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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 atThe 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 databasea 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 thatglass
tto-frame clearances specifically have on the seismic performance of glass panels.
Furthermore, sensor testing was conducted on the racking facility to measure 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 | building components,
such as architectural glass, hasattracted 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
2/ 101 OuGBRAOBE w21 PUOPEw#1 UPT 02 wp/ ! 2# AwUT EVwbOUOE
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 NextGeneration Performance-Based Seismic Design
Criteria to develop specific guidelines for use by engineers and designers.

The ATC-58 Progct 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
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the design based on tlree 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
EUPOEDPOT zUw EOOUUUUEUDPOOW EUVUET 1 Uno geisrpic Besigh Y Y WA S w
approaches published for glazing 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
PBSDof 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 usein a perform ance-basedor conventional design approach of glazing systems.
Researchers at he 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 closedform

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

developed.



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 actud 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 705 (ASCE 2006) offer onlydesign
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 equationswere determined by comparing the predicted
failure values for certain glass systemswith 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
glassto-frame clearanceswere obtained through new experimental testing. To ensure
consewatism 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
objectivesthat were set the following research activities were carried out :

9 Test glass configurations with varying glass -to-frame clearances tofill in
current data gaps so that analytical research is more efective

1 Conduct facility sensor testing to ensure data accuracy
1 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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1 Develop closed-form equation which estimates glass panel seismic
cracking capacity

1 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 relatedto 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 2.3ummarizes experimental studies that have been performed on the
seismic performance of architectural glass. Section 2.4reviews 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 systemsthat 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 encompassessystems
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 acommon building component as mass load bearing wall
systems slowly transitioned and were replaced with cavity wall systems during the
twentieth century and lightweight wa Il 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

2007). On top of these considerations, though, aCW must be able to effectively resist



Figure 2.1: An example of an architectural glass CW system on a building
(kawneer.com)

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 Figure2.2 (a).
Unitized systems are manufactured in modules in a factory and then erected on the
building in sections, and are usually pieced together one floor 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 spedications. All of the
glass CW and SF systems which will be analyzed in this report are considered stick-built

type assemblies.



Figure 2.2: Comparison between (a) stick-built and (b) unitized CW systems
(www.livemodern.com, www.archsd.gov.hk)

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 integrated 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.
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Figure 2.3: An example of a glassSFwindow unit system application (kawneer.com)

Storefront and other window unit systems have many functions , which include
thermal performance, moisture protection, aesthetics, acoustical performance, life safety,
durability, constructability, and maintainability ( NIBS 200§. 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 resultwill be expected to
reasonably resist these loadsfor reasons such as ife safety. The most important
consideration when attempting to effectively achieve these functions successfully is the
integration of the SFwindow units with the wall elements, so that all components act as

one exterior wall system (NIBS 2008.
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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 200§. It is not heat treated during fabrication and of the three options it has the
least amount of strength. Heat-strengthened (HS) glass is heatd and cooled in a process
that allows surface compression to develop increasing the resistance ofglass breakage.
Fully -tempered (FT) glass undergoes a more complete heat and cooling processwhich
gives it the highest resistance to breakage out of allthree glass types. The industry
generally accepts that HS glass is twice as strong as AN, and FT four times stronger than
AN (NIBS 2009. Furthermore, AN glass usually fails into large shards when damaged,
while FT breaks iOUOw U OE-0O6 WP & & E UK fal$ id & tdahneusomewhere in
between either the failure behaviors, depending on the level of glass surface pre
compressive stresses

The three different types of glass can also beused 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 toglass 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 spacein between them. The air
space is created with continuous spacers that seal the gap, and the sealed spacean 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 glasspanel. ( &4 Z UWEUI wx Ox UOEU WD Ow OE O their BherB&E D OT w x
energy, and acoustical performance qualities compared with single pane glass
configurations (NIBS 2008, which are termed monolithic.
In addition, glass can be coated or tinted to achieve particular goals. A popular
T OEUUWEOEUDOT wExxObE E ¢missidiw,DW iUDETOW EODY UwOU I
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 SFsystem 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 gasketsthat compressonto the glassedgesand 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 200§.

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

EOUUOOwWI OUPaOOUEOwWI UEOT wOil OETl UwkT PET wUin wi OEUU

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 edg blocks, there is a glasgo-frame clearance

EI UOPI 1 OwU0T1T wi OEVUVUWEOCE wh wed ®»E! QubEIQEU B wiE@BDWEWE E
edge of the glass and the lip of the framing. The glassto-frame clearances and bite

characteristics can vary among glassCW and SFconfigurations.
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Figure 2.4: Suggested setting block locations as suggested by GANA 2004

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-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
NGt 61 hruyd!l we! TT Uwl YYt AOwUI EUPOOWNSGt 81 6K wUUE
storefronts shall be designed and installed in accordaOETl wb P UT w21 Ed wpRD.t 81 6 huy -

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

or SF system:
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. fallout a UJhllpI

Kk
or & wynd k } whichever is greater

the CW or SF system under consideration, and Dy denotes the drift that the glazing
component must be designed to accommodate. Dy 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
Of wWEDUxOEEI Ol OUwEOxOPIi PEEUDPOOwW I EE GaUféruaw  Uw U
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).
Owi RET xUPOOwIi U bxuasdfférdd by ASCP @042 wnder Section
9.6.2.10.1 is designing a system with a sufficiet glassto-frame clearance that satisfies

Equation 2.2:

Qum 1250 2.2

where Dcear denotes the drift that occurs relative to the height of the glass panel and
represents expected initial glassto-frame contact. Decear can be determined by

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

Quas = 26 1+§—§ 23
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where hy and b» denote, respectively, the height and width of the rectangular glass
panel, c. denotes the glassto-frame clearance along the vertical glazing edges, andc

denotes the glassto-frame clearance along the horizontal glazing edges.

2.3 Review of Experimental Research

The seismic performance of architectural glass has been investigatedin 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 pands 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 mne 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
sizes4 ftby 2 ft (1.2 mx 0.6 m), 4 ft by 4 ft (1.2 m x 1.2 m), and 4 ft by 8 f{1.2 m x 2.4 m)
with glass thicknesses of 1/8 in. (3 mm), 3/16in. (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 wasidentified when either cracking or fallout of glass
occurred, and was recorded as thedrift 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 camein contact with the framing .
Glass contact was a consequencef 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 wayto predict the lateral drift

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

with soft putty :

nt. h=2(1 +hb) 24

w here n denotestotal drift displacement between top and horizontal frame members, . h
denotes rotational adjustment, ¢ denotes glass-to-frame clearance, b denotes the nominal

width of panel, and h denotes the nominal height of panel. For configurations with hard
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derived and based on the aspect ratio (b/h) of the glass.

Lim and King (1991) experimented on five different glass CW configurations,
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 Limz Uw i D éBcbnBated 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 glassshould 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 Imit state on the
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glass, which was defined as glass edge damage, glass pandranslation and rotation, and
gasket seal damaye. The Ultimate Test, which was twice the displacement amplitude
but the same frequency as the Serviceability Test, was designed to impose an ultimate
limit state on the glass, which was defined as minor and 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 afulcrum 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 tesed 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 of the glass specimens were 5 ft wide by 6 fthigh (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 glassd
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Figure 2.5: Dirift time histories for, respectively, the Serviceability and Ultimate test
(Behr et al. 1995)
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Figure 2.6: Facility setup for the storefront glass (Behr et al. 1995)

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 testedaccording to a newly
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way to better relate interstory drift experienced by a building and the limit states
subsequently experienced by the CW systems, and as a possible standardseismic test
method for architectural glass in the future. T he proposed crescendo test consistedof a
EOOUPOUOUUWUI UPT UwoOi wE Qi UDEQODO? dOUD UYEQUwWHE B
with each interval composed of four sinusoidal cycles at a frequency of 0.8 Hz. Each
2ramp-Ux 2 wbOUI UYEOQwUUI x wb O EHPRFN (6rEno) Bhe tinte Qistdfi€sx OD U UE |

of which are shown in Figure 2.7.
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The sameracking test facility and set-up used in the previous SFtests was used
(see Figure 26). Also, the same five various glass configurations were tested as the
previous experiment, with 12 or 16 specimenstested for each configuration. For the
i EPOUUI wOOEITI UOWEW? O00P I Wedined Bsbréaéhed wiued@ B Orécking UUE U »
pattern in the glass appeared that was significant enough to lead to major fallout. An
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occurred. The conclusions from the authors regarding the performance of the different
glass configurations were very similar to the previous SFexperiments. Also, the failure
drift values were consistent and the statistical standard deviation of the data was small,
which suggested that the crescendo test is a good standard for measuringthe 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 andused the standard crescendo test method (see Figure 2.J. The same
racking test facility used in the Behr et al. (1995) SFtestswas used, exceptthe setup was
slightly different as each glass specimen was testedndividually (see Figure 2.8). The
variables among different glass configurations 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 1600 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. ? UIDIEEY E E b Ob U adefifed & ithe) dufd @ dsidobservable glass cracking

b.7UOUDPOEUI wEUDPI OwOPODPU~» wEI i DOI Eglask talowd T 1 wEUD
fragment greater than 1 in.?)
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Table 2.1: Summary of the various glass mid-rise CW configurations

Glazing Type Glass Thickness  Sealant
AN * monolithic 0.25in. (6 mm) Dryé6
HS2 monolithic 0.25in. (6 mm) Dry
HS monolithic 0.25in. (6 mm) Wet?
FT2 monolithic 0.25in. (6 mm) Dry
AN laminated 0.25in. (6 mm) Dry
AN monolithic with 4 mil. (0.1 mm)  0.25in. (6 mm) Dry
PET* film

HS monolithic spandrel 0.25in. (6 mm) Dry
HS monolithic spandrel 0.25in. (6 mm) Wet
HS laminated 0.375in. (10 mm) Dry
AN IGU 5 1.0 in. (25 mm) Dry
AN IGU 1.0in. (25 mm) Wet
HS IGU 1.0in. (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, ¢Dry = dry glazing
gaskets used on curtain wall frame, ?Wet = 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 glas
surface pre-stress treatmentsfrom 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 systens.

Memari et al. (2003) performed research on mid -rise curtain wall configurations
by dynamically racking different asymmetric insulating glass units (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 U1 UU w b E U w U UHRUE GuuEQEDDOU 1Uxw E Uw O x x GtédcéhdoUOw E w E
fashion, as shown in the time history profile in Figure 2.9. The failure limits
documented for each glass specimen included thedrift amplitude associated with first
glassto-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 drift 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
OPOPUWUUEUT wUl UOT Ew?1 OUPUI wUOPUwWi EOOOUU? wbEUuU
laminated pane along with the attached IGU spacer completely separated from the CW

framing.

ID Inner Panet Outer Pane LAM PVB interlayer 2
A 0.25in. (6 mm) AN 0.25in.(6 mm) AN LAM 3  0.030 in. (0.76 mm)
B 0.25in. (6 mm) AN 0.25 in. (6 mm) AN LAM 0.060 in. (1.52 mm)
C 0.25in. (6 mm) AN 0.5in. (13 mm) AN LAM 0.030 in. (0.76 mm)
D 0.25in. (6 mm) AN 0.25in. (6 mm) HS LAM 0.060 in. (1.52 mm)
E 0.25in. (6 mm) AN 0.5in. (13 mm) HS LAM 0.060 in. (1.52 mm)
F 0.25in. (6 mm) AN 0.5in. (13 mm) FT LAM 0.060 in. (1.52 mm)
G* 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, “Configuation G w as the control for the experiment and was not an IGU configuration
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respectively (Memari et al. 2003)

The authors concluded from the analysis of the racking results that the polyvinyl
butyral (PVB) interlayer thickness, glass thickness, and glass typevariables 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 with non-l & EU P E w (sigglez Uw O U w
laminated glass units. Lastly, it appeared that no benefit to the fallout capacities existed
with asymmetric IGU configurations.

Memari et al. (2004) evaluatad the seismic capacity of architectural glasscurtain
walls fitted with anchored PET film as a pilot study. Three different film -to-frame
anchoring options were tested: (I) SSGapplied along the entire glass perimeter, (II) an
aluminum bar anchoring the film along the top horizontal of the glass to the frame, and

(1) two aluminum bars anchoring the film along both verticals of the glass to the frame.
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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. (200&) 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 andsimple 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.

Square Rounded
Corner Corner

"Conventional "Earthquake
Glass Panel" Resistant
Glass Panel”

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 dryglazed.

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 andsubsequent equation development and also a static finite element analysis of
glassunder in -plane loads.

Sucuoglu and Vallabhan (1997) investigated the seismic response of glass by
defining the in-plane deformation and out-of-plane resistancecapacity of glass subjected
to in-plane loading. For seismic capacity of the glass relating to in-plane deformation
the authors continued ! O U b O E (1864)Wvark 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 of 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.

20( l+h/h) b
b F-_cl 2¢(h/b)
Load on Window Frame Load on Glass Plate
c * a._on ! g oZ -
3 - Load on
Glass Plate i
. , Rotation ’
Sl < Horizontal _|[C h
Movement
Load on
Glass =
¥ Plate — 7 oo
tc Load on Glass Plate

(@) (b) (c)

Figure 211 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)

The secondglass 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 thicompressive
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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 rached 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:
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where ¥ denotes drift capacity, c¢ denotes glassto-frame clearance, b denotes nominal
wid th of panel, h denotes nominal height of panel, ba denotes allowable tensile stress,d

denotes nominal diagonal distance across the glass through opposite corners,E denotes
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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. ForCW 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 glassto-frame connection of the experimental mockup as shown in

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

behavior of the glass panelafter initial glass-to-frame contact.
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Figure 2.13. FEM schematic depicting the lateral load application and FEM meshing
components (Memari et al. 2007).

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 panelwas 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 points in the experimental testing but ultimately the FEM departed
significantly from the measured strains over the course of the loading. Reasonsfor 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 panelswith further research and modifications to

the FEM.
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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 preliminary design, (3) assessing the performance capability ofthe current design, and
(4) determining whether the assessed performance satisfies the sele&d 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 eventsin 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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Figure 2.14: Fundamental flow diagram for P erformance-Based Seismic Design

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 ifthe 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 buildigs will
perform as expected, adgtion of new materials or structural systems not yet addressed

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



35

Furthermore, the potential exists for PBSD to be adgted 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 Emergengyy 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 aghe
FEMA-283 (EERC 1996)project, outlining the research needed to successfully develop

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

2000) project outlines, these initial efforts OOw / ! 2# w b1l Ul w-UI OOUEwpo

because of their emphasis on existing structures and the inability to quantify the loss
predictions in terms of parameters important to the decision making community, such
as repair costs (Hamburger 2006).

The first-generation PBSD represents thecurrent 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 selecta 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 performancdevel is met. In this respect the first-
generation is performance-based, although measures such as economic loss aréeft 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
? EUPOOw/ OEOwH G /Eup 1G0T # 1 UDT the REMASIQUEUT EUI
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 pU ON1 E U w D&&dproedtl of Net -Generation Performance-
' EUI Ew21 PUOPEw#1 UDPT Ow&UDPEIT Ob Ol wasiestéblished AFCWE OE w$ R
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

22 UDPEI OPOI Uwi OUw2] DPUOPEwW/ | Ui OUOE0D®BI w UUI UUOI OUL



37

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 sekct objectives (see Figure 2). 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 becomemore developed than
others. Since the development of PBSD has been an ongoing effort, e current stage of
development for each primary step is investigated for clarity .

The selection of performance objectives is he 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 insirers or the public. A ? x1 Ui OUOEOET wOENI ¢
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 (injuriesand/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 Guidelinespresent 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 againstdamage 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 (h) parameters, and can be distributed normally
or lognormally. Figure 2.15shows a cumulative probability function for a hypothetical
building design for a selectedgiven ] EUUT GUEOI wi YI OU8 ww UwWEOQwI REO~
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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Figure 2.15. An example of a cumulative fragility function for a hypothetical building
design and given earthquake

The types of values suggested by the ATC-58 Guidelinesas a way to beused to
guantify 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 consenative 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 distribution 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
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and upper loss value where there is an 80% chancehat 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 selectquantifiable 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 performancebased 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 suggestedtypes 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 intensitye( of an earthquake.
A scenario-based assessment estimates the damage losses from a specific earthquake at a

defined location, where the magnitude 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).

(1) Define Building (2) Characterize
Earthquake Shaking

| |
v

(3) Simulate Building
Response

}

(4) Assess Building
Damage

|

(5) Compute Building
Losses

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

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 seisnic curve with dispersion) for time -based

assessmenttype. The third sub-step entails simulating the response of the building
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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 assessmentof 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 onan 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 isfinished 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 foundtructural 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 a initial damage failure benchmark is reached
during drift displacements for a component, which leads to direct damage. Certain
damage states may be related to oneof the loss measures but not any of the others. Itis
required that all three performance loss measures are repesented in the set of one or
more damage statesidentified for a building component (ATC 20085.

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:

—
@0 = | & Y 26
[

where D denotes the demand parameter, Gi denotes the median of the probability
represents the damage state of interest,F(D) expresses the conditional probability that

the component/system under consideration will sustain EEOET I wit WEOWIwEwW OOUI u
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The dispersion ¢ is a measure ofuncertainty 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 Guidelinesstate that for cases where a fragility function is generated from a limited
experimental database, a twopart ¢ parameter can be used, computed from

Equation 2.7:

f = Ti2+Tg 2.7

Accordingly, ¢r 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, ¢u is a measure of the uncertainties associated with the actual
physical construction details and loading conditions on the building ascompared to the
component testing conditions in the laboratory. Also, ¢u can represent the uncertainty
concerning the adequacy of the experimental database to properly reflect the variability
of the specimens behavior. The ATC-58 Guidelinesrecommends a minimum value of

0.25 for ¢u if: (a) five or fewer specimens were tested under the same loading protocol;
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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
Guidelinesfurther 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 (d) and the dispersion (¢) 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:
150 ,
= QFBRiho 28

where M denotes the total number of specimens testedthat at least experienced the
initiation of the damage state, and d ET1 OOUI UwUT 1 wElI OEQEWYEOUI wbOu
damage state was reached. The random dispersion value, ¢r, which is input into

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

1 0 Qy 2
Ty = S_Q 29

where M, di, and d are denoted previously.
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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
i UET POPUawi UOEUPOOUwWI OUwi OUUUI | OwEDBI i1 Ul O0wT O
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
glassto-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 705 equation (see Equation 2.3 and Sucuoglu and
VEOOEET EOz Uw I @UE 0.b GtOnasqrdrolited] thad hiel Sukuoglu and
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 5 EOOE E | E Oz tbuplodnide Ealdbaékidg 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
Uaxl Ubww#l UxPUI wEwUDT OPIi PEEOUWI EOOOODPEWEOUUOuU
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 sydem 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! I T UWEOEw! | OEUE
(1996) tests on SF configurations, Behr (1998) on midise glass CW configurations, and
L1 OEUPWI DWEOSwWwpl YYt AwOOW" 6 WEODI DT UVUEUDPOOUW DD

(2006b) on the seismic performance of glass with SSGvas 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 d deformations contribute little to the drift
capacity of the types of glass systemsstudied. 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, evetally 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-
basedthat 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 ononly a limited experimental database. A

, 0001 w" EUOOWUDOUOEUDPOOWPEUWEOOEDOI EwbDUT w2UEUC
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 glassCW and SF systems will need to be morecomprehensive.



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 datato 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 experimenal testing results that
were performed by researchersat the Pennsylvania State University and University of
Missouri that were analyzed in this study. Table3.1 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

configurations (10-13), the experimental study of which is carried out in this report .
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Table 3.1: Summary of glass CW and SF configurations analyzed

. lass-to-Frame A t
ID System  Glazing Type Glass-to-Frame spec

Clearance Ratio
1 MR? 1/4 in. (6 mm) AN 3 monolithic 0.43in. (11 mm) 6:5
2 MR 1in. (25 mm) AN IGU* 0.43in. (11 mm) 6:5
3 MR 1/4in. (6 mm) inner AN / 1/4 in. (6 mm) outer 0.43in. (11 mm) 6:5
AN LAM 5(0.030 PVB) IGU
4 MR 1/4 in. (6 mm) inner AN/ 1/4 in. (6 mm) outer 0.43in. (11 mm) 6:5
AN LAM (0.060 PVB) IGU
5 MR 1/4 in. (6 mm) inner AN/ 1/2 in. (13 mm) outer 0.43in. (11 mm) 6:5
AN LAM (0.030 PVB) IGU
6 MR 1/4 in. (6 mm) AN LAM (0.030 PVB) 0.43in. (11 mm) 6:5
7 SRk 1/4 in. (6 mm) AN monolithic 0.41in. (10 mm) 6:5
8 SF 1in. (25 mm) AN IGU 0.59 in. (15 mm) 6:5
9 SF 1/4in. (6 mm) AN LAM (0.030 PVB) 0.41 in. (10 mm) 6:5
10 MR 1/4 in. (6 mm) AN monolithic 0in. (0 mm) 6:5
11 MR 1/4 in. (6 mm) AN monolithic 0.13in. (3 mm) 6:5
12 MR 1/4 in. (6 mm) AN monolithic 0.25 in. (6 mm) 6:5
13 MR 1in. (25 mm)AN IGU 0.25in. (6 mm) 6:5
14 MR 1/4 in. (6 mm) AN monolithic 0.43in. (11 mm) 2:1
15 MR 1/4 in. (6 mm) AN monolithic 0.43in. (11 mm) 1:2
16 MR 1/4 in. (6 mm) HS” monolithic 0.43in. (11 mm) 6:5
17 MR 1in. (25 mm) HS IGU 0.43 in. (11mm) 6:5
18 MR 3/8in. (10 mm) HS LAM (0.030 PVB) 0.43in. (11 mm) 6:5
19 MR 1/4 in. (6 mm) inner AN / 1/4 in. (6 mm) outer 0.43in. (11 mm) 6:5
HS LAM (0.060 PVB)IGU
20 MR 1/4 in. (6 mm) inner AN / 1/2 in. (13 mm) outer 0.43in. (11 mm) 6:5
HS LAM (0.060 PVB)IGU
21 MR 1/4 in. (6 mm) FT® monolithic 0.43in. (11 mm) 6:5
22 SF 1/4 in. (6 mm) FT monolithic 0.41 in. (10 mm) 6:5
23 SF 1lin. (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 0.43in. (11 mm) 6:5

FT LAM (0.060 PVB)IGU

IMR = mid-rise CW system with Kawneer 1600 framing, 2SF = storefront system with Kawneer TriFab I1® 450 or 451
framing, AN = annealed, 4IGU = insulating glass unit, SLAM = laminated glass unit, PVB =polyvinyl butyral ,HS =
heat-strengthened, 8FT = fully-tempered

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 glassto-frame clearances. All configurations have a square corner

geometry, cut (or raw as termed by some glass manufacturers) corner and edge finish
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conditions, and are dry-glazed. These twenty-four configuration types were chosen
based on the amaunt 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, hut 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 glassto-frame clearance dimension is related to the drift when a
glass panel comes in contzt 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 glassto-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 wasto 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 clearancescan 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
0.25in. (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 ANMono glass specimens with 0.25 in. (6 mm)
clearances, and one ANIGU 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 existed, 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 testswere performed on. The wide array of glass

configurations allowed for comparisons among varying glazing details.

Table 3.2: Glass CW gecimenstested with sensors

AN Mono lithic ¢+ 0.43 in. (11 mm) clearance
AN Mono lithic ¢+ 0.25in. (6 mm) clearance
AN Mono lithic ¢ 0 in. (O mm) dearance

AN IGU ¢ 0.43in. (11 mm) clearance

AN IGU ¢ 0.25in. (6 mm) clearance

QB |W|IN|F

Sensors were attached to important points on the racking facility and glass
panels. Linear potentiometers backed by a spring-controlled vertical slide, which
allowed 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 measureany 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 oneserved.



58

Table 3.3: Summary of sensor descriptions with items measured

Item Measured

Sensor Description

Actuator Plate
Displacement

DC LVDT ¢ spring loaded

Fulcrum Arm Rotation

DC RVDT ¢ mounted on x-y plane

Lower Tube Displacement

Linear potentiometer ¢+ mounted on spring controlled slide

Upper Tube Displacement

Linear potentiometer ¢ mounted on spring controlled slide

Glass Panel Radation

DC RVDT ¢ mounted on x-y plane

Glass Panel Horizontal

String potentiometer ¢+ mounted on rotation sensor X-y

Translation plane with assembly that allows vertical slide
Glass Panel Vertical String potentiometer ¢+ mounted on rotation sensor X-y
Translation plane with assembly that allows horizontal slide

The results from these sensor testswere 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 givenloading step,

the lower and upper tubes of the racking facility will have eight peak displacements

during the “?constant interval? portion of the step. The average of the absolute value of

these eight peakswere 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
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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
Guidelinesas 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 the demand (Gi) when damage is expected to initiate (at damage state
?i?) and the dispersion value (¢) are the two main parameters that characterized the
curves. These parameters weredetermined from the experimental failure data values
for each CW or SFconfiguration and for any given damage state .

The demand parameter chosen for the development and calculation of fragilities

for glass systemswas drift ratio, as defined by Equation 3.1:
o)
Drift Ratio = - 3.1

where yis equal to the horizontal drift displacement that a glass panel is subject toand 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. 200@)ere

readily converted into drift ratios. Also, drift ratio is one of the structural demand
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parameters deemed acceptable for fragility use by the ATC-58 Guidelines(ATC 2005).

Lastly, AAMA 501.4 (AAMA 200l1a) 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 secondis 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 manner, the median damage failure values (g) 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 ¢ is different than the
average failure drift ratio value for a given data set, becauseg is based on a lognormal
distribution while the straight average assumes a normal distribution of the failure data.
The ATC-58 Guiddinesuses 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 1.02oftware as offered in conjunction
with the ATC -58 Projectwas utilized to find the fragility para meters ¢ and ¢- (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 tle 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: ?Component
(#RP0WOOx 001 OUw#1 UEUDxUDPOO? Ow?#1 UEUDPEIT w2x1 EPOI O
PAUUEOI Ul U2 Ow?#EOET T w$YPEI OEIl 2 Ow?#EOET 1 w, I EVUVUI
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; values found

previously, and ¢values calculated by Equation 2.7 with ¢rvalues also found previously .



62

[ Fragility Function Calculator
e
Result Echo Pane Common Data Methos for Creating Fragity Functions
| Component D (format AO000.000); | ||~A | B [ ‘B2 | "B3 [+C | "E|-UA|-UB
I | index () DP ()
i =
d =
Companent Tl
5
5
7
s
[ Describ 1=
| -
g
Descrine excitat .
 Demand paramet; i
Damage evid .
H e
Damage m; i
f
By Xin Xu and Keith Porter
| computeResutts | | SubmittoServer | | Clearan | 0%
For technical detail, See www.risk-agora.org

Figure 3.1: Snapshot detailing required input information from the Fragility Function
Calculator version 1.02

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 cacking; (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 mn®) breaks away from the glass panel and falls out; and (3) gasket seal
degradation. In Section 5.1 each of these gamage limit states were thoroughly defined

and investigated.
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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 with 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 valueswere adjusted to
represent the onset of the cracking damage limit state. This was accomplished by
Ul YDI PDOT w? 0O0EEwWYUSwUDOI 2 wET EUOUwWI OUwxEUUOWI R x
limit state values for certain glass specimens where cracking onset damage &idence 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 dispacement
where the glass panel experienced fallout. Since many specimens were racked in a
2U01 xPDPUI 2 wEUI UEI OEOwW OOEEDOT wOEOOI UOw PUw BUW x
OEEUUUI E w O AuxGTu QuOEEEDwhichin@ahs that thedpeak displacements
Ol wUOT 1 wOOEEDOT wUUIT xwkPl Ul wOOUWUI EET T EGww3T 1T w? O
specimens were reviewed, and the failure values were reduced accordingly for glass

specimens where evidence is present that fallout was reached on the rampup loading

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 andrecorded 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 closedform was the
best option, as opposed to an openform method such as FEM. Not enough research
information is available for the develop ment of an accurate openform 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 lected glass configurations analyzed (see Table

3.1).
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The architectural glass seismic capacity equations suggested by ASCE -D5
(ASCE 2006) and Sucuoglu and Vallabhan (1997were compared with available initial
contact and cracking damage state failure vdues 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 presentedin literature . Based on theresults 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, whee a factor was then added for
each glazing detailing characteristic. Modification factors added to the base equation
include d a factor representing substandard glassto-frame clearances, glass strength type
(AN, HS, or FT), glassconfiguration 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
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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 glasto-frame
clearances of one of the configuratons 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, glassto-frame clearances, and aspect ratiop 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
x UOET UUwOI w?i UET DOPUa wObD R Dater @ndukiremigjign (2008 Uw D OU U
and presented in this study.

Also, another section was developed to detail how fragilities can be alteredfor
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
approachesto alarge 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 7.2was 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 4.2initially 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 accuracyof the previous experimental
data failure results using the BERL dynamic racking test facility, sensors were atached
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 ke 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 Ea wUIl YD1 PP OT wUl EQUEIT Ew? |
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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. 31T 1 wUl EQUET Ew? EPUxOEEI O1 60
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 3.2howed
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 actuldisplacement values.
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Figure 4.1: Depiction of (a) a sample recorded displacement vs. time chart during the
sensor testsand (b) typical load step that a glass panel is subject to with the three intervals
labeled (Memari et al. 2003)
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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 EwO1 OT UT wie @Mile Geulpi2utube displaced a length equal to
_upper.  If there was no flexibility, the n the glass panel would have experienced the
expected displacement, a condition where = wwer Would have been equivalent to _ upper.
However, a flexibility in the fulcrum arm behavior and from hole tolerances lessened the
displacement of _ upper, 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




