 

3.2  Selected Glass Configurations  

There is a wide database of architectural glass experimental testing results that 

were performed  by researchers at the Pennsylvania State University and University of 

Missouri that w ere analyzed in this study .  Table 3.1 lists the selected CW and SF 

configurations that were analyzed for fragility development, and whose data was later 

used for the formulation of the new equation .  Glass configurations studied in Behr et al. 

1996, Behr 1998, and Memari et al. 2003 contributed to the selected configurations listed 

in Table 3.1.  Furthermore, glass configurations studied in the past with varying aspect 

ratios, listed as (14) and (15) in Table 3.1, were included but had not been published.  

Lastly, configurations with substandard clearances are represented by glass 

configura tions (10-13), the experimental study of which is carried out in this report .  
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These configurations contain different glazing characteristics that are known to 

affect the seismic performance of glass, which include glass type (material strength), 

system type (CW or SF), aspect ratio, glass configuration (monolithic, Lami, or IGU), 

aspect ratio, and glass-to-frame clearances.  All configurations have a square corner 

geometry, cut (or raw as termed by some glass manufacturers) corner and edge finish 

Table  3.1: Summary of glass CW and SF configurations analyzed 

1MR = mid-rise CW system with Kawneer 1600TM framing, 2SF = storefront system with Kawneer TriFab II® 450 or 451 

framing, AN = annealed, 4IGU = insulating glass unit, 5LAM = laminated glass unit, 6PVB = polyvinyl butyral , 7HS = 

heat-strengthened, 8FT = fully -tempered 

ID  System Glazing Type  
Glass-to-Frame 

Clearance 

Aspect 

Ratio 

1 MR1 1/4 in. (6 mm) AN 3 monolithic  0.43 in. (11 mm) 6:5 

2 MR 1 in. (25 mm) AN IGU 4 0.43 in. (11 mm) 6:5 

3 MR 1/4 in. (6 mm) inner AN / 1/4 in. (6 mm) outer                 

AN LAM 5 (0.030 PVB6) IGU 

0.43 in. (11 mm) 6:5 

4 MR 1/4 in. (6 mm)  inner AN / 1/4 in. (6 mm) outer 

AN LAM (0.060 PVB) IGU  

0.43 in. (11 mm) 6:5 

5 MR 1/4 in. (6 mm)  inner AN / 1/2 in. (13 mm) outer 

AN LAM (0.030 PVB) IGU  

0.43 in. (11 mm) 6:5 

6 MR 1/4 in. (6 mm) AN  LAM (0.030 PVB) 0.43 in. (11 mm) 6:5 

7 SF2 1/4 in. (6 mm) AN monolithic  0.41 in. (10 mm) 6:5 

8 SF 1 in. (25 mm) AN IGU  0.59 in. (15 mm) 6:5 

9 SF 1/4 in. (6 mm) AN  LAM (0.030 PVB) 0.41 in. (10 mm) 6:5 

10 MR 1/4 in. (6 mm) AN monolithic  0 in. (0 mm) 6:5 

11 MR 1/4 in. (6 mm) AN monolithic  0.13 in. (3 mm) 6:5 

12 MR 1/4 in. (6 mm) AN monolithic  0.25 in. (6 mm) 6:5 

13 MR 1 in. (25 mm) AN IGU  0.25 in. (6 mm) 6:5 

14 MR 1/4 in. (6 mm) AN monolithic  0.43 in. (11 mm) 2:1 

15 MR 1/4 in. (6 mm) AN monolithic  0.43 in. (11 mm) 1:2 

16 MR 1/4 in. (6 mm) HS7 monolithic  0.43 in. (11 mm) 6:5 

17 MR 1 in. (25 mm) HS IGU 0.43 in. (11 mm) 6:5 

18 MR 3/8 in. (10 mm) HS LAM (0.030 PVB) 0.43 in. (11 mm) 6:5 

19 MR 1/4 in. (6 mm) inner AN / 1/4 in. (6 mm) outer                             

HS LAM (0.060 PVB) IGU 

0.43 in. (11 mm) 6:5 

20 MR 1/4 in. (6 mm) inner AN / 1/2 in. (13 mm) outer                 

HS LAM (0.060 PVB) IGU 

0.43 in. (11 mm) 6:5 

21 MR 1/4 in. (6 mm) FT8 monolithic  0.43 in. (11 mm) 6:5 

22 SF 1/4 in. (6 mm) FT monolithic  0.41 in. (10 mm) 6:5 

23 SF 1 in. (25 mm) FT IGU 0.59 in. (15 mm) 6:5 

24 MR 1/4 in. (6 mm) inner AN / 1/2 in. (13 mm) outer                 

FT LAM (0.060 PVB) IGU 

0.43 in. (11 mm) 6:5 
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conditions, and are dry -glazed.  These twenty-four configuration types were chosen 

based on the amount of data available, the most common CW or SF systems used on 

buildings, and representation of a range of glazing options available.  For referencing 

throughout the report, an identification label has been assigned to each assembly.   

3.3  Curtain Walls with Various Glass -to-Frame Clearances Test Plan 

The performance of glass subjected to lateral loading is known to be sensitive to 

its glass-to-frame clearance, but as of yet no studies have been performed which isolate 

this glazing detail.  Past studies such as Bouwkamp (1961) and Sucuoglu and Vallabhan 

(1997) show how the glass-to-frame clearance dimension is related to the drift when a 

glass panel comes in contact with the metal framing due to panel translation during 

lateral loading.  Glass contact is followed by further translation and rotation of a glass 

panel, which leads to the initiation of glass crushing and cracking in the corner regions 

of panels.  This glass behavior has been observed in the studies by Behr (1998) and 

Memari et al. (2003) which recorded initial contact data to compare with cracking failure 

values.  In all previous studies outlined in this report, the glass panels cyclically racked 

contained glass-to-frame clearances of approximately 0.5 in. (13 mm).  Therefore, the 

magnitude of effect of different clearances on the experimental failure of glass panels is 

not known.   

As a result, new laboratory testing was conducted on glass specimens with 

varying glass-to-frame clearances with the purpose of fulfilling two main objectives.  
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The first was to acquire an understanding of how glass-to-frame clearances affect the 

seismic performance of glass panels.  The second goal was to provide a way to app ly  the 

modeled behavior of glass performance as a function of clearance to the past 

experiments so that the capacity of glass systems on buildings with  nonstandard glass-

to-frame clearances can be accurately predicted through fragilities and the closed-form 

equation.   

To compare with the existing database of studied glass configurations with 

standard clearances, glass panels with clearances of 0 in. (0 mm), 0.125 in. (3 mm), and 

0.25 in. (6 mm) were tested.  The testing was performed on AN monolithic and A N-IGU 

glass type CW configurations.  Two AN -Mono glass specimens with 0 in. (0 mm) and 

0.125 in. (3 mm) clearances, three AN-Mono glass specimens with 0.25 in. (6 mm) 

clearances, and one AN-IGU glass specimen with a 0.25 in. (6 mm) clearance were 

tested. 

  

3.4  Sensor Testing 

To validate the accuracy and ensure conservatism of the experimental failure 

data that were used in the analytical research, the effect of flexibility in the racking 

facility itself was evaluated through the use of sensor testing.  Various sensor racking 

tests were run on the racking facility  in conjunction with the glass -to-frame clearance 

testing and other ongoing glass racking projects.  These tests determined whether 

significant  flexibility  in the facility exist ed, and whether the flexibilities effect ed the 
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desired loading displacements experienced by the glass panels.  Table 3.2 provides a list 

of glass configurations that sensor tests were performed on .  The wide array of glass 

configurations allowed  for comparisons among varying  glazing details.   

 Sensors were attached to important points on the racking facility and glass 

panels.  Linear potentiometers backed by a spring-controlled vertical slide , which 

allow ed free up and down movement of the sensors, were used to measure the 

horizontal d isplacement of the lower and upper steel tubes of the testing facility  during 

testing.  Also, a DC LVDT was attached to the actuator to measure any deflection of the 

actuator plate.  Furthermore, a DC RVDT rotation sensor mounted on an x-y slide table 

measured the angle of rotation of the fulcrum arm.  Lastly, three sensors were used to 

measure the rotational and translational movement of the glass pane within  and relative 

to the framing , which was accomplished by connecting a DC RVDT rotation sensor to 

the center of the glass panel and having a horizontal and a vertical string potentiometer  

measure any linear translation from the same point on the pane of glass.  Table 3.3 

summarizes the sensors utilized and the purpose that each one served. 

Table  3.2:  Glass CW specimens tested with sensors 

1 AN Mono lithic  ɬ 0.43 in. (11 mm) clearance 

2 AN Mono lithic ɬ 0.25 in. (6 mm) clearance 

3 AN Mono lithic ɬ 0 in. (0 mm) clearance 

4 AN IGU ɬ 0.43 in. (11 mm) clearance 

5 AN IGU ɬ 0.25 in. (6 mm) clearance 
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The results from these sensor tests were analyzed to determine whether 

flexibilities were present in the racking facility.  The analysis involved  identifying the 

displacements measured by the lower and upper tube sensors.  In a given loading  step, 

the lower and upper tubes of the racking facility will have eight peak displacements 

during the Ɂconstant intervalɂ portion of the step.  The average of the absolute value of 

these eight peaks were calculated to determine a displacement for each tube, and the 

displacements for both tubes were added for an actual displacement experienced by the 

glass specimen for any given racking step.  A comparison between actual displacements 

with the expected (and past reported) displacements exposed if any flexibilities exist ed, 

and the results can be found in Section 4.1.1. 

Table  3.3:  Summary of sensor descriptions with items measured  

Item Measured  Sensor Description  

Actuator Plate 

Displacement 

DC LVDT ɬ spring loaded  

Fulcrum Arm Rotation  DC RVDT ɬ mounted on x-y plane 

Lower Tube Displacement Linear potentiometer ɬ mounted on spring controlled slide  

Upper Tube Displacement Linear potentiometer ɬ mounted on spring controlled slide  

Glass Panel Rotation  DC RVDT ɬ mounted on x-y plane 

Glass Panel Horizontal 

Translation 

String potentiometer ɬ mounted on rotation sensor x-y 

plane with assembly that allows vertical slide  

Glass Panel Vertical 

Translation 

String potentiometer ɬ mounted on rotation sensor x-y 

plane with assembly that allows horizontal slide  
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3.5  Fragility Function Development  

 Fragility func tions were developed for all glass CW and SF configurations listed 

in Table 3.1.  As previously mentioned, fragility functions are introduced by the ATC -58 

Guidelines as a way to calculate a probable loss for building components during the 

building perform ance assessment stage (Step 4) of PBSD conditioned on computed 

structural responses (Step 3).  Fragility functions for the CW and SF configurations are 

defined by a lognormal cumulative distribution function ( see Equation 2.3), where the 

median value of th e demand (ϛi) when damage is expected to initiate (at damage state 

Ɂiɂ) and the dispersion value (ϕ) are the two main parameters that characterized the 

curves.  These parameters were determined  from the experimental failure  data values 

for each CW or SF configuration and for any given damage state .   

 The demand parameter chosen for the development and calculation of fragilities 

for glass systems was drift ratio, as defined by Equation  3.1: 

where ϗ is equal to the horizontal drift displacement that a glass panel is subject to and h 

is equal to height over which the horizontal drift displacement occurs, which will 

usually be the height of the glass panel.  This type of demand was chosen as the most 

appropriate measure to use, because the failure values which were reported as drifts in 

the studies (Behr et al. 1996, Behr 1998, Memari et al. 2003, Memari et al. 2006) were 

readily converted into drift ratios.  Also, drift ratio is one of the structural demand 

 
3.1 
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parameters deemed acceptable for fragility use by the ATC-58 Guidelines (ATC 2005).  

Lastly, AAMA 501.4 (AAMA 2001a) and AAMA 501.6 (AAMA 2001b), or the two 

seismic test methods recommended for the seismic and wind evaluation of CW and SF 

systems by AMMA , are measured in interstory drift ratios.  

 The fragility functions developed for architectural glass systems can be used for 

two primary  purposes.  The first is for use within  the context of a general PBSD 

approach of an entire existing building or building design with an exterior glass system .  

The second is for curve utilization  during the design process of a glass CW or SF system 

to give a user the expected seismic performance of different glass configurations in a 

probabilistic manner .  In this m anner, the median damage failure values (ϛ) represent 

the expected seismic capacity of a given damage state for a glass configuration at 50% 

probability.  Furthermore, the curves can be used to find likely failure demands as a 

function of  other probability  values.  It should be noted that ϛ is different than the 

average failure drift ratio value for a given data set, because ϛ is based on a lognormal 

distribution  while the straight average assumes a normal distribution of the failure data.  

The ATC-58 Guidelines uses a lognormal statistical analysis because it takes into account 

the skewed failure phenomena in some building components.  For example, it may be 

more likely that a building component will fail far above the average failure value as 

opposed to failing below the average, and a lognormal distribution will more accurately 

model this performance behavior.   
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 The Fragility Function Calculator version 1.02 software as offered in conjunction 

with the ATC -58 Project was utilized  to find the fragility para meters ϛ and ϕr (Porter 

2007).  According to the ATC-58 Guidelines (ATC 2005), the fragility parameter calculator 

in the software can be used on many different types of data sets.  Two data set types are 

represented in the experimental  failure values, whic h are: 

1) Actual Demand Failure Values:  values of laboratory excitation such as drift 

displacements at which each of several specimens failed 

 

2) Bounding Failure Values: maximum value of laboratory excitation each of many 

specimens experienced where some of the specimens failed and some did not fail 

 

The following input information for the calculation of fragility parameters  as required 

for the fragility calculator software as shown in Figure  3.1 was compiled: ɁComponent 

(#ɂȮɯɁ"ÖÔ×ÖÕÌÕÛɯ#ÌÚÊÙÐ×ÛÐÖÕɂȮɯɁ#ÌÚÊÙÐÉÌɯ2×ÌÊÐÔÌÕɂȮɯɁ#ÌÚÊÙÐÉÌɯ$ßÊÐÛÈÛÐÖÕɂȮɯɁ#ÌÔÈÕËɯ

PaÙÈÔÌÛÌÙɂȮɯɁ#ÈÔÈÎÌɯ$ÝÐËÌÕÊÌɂȮɯɁ#ÈÔÈÎÌɯ,ÌÈÚÜÙÌɂȮɯÈÕËɯÓÈÉÖÙÈÛÖÙàɯÍÈÐÓÜÙÌɯËÌÔÈÕËɯ

values.   

The fragility functions were then plotted using Excel software according to 

directions detailed in the Guidelines for S eismic Performance Assessment of Buildings 

35% Draft (ATC 2005).  The parameters used to define the curves were ϛ values found 

previously, and ϕ values calculated by Equation 2.7 with ϕr values also found previously .   
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3.5.1  Damage Limit States  

Three damage limit states have been identified as appropriate for the fragility 

curve development, which are: (1) onset of glass cracking; (2) glass fallout as defined in 

AAMA 501.6 (AAMA 2001) as the event when a fragment of glass equal to or larger than 

1 in.2 (645 mm2) breaks away from the glass panel and falls out; and (3) gasket seal 

degradation.  In Section 5.1, each of these damage limit states were thoroughly defined 

and investigated. 

 

 

Figure  3.1: Snapshot detailing required input information from the Fragility Function 

Calculator version 1.02   
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3.5.2  Cracking and Fallout Damage Limit State Data Adjustm ents 

Experimental  studies outlined in Chapter 2  defined the cracking limit state as the 

drift amplitude associated wit h the observation of a through-thickness crack in the 

vision area of the glass panel.  However, it is known that these cracks in the visio n area 

radiate from initial crushing and crack formation in the corners of a glass panel , which is 

hidden by aluminum framing and rubber gaskets.  In an effort to provide fragility 

curves based on conservative data, the cracking damage failure values were adjusted to 

represent the onset of the cracking damage limit state.  This was accomplished by 

ÙÌÝÐÌÞÐÕÎɯɁÓÖÈËɯÝÚȭɯÛÐÔÌɂɯÊÏÈÙÛÚɯÍÖÙɯ×ÈÚÛɯÌß×ÌÙÐÔÌÕÛÈÓɯÛÌÚÛÐÕÎȮɯÈÕËɯÙÌËÜÊÐÕÎɯÊÙÈÊÒÐÕÎɯ

limit state values for certain glass specimens where cracking onset damage evidence is 

apparent in the charts before the previously recorded vision cracking failure values.  

To further ensure conservatism in the cracking and fallout damage limit values, 

the data were checked to see if the recorded failure values represent the displacement 

where the glass panel experienced fallout.  Since many specimens were racked in a 

ɁÚÛÌ×ÞÐÚÌɂɯ ÊÙÌÚÊÌÕËÖɯ ÓÖÈËÐÕÎɯ ÔÈÕÕÌÙȮɯ ÐÛɯ ÐÚɯ ×ÖÚÚÐÉÓÌɯ ÛÏÈÛɯ ÌÐÛÏÌÙɯ ÍÈÐÓÜÙÌɯ ÓÐÔÐÛɯ ÚÛÈÛÌɯ

ÖÊÊÜÙÙÌËɯÖÕɯÛÏÌɯɁÙÈÔ×-Ü×ɂɯÓÖÈËÐÕÎɯÐÕÛÌÙÝÈÓ, which means that the peak displacements 

ÖÍɯÛÏÌɯÓÖÈËÐÕÎɯÚÛÌ×ɯÞÌÙÌɯÕÖÛɯÙÌÈÊÏÌËȭɯɯ3ÏÌɯɁÓÖÈËɯÝÚȭɯÛÐÔÌɂɯÊÏÈÙÛÚɯÍÖÙɯÛÏÌɯÓÈÉÖÙÈÛÖÙàɯÎÓÈÚÚɯ

specimens were reviewed, and the failure values were reduced accordingly for glass 

specimens where evidence is present that fallout was reached on the ramp-up load ing 

cycle. 
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3.5.3  Gasket Damage Limit State Data Acquisition  

The failure drift values corresponding to gasket degradation were not 

documented at the time of testing during the laboratory experiments.  However , racking 

test data sheets and recorded video footage were reviewed to compile the gasket 

degradation failure limit values for available glass configurations .   

3.6  Analytical Development of a Closed -Form Equation  

As a way to offer another design approach for  seismic design guidelines of 

architectural glass, analytical calculations were performed on the compiled experimental 

failure data to produce a new closed-form equation which predicts the seismic capacity 

of glass panels.  Based on the analytical approaches of Bouwkamp (1961), Sucuoglu and 

Vallabhan (1997), and adoption of ASCE 7-05 (ASCE 2006) in the codes reviewed in 

Chapter 2 for prediction of the seismic capacity of glass panels, a closed-form was the 

best option, as opposed to an open-form method such as FEM.  Not enough research 

information is available for the develop ment of an accurate open-form approach.  

Furthermore , the equation addresses the effects that different glazing characteristics 

have on the seismic performance of glass panels, and the scope of glazing characteristics 

accounted for are represented in the selected glass configurations analyzed (see Table 

3.1). 
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The architectural glass seismic capacity equations suggested by ASCE 7-05 

(ASCE 2006) and Sucuoglu and Vallabhan (1997) were compared with  available initial 

contact and cracking damage state failure values observed in the experimental test 

results for all CW and SF configurations.  The accuracy of the equations were 

determined through this comparison, and for the first time the level of error of these 

equations are presented in literature .  Based on the results of this analysis that can be 

found in Section 6.3, it was determined whether either equation should be used, 

modified, or ignored for the formulation under development.  Modifications  were then 

proposed for the ASCE 7-05 (ASCE 2006) equation, where a factor was then added for 

each glazing detailing characteristic.  Modification factors added to the base equation 

include d a factor representing substandard glass-to-frame clearances, glass strength type 

(AN, HS, or FT), glass configuration type (Mono,  Lami, or IGU), system type (CW or SF), 

aspect ratio, and connection detailing.  The magnitude and formulation of each different 

factor found in Section 6.5 was based on trends extracted from the compiled 

experimental test results.   

3.7  Field Application of Analytical Results Procedures  

 Procedures are presented in this report for professionals as a way to translate the 

seismic performance results and analysis of single glass panels to predict the seismic 

performance of entire glass CW or SF systems on an actual building.  The development 

of a new closed-form equation allow users to predict the seismic capacity of glass for 



66 

 

design and proportioning of CW and SF sy stems, and factors in the equation allow users 

to account for varying configurations details.  On the other hand, fragility curves allow 

users the prospect of predicting the performance of an entire glass CW and SF system 

according to various PBSD measures.  Generally, the fragility data developed can be 

used directly if the considered glass system has the same general framing system 

glazing details, glass type, glass panel size, aspect ratio, thickness and glass-to-frame 

clearances of one of the configurations listed in Table 3.1.  Otherwise, a fragility curve 

can be modified to reflect the differences between the field system and configuration 

tested in the laboratory.  The procedures to accomplish this task were outlined for the 

differences in framing systems, glass-to-frame clearances, and aspect ratio, and can be 

found in Section 5.5.  Lastly, other conditions which might alter the performance results 

from the laboratory to application on an entire glass system were investigated, the 

discussions of which can be seen in Chapter 7. 

 For the framing system details of CW and SF configurations, different aluminum 

framing systems were compared with the Kawneer framing systems used in the 

laboratory testing.  An analysis determine d how critical a different frami ng system is in 

affecting the seismic performance of architectural glass.  The study provides  ways for 

modifying fragility curves for their specific glass systems with different framing 

detailing if necessary, the magnitude of which was determined from  the research and 

analysis conducted. 
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 A  section was developed outlining how users can determine the capacity of glass 

in systems with a nonstandard glass-to-frame clearance.  Fragilities developed for 

configurations tested in this study  can be directly used for AN monolithic configuration 

types with similar nonstandard clearance s.   Otherwise, an investigation was performed 

to develop alternative options available for configurations with substandard clearances 

not represented by any of the studies.  On offered solution for  altering fragilities is  the 

×ÙÖÊÌÚÚɯÖÍɯɁÍÙÈÎÐÓÐÛàɯÔÐßÐÕÎȮɂɯÞÏÐÊÏɯÞÈÚɯÐÕÛÙÖËÜÊÌËɯÐÕɯPorter and Kiremidjian  (2001) 

and presented in this study . 

 Also, another section was developed to detail how fragilities can be altered for 

glass configurations with aspect ratios that differed from the aspect ratios used in 

laboratory testing.  Similar to the glass-to-frame clearance glazing detail, an 

investigation was performed to find ways that the curves can be altered so that the 

fragilities can be applicable to a wide range of glass aspect ratios found in the field.   

Finally, procedures were developed outlining how to apply the results and 

capacity predictions for individual glass panels from both equation and fragility design 

approaches to a large architectural glass system on a building in the field .  The different 

factors that alter the expected performance of a system on a building, such as connection 

detailing and continuity of the glazing over multiple stories, were addressed.  Also, an 

example found in Section 7.2 was developed to illustrate  how to relate interstory drift 

ratio values of individual glass panels to drift in inches or millimeters over an entire CW 

section. 



 

 

Chapter 4 

 

Experimental Study  

 

 This chapter presents the experimental study carried out and the results obtained 

for areas of the research plan laid out in Chapter 3.  Section 4.1 examines the facility 

flexibility sensor testing, and includes the conclusions from the sensor results and 

resulting data adjustment.  Section 4.2 initially discusses the test setup, specimens and 

the loading applied, and then summarizes the results of the varying glass-to-frame 

clearance testing.  Section 4.3 states the overall results and conclusions reached during 

the study of facility flexibility, modification of the experimental data, and testing of glass 

configurations with substandard glass -to-frame clearances. 

4.1  Facility Flexibility Sensor Testing  

As mentioned previously, to assess the accuracy of the previous experimental 

data failure results  using the BERL dynamic racking test facility , sensors were attached 

to the racking facility during certain specimen tests to determine whether flexibilities in 

the facility were present.  The variety of glass specimens tested represented five different 

glass configurations and allowed for com parisons among various configuration details.  

A list of the CW specimens that were tested with sensors can be reviewed in Table 3.2, 
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and a summary list of sensors used with their functions can be reviewed in Table 3.3.  

Overall, an analysis that was performed on the compiled data determined that 

flexibilities did exist in the facility, as detailed in the following subsection.  Furthermore, 

the flexibilities were significant enough to warrant a data adjustment of most past 

experimental testing to reflect th e findings of the analysis.  This data adjustment resulted 

in the reduction of failure values by an average of 17.6%. 

 

4.1.1  Sensor Data Analysis  

 The analysis to find whether flexibilities exist in the racking facility consisted of 

comparing the actual displacement experienced by glass specimens with the expected 

controlled displacement that a glass panel is supposed to be subjected to.  The expected 

displacement is equal to the controlled  applied displacement to the bottom steel tube of 

the racking facility by a hydraulic actuator , the values of which are measured by a LVDT 

embedded in the actuator.  The actual displacements experienced by glass specimens, 

though, has to be determined by analyzing the measured displacements by linear 

potentiometer sensors that were attached to the lower and upper steel tubes of the 

facility, as detailed in Section 3.4.  To complete this task, the displacements measured by 

the linear potentiometer sensors were extracted ÉàɯÙÌÝÐÌÞÐÕÎɯÙÌÊÖÙËÌËɯɁËÐÚ×ÓÈÊÌÔÌÕÛɯ

ÝÚȭɯÛÐÔÌɂɯÊÏÈÙÛÚȮɯÈÚɯÚÏÖÞÕɯÐÕɯ%ÐÎÜÙÌ 4.1a.  In a given racking load step as seen in Figure 
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4.1b, the lower and upper steel tubes will each see eight peak displacements during the 

constant interval portion of a loading step.   3ÏÌɯÙÌÊÖÙËÌËɯɁËÐÚ×ÓÈÊÌÔÌÕÛɯÝÚȭɯÛÐÔÌɂɯÊÏÈÙÛÚɯ

give the actual displacements that a given steel tube experienced during the load 

intervals measured by the sensors.  An average of the absolute values of each of these 

eight peaks was calculated from the charts to find the horizontal displacement of the 

lower or upper  steel tube.  Then, the displacements for the lower and upper tubes were 

combined to give an actual displacement that the attached glass specimen experienced 

during a given load step.  

 A comparison  between the actual displacements with  the expected 

displacements for glass specimens which received sensor testing (see Table 3.2) showed 

that the actual displacements were lower than the expected displacements.  Since the 

actual displacements were lower than the expected, this was an indicator that 

flexibilities existed in the facility.  Specifically, two separate flexibilities were identified.   

 The first flexibility in the racking facility was found to exist between the actuator 

and the lower tube.  In this instance, flexibility occurred between the point where the 

actuator applies a controlled load to the lower steel tube and the distance the lower tube 

horizontally translates.  However, this flexibility was found to be relatively minor, 

having an effect of less than 1% between the expected and actual displacement values. 
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(a) 

 
(b) 

Figure  4.1:  Depicti on of (a) a sample recorded displacement vs. time chart during  the 

sensor tests and (b) typical load step that a glass panel is subject to with the three intervals 

labeled (Memari et al. 2003) 

peak displacements 

peak displacements 
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 The second flexibility was detected when differences between the displacement 

values of the upper and lower tubes were found .  This condition is depicted in 

Figure 4.2, where the steel tubes on the racking facility are shown in a displaced 

condition  for a given load cycle during the sensor testing.  It is assumed that the lower 

tube displaced ÈɯÓÌÕÎÛÏɯÌØÜÈÓɯÛÖɯͅlower , while the upper tube displaced  a length equal to 

uͅpper.  If there was no flexibility, the n the glass panel would have experienced the 

expected displacement, a condition where lͅower  would have been equivalent to uͅpper.  

However, a flexibility in the fulcrum arm behavior and from hole tolerances lessened the 

displacement of uͅpper, such that the upper steel tube displaced less than the lower steel 

tube.  As a result, the actual displacement of the glass panel was less than the expected 

displacement, which was assumed to be doubled the measured displacement at the 

actuator on the lower steel tube.   

 

 

Figure  4.2: Depiction of the facility in a displaced condition where the effect of the 

flexibility in the fulcrum arm on the disp lacement of the upper and lower steel tubes is 

shown 


