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ABSTRACT

Glass window systems have been shown to suffer significant damage during earthquake loading,
resulting in the potential for human injuries and significant economic losses. Film-coated
windows are recognized to hold potential for mitigating these adverse affects. However, despite
its potential, limited study has been conducted to evaluate the benefits of film-coated window
systems under seismic loading. Of those studies undertaken, the focus has been on anchored
film, which is less common in practice. Furthermore, no thorough study of the effects of loading
histories on window system performance as related to envisioned scenario earthquakes, has been
performed to-date. It is unclear if previously used loading protocols are representative of
demands induced on window systems used in buildings in the California seismic environment.
Finally, previous studies have been limited in terms of their variation of window system
geometry, with the largest experimental studies focused on a single 0.83 aspect ratio

(height/width) specimen.

In this work, three variables of interest were studied through in-plane seismic racking
experiments of store-front window systems: (i) loading protocol, (ii) window film type and
attachment, and (iii) aspect ratio. The baseline window system was a 5’x5’ unit, constructed of
¥4 annealed single pane glass supported by an aluminum frame, with detailing typical of mid-
rise (store-front) window systems. This report presents the overall experimental program, the
identified damage modes and associated drift limits, and trends associated with variation of the

aforementioned test variables.
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Chapter 1: Introduction

1.1 Motivation

Previous earthquakes have confirmed that window systems can sustain substantial damage, in
spite of observed good performance of other nonstructural elements, within the same structure
[1964 Alaska (Lagorio, 1990); 1971 San Fernando (Ayres and Sun, 1973); 1978 Off-Miyaga
(Sakamoto et al., 1984); 1985 Mexico City (Evan and Ramirez, 1989); 1989 Loma Prieta, 1994
Northridge, 1995 Kobe, 2001 Nisqually (EERI 1990, 1995a, b, 2001; Lingell, 1994)].
Earthquake-induced damage to window systems has the potential to cause human injuries and
result in significant economic losses due to business disruptions and loss of functionality

(Figures 1.1 and 1.2).

Figure 1.1 Damage to window systems observed during the Palm springs, 1986 earthquake.
(Courtesy of the National Information Service for Earthquake Engineering, EERC, University of
California, Berkeley)



Figure 1.2 Damage to window systems observed during the Puget Sound, Washington, 1965
earthquake. (Courtesy of the National Information Service for Earthquake Engineering, EERC,
University of California, Berkeley)

1.2 Previous work and State-of-Practice

Perhaps the earliest work on this subject in the United States is that reported by Boukamp and
Meehen (1960) at the University of California, Berkeley. The authors conducted 33 monotonic,
two reversed cyclic, and four impact tests on windows with glass panels ranging in thickness
from 1/8” to 1/4”. Variables considered included window glass-to-sash clearance, sash type and
size, and location of the glass fixity. The authors find that the frame type has a marked impact on
the behavior of the units, and that large deformation capacities are achieved by the specimens (up
to an interstory drift ratio of 8%). The later finding was attributed to the large glass-to-mullion
clearances provided in common practice. The tests of Boukamp and Meehan (1960) were the
only such experiments to-date to systematically test specimens of varying (Height:Width) aspect
ratios, ranging from 0.5, 1.0, and 2.0 (sizes of 2°x4’, 4’x4’, 8°’x4’). Conclusions from this study

indicate that although the overall limit state displacement increases with increasing aspect ratio
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of the window panel, drift ratios (displacement limit divided by height) may increase or decrease,
depending on the hardness of the bedding mastic. Soft mastic resulted in limit state drift ratios
that decreased with increasing aspect ratio, whereas hard mastic resulted in limit state drift ratios
that increased with increasing aspect ratio. Although these conclusions are valuable, modern
window detailing may vary considerably and it is not known how damage modes and associated

drift limits are affected by the window system’s aspect ratio.

Between the late 1980s and early 1990s, the BRANZ laboratory in New Zealand conducted
testing on single window specimens of 4.6’ x 4’ and 9.2’ x 4’ (1/4” thick), primarily in an effort
to evaluate serviceability drift limits (Thurston and King, 1992). Specimens were loaded with
monotonic, static and incremental cyclic loading. Of interest in the tests were displacement rates,
boundary conditions, and cycle count per amplitude. The authors find that rotation of the glass,

within the window system is the largest contributor to the deformation capacity of the system.

The most extensive testing programs performed on glass panel systems to-date have been those
at the University Missouri-Rolla (UMR) and Penn State (Behr and Belarbi, 1995, 1996; Behr,
1998; Memari et al., 2003, 2004). These tests consistently involved 5’x6’ sized windows (AR =
0.83), tested in an in-plane loading rig, designed specifically for the window systems (Figure
1.3). Testing performed at both UMR and Penn State involved use of a single loading protocol
throughout the investigations. The protocol adopted (termed crescendo) is a variation of the
Applied Technology Council - 24 (ATC) (1992) protocol for steel moment frames and their
components, and it is now recommended by American Architectural Manufactures Association
(AAMA) (2001a) for testing of window systems (Figure 1.4). Variables in these tests have been
extensive, including, glass type (annealed, tempered, and laminated) and glass thickness (1/4” to

17, with single and multi-pane glazing).

The focus of these experiments was to document the drift limits associated with these two key
damage states, which are described in more detail in section 1.2.1. Table 1.1 summarizes the drift
ratios in which glass was observed to first crack (serviceability limit state), and then fall-out
(ultimate limit state) during the experiments conducted by others. This Table includes only
previous work, where the glass thickness matches that considered in the present study; i.e. 4~
annealed monolithic glass, aluminum framing (additional data may be found in Appendix C).

From the previous data, monotonic testing resulted in an average serviceability drift ratio of
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3.1% with an average standard deviation of 40%. Cyclic testing averages 4.1% with an average
standard deviation of 30%. Ultimate drift ratios were not studied in previous monotonic tests
however the average cyclic drift ratio was 5.6% with an average standard deviation of 23%. The

high standard deviations can be attributed to the variations of glass and mullion types.

Figure 1.3 Facility at UMR used for dynamic racking tests of full-size curtain wall panels
(Courtesy of Behr, 1996).
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panels and adopted by AAMA (2001b) (Behr, 1996)



9INJBIONI UI SIS} WIISAS MOPUIM PAJe[AI JO Arewrwung [°] 9[qeL,

PaA1asqQ 10N — O/N,,

Annd yjos ‘oouerea]d g/ ‘spleoq 2} 03 Yses d) JO JudWYoe)e

O/N O/N $9°G 1¥'S I S1uOjOUOW punoie [[e ‘A[[eonIoA papialpqns [oued ‘yses wnurwnye ‘sse[3 ajeld  ¢z°0 8Xt
Annd 130s “0oueIes[d /] ‘SpIeoq 9y} 03 Yses ) JO JUSUWOL))e
O/N O/N 6S°C 6v'C I oTuOjOUOW punoie [[e ‘A[[eonIoA papiarpqns [oued ‘yses wnurwnye ‘sse[s ajeld  ¢z°0 XY
Annd 130s “eoueres[d 7/1 ‘SpIeoq ) 03 Yses a) JO JUSUIYOL))e
O/N O/N e9 909 ! Sruojouowr punoue [[e ‘A[[ejuoziioy papiarpgns [oued ‘yses wnurwne  Gz°0 8Xv
Aynd
1JOS “@oueIed[d /] ‘SpIeoq ay) 0} Yses I} JO JUSWIYIL)Je punoIe
O/N O/N 6’y 1€y I S1uojOUOW I1e ‘A[reruoziioy papraipqns jaued ‘yses wnurwnye ‘ssej3 ajeld G770 8XV
Annd prey ‘ooueres[d 7/ ‘spreoq
O/N O/N 62C (\Yad I S1uojOUOW a3 0} Yses o) JO JuswIyoryIE punole [[e ‘yses wnurwne ‘sse[3 aeld 5770 8Xt
Annd piey ‘oouered[o 4/ ‘spreoq
O/N O/N SO'T 10°T I dTuOjOUOW o} 0} YSes oY) JO JuSWIYOr)IE punole [[e ‘yses wnurwnye ‘sse[ ayeld 770 XY
Annd yos ‘eoueres[d g/ ‘spleoq
O/N O/N 06T 8T I SIUO}OUOW ) 0} Yses o) JO JUSWIYOR)IE punole [[e ‘yses wnurwnfe ‘sseid aeyd 770 XY
Annd 130s ‘ooueIedd /] ‘spreoq
O/N O/N S1'C 90°C I S1uojoUOW dy3 0} Yyses oy} JO JudwIyor)IE punole [[e ‘yses wnurwne ‘sse[3 aeid 5770 8Xt
Annd 3yos “aoueredd /] ‘spreoq
O/N O/N 66°€ €8°'¢ I d1uOjOUOW o) 0} Yses 9y JO JudwIyOL)e punole e ‘yses poom ‘sse[3 ged  Gz0 Xt
Annd os ‘eoueIes)o 4/ ‘spreoq
O/N O/N 19°€ 43 I oTuOjOUOW o) 0} Yses 9y} JO JUSWIYOL)E punoIe e ‘yses poom ‘sse[d ajed  ¢z°0 XY
Annd yos ‘eoueIes)d §/¢ ‘spreoq
O/N O/N 061 $8°1 I S1uOjOUOW 9} 0} Yses oy} JO JUSWIYOBY. [[IS-puB-peay ‘Yses [99)s ‘ssed aeld 6770 XY
Annd yos ‘eoueres)d §/¢ ‘spleoq
O/N O/N GET 97T I S1uojoUOW ) 0} Yses o) JO JudWYORYIE punoe [[e ‘yses [993s ‘sse[3 ayed  G7Q Xt
Annd 130s ‘ooueIedd /] ‘spIeoq oy}
O/N O/N 9T 9€'T I d1uOjOUOW 0} Yses a1y} JO JUWYdLNE [[IS-pue-peay ‘yses wnurwnye ‘sse[s ajefd  ¢z°0 Xt
Annd yos “aouered|d /] ‘spreoq
O/N LON ST 9T I oTUO}OUOW o} 03 YSes oY) JO JUSWIYOR)IE punole [[e ‘yses wnurwnye ‘sse[ ayeld 770 XY
Juswiyoene [aued pue [elasrew yses Jo 19913 ayl Apnis 0 :aAnda8lqo (096T) dwexmnog
(%)oner | (your) | (%) ones WU | oads (your) ()
yudg | yug yud YU | 1 aqunyg ad£y peog adfyssepn | yorg TxH
nojej sse[n 3unjoeIo Sse[n sse[n | ozIs sse[n

synsax juowLadxq

uonIpPUod JUSWLIAAXH




panunuo) ['] dqeL

(dus )
L6°S LY 0€'c 9T z 0puoosaId  a3pa) Wl YIM ‘SSe[S JIYI[OUOW PI[eduuL IBI[d §C0 9X5
w1 18d paoyoue yum paniy sselb Apnis o1 :aAnoslqo (¥00z) ‘[e 18 Liews N
8T'L s 20°¢ €1'e 9 OpUBISAID PpojRUITUE] POUSYIFUSLIS-JEOH $T0 9X$
€€ 8Y'C we 0¥ 9 OpuBdSAId [oIpueds SIyI[OUOU PoUSYIFUSLS-JEOH $T0 9X$
99°¢ 86°¢ 08'C L6'T 9 OpusaI0 Wiy LHd W Q s dIHI[ouour pa[eauuy ST 9X$
S6°L 65°S 85T 181 9 0pudISaId pajeuruue] pajeautry ST 9X$
61t $6'C 61t $6'C S OpURISAID oryrjouow pazadwey Ajn,g $T0 '¢Y
(427 6€°€ 8t 6€°¢ S OpURISAID OIYI[OUOW PUSYITUALS-JeSH $T0 9X¢
80°¢ LT 08°C L6 9 0pusdsaId (Jream urepny) OPIJOUOW PI[eauuy ST0 9X¢
sadA3 sse|b snolren arenjens :aAn2slqo (866T) '€ 19 1yag
00'8 ILs 00'8 ILs Cl OpudSAId djeuiwre] pIeauly §To 9X¢
LSS 86'¢ LSS 86'¢ 91 OpuddsAId oryyrjouow pazadurd) AJn. ya 9X¢§
06'S 1Ty [ X4 0'¢ Cl OpUAISAID (Juoiy 210}S) OIYII[OUOU PO[EIUUY ST0 9X¢§
sse|h [eanyaauydJe Jo souewaoaad a1enjens :8Andalqo (966T) ‘Je 18 4yag
(%)oner | (your) | (%)oner | (youp) | s (your) ()
yud yua yua BEA | 1 aquiny ad£y peog od£y ssepn oy TxH
JNo[[eJ SSB[D) Sunyoe1d sse[n SSe[D) | 9zIS sse[n)

sjpnsar JuowLadxyg

uonIpPUod JUSWLIAAXH




1.2.1 Damage States

Previous work has identified two predominant damage states associated with (i) serviceability
(Figure 1.5) and (ii) ultimate condition of the window system post-earthquake (Figure 1.6).
Serviceability refers to the condition whereby the window system is repairable and does not pose
any safety hazards post-event (e.g. minor cracking or gasket damage only). In contrast, the
ultimate damage state refers to the condition whereby the window system is not repairable and
does pose safety hazards post-event (e.g. large region of glass has cracked or fallen from the
unit). The first studies on damage states were conducted by Behr et al. (1995) at the University
of Missouri-Rolla. Behr et al. (1995) describe an ultimate limit state as glass damage that poses
a threat to life safety because of glass breakage and glass fallout. Behr et al. also describes
serviceability damage states or thresholds as system repairs that become necessary due to
problems that include visual degradation, risk of future glass breakage due to thermal and wind

effects, and loss of building envelope seal integrity.

Figure 1.6 Ultimate Damage State: Extensive

Figure 1.5 Serviceability Damage State: Minor Cracking

Cracking

1.2.2 Design Code Prescriptions

The Federal Emergency Management Agency (FEMA) design documents indicate that at a drift
ratio of 1%, there is a 50% chance that the glass within a window system will crack (FEMA 461
2006). This recommendation is inconsistent with previous observations, which largely indicate

that glass cracking occurs at a minimum drift ratio of 2.5%. A much more conservative value can
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be found in the Canadian Standards Association (CSA 2005). CSA indicate that the deflection
shall not exceed 1/16 inch per foot of height of the glazed opening or 0.5% drift ratio, to
minimize window system damage. At the time of this report, the only code which took into
account any seismic relation in predicting/preventing glazing damage was the Uniform Building
Code (UBC 1994). The UBC states that the allowed maximum drift ratio for buildings with a
period of less than 0.7 seconds was 1.5% or 0.0019R,, and for buildings with a period greater
than 0.7 seconds the maximum allowable drift ratio was 1.1% or 0.0015R,,. Table 1.2
summarizes this information. All drift ratio values were quite conservative, which exposes the

lack of data to accurately predict when glazing damage might occur.

Reference Drift Criteria
FEMA 461 (2006) At 1% drift ratio, there is a 50% chance that
(Federal Emergency Management glazing will crack
Agency )
Deflection shall not exceed 1/16 inch per foot
CSA (2005) of height of the glazed opening. (0.5% drift
(Canadian Standards Association) ratio)

The allowed maximum drift ratio is 1.5% or

UBC (1994) 0.0019Rw (T<0.7s), 1.1% or 0.0015Rw
(Uniform building code) (T>0.7s)

Table 1.2 Summary of design prescriptions for window systems

1.3 Scope of this Work

In this work, three variables of interest are studied through in-plane seismic racking experiments
of window systems, namely: (i) loading protocol, (ii) window film type and attachment, and (iii)
aspect ratio. In addition, specimen repeatability is evaluated by testing three specimens of select
types during the program. The baseline window systems is a 5°x5 unit, constructed of “4”
annealed single pane glass supported by an aluminum frame, with detailing typical of store-front
window systems. A total of 53 window systems were tested. The justification for the three

variables of interest is as follows:

(i) Loading History — Various loading protocols exist in the literature for simulating seismic
demands on structural and nonstructural components [see e.g. for bridge piers — FHWA (2004);

for timber components — Krawinkler et al. (2000) or sequential phased displacement (SPD) —e.g.
9



Shepard (1995, 1996); for steel components — ATC (1992); for cladding systems — AAMA
(2001a)]. Such protocols are either displacement or load-controlled, include (or not) reversed
cycles of equal or unequal amplitude, and may be at static or dynamic rates. A common
characteristic pervasive amongst the types of load protocols representative of seismic loading is
the desire to consider reversed cyclic loading conditions due to the reversed cyclic nature of
earthquake loading. However, the actual quantity and amplitude of reversed cycles for different
components is still under debate. Speculation regarding loading protocol effects has further been
increased due to the poor performance of various types of structural components [e.g. Dinehart
and Shenton (1998), Ficcadenti et al. (1998), Gatto and Uang (2003)]. Such speculation is no less
for nonstructural components [e.g. piping work by Malhotra et al. (2003), Hoehler et al. (2009)].
These and other studies have pointed out the now well recognized fact that to evaluate the
performance of a component or system, damage in a component is cumulative and this level of
damage depends on the history of deformations or loads that the component undergoes

(Krawinkler, 1996).

At present, the accepted protocol for testing window systems is that developed by UMR and
Penn State researchers, the aforementioned Crescendo protocol (AAMA, 2001a). The crescendo
protocol, shown in Figure 1.4, represents two frequencies of input (0.4 Hz and 0.8 Hz) and incurs
ramp up cycles prior to four cycles at each maximum deformation demand. Furthermore, it
imposes nearly 200 cycles of displacement to the specimens. It is unclear if such a protocol is
representative of demands induced on window systems used in buildings in the California
seismic environment. Further, it is unclear what effect other loading protocols will have on
seismic drift limits and damage modes of window specimens. Parallel to this study, two new
protocols were developed with emphasis on low- and mid-rise building structure drift response.
This study indicated that cyclic drift counts on the order of 30-40 were more representative for

typical building structures (Hutchinson et al., 2008).

To investigate the effects of load history, it is important to define baseline capacity and damage
modes of the window specimens, prior to cyclic degradation. To perform such an assessment, a
series of monotonic, displacement-controlled tests are performed first in this study to identify

baseline conditions.
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(if) Window Film and Attachment — Film-coated glazing, although not specifically designed to
withstand anticipated earthquake events (it’s original intent being for safety or thermal
purposes), is recognized to hold potential for mitigating the adverse effects in building and other
structures under seismic loading conditions. However, to-date, only one study considered film-
coated systems (Memari et al., 2004). This study focused on anchored film, which is less

common in daily practice.

(iii) Window Aspect Ratio — As noted, the only systematic study of window aspect ratio was that
conducted by Boukamp and Meeham (1960). Systematic study of the effects of window aspect

ratio on damage modes and associated drift ratios is needed.

1.3.1 Report organization

This report is organized into the following chapters:

e Chapter 2 presents the experimental program, including the test matrix, set-up,
instrumentation, and protocol for test execution.

e Chapter 3 presents a summary of experimental results; including identified damage states,
physical observations, and a summary of global response characteristics of the window
systems.

e Chapter 4 synthesizes results from the experiments, considering the effects of the three
variables of interest in this study, namely load protocol, film thickness, and aspect ratio.
In addition, comparison with previous work is discussed.

e Chapter 5 presents conclusions and findings of the study.

e Appendices are included to summarize the load rig design, individual test damage

reports, and additional experimental data.
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Chapter 5: Conclusions

5.1 Motivation

Damage to nonstructural components and systems during earthquakes threaten public safety, and
are a major source of economic losses and business disruptions. Previous earthquakes have
confirmed that despite good overall structural performance of a building, the nonstructural
components and systems within it will very likely have sustained heavy damage. Window
systems in particular are very susceptible to damage, due to their brittle nature and integration

with the building perimeter.

The window system is a highly complex, and variably constructed system, consisting of glass
panels, interface material between the mullion and glass, metal, plastic or wood mullions and an
attachment mechanism to the building structure. Moreover, the glass may be filmed for safety of
thermal purposes, and this film may be mechanically or chemically attached. Each of these
elements poses its own risk of failure under seismic loading. Perhaps the most catastrophic, and
dangerous situation is the development of cracks in the glass itself. Risk of human danger is
increased upon severe cracking or glass fallout. Unfortunately, window systems are traditionally
viewed as an architectural component to the overall building envelope, and therefore no attention
is provided to them in design. Indirectly, however, one can consider their drift ratio limits and
associated damage states as these relate to demands imposed on the building (windows are

attached floor-floor).

Experimental investigations of the seismic performance of window systems in the United States
date back to the early 1960’s. Review of the literature indicates that limited study on the effects
of window aspect ratio, loading protocol, and film coating, have been undertaken in the context
of seismic performance evaluation. The largest test program to-date, led by UMR and Penn
State, adapted use of a single load protocol, termed the crescendo protocol, which subjected the
window systems to 180+ cycles of reversed cyclic dynamic loading. This high cycle count is
noted as excessive when one compares with the actual drift cycles imposed at the elevation of the

window system during earthquakes (Hutchinson et al., 2008).
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5.2 Scope of Work

A systematic experimental program is undertaken in this work with a focus on evaluating the
effects of: (i) load protocol, (ii) film thickness and attachment and (iii) window aspect ratio, on
the window system in-plane seismic performance. In total, 12 small scale, and 53 full-scale
specimens were tested. Small scale specimens consisted of 12”x12”x1/4” annealed glass panels
subjected to monotonic loading. These experiments were conducted primarily to evaluate the

validity of video monitoring of the crack development during the large scale tests.

The baseline large-scale window specimens consisted of 5°x5’ window units, constructed of 4"
annealed single pane glass supported by an aluminum frame, with detailing typical of store-front
window systems. These specimens were subjected to in-plane seismic racking in a specially
designed racking frame mounted on the UCSD Powell Laboratory shake table. The objectives of
these tests were to quantify the damage modes and associated drift limits, considering the

aforementioned testing variables.

Full-scale testing began with testing baseline 1:1 aspect ratio windows (5°x5”) under monotonic
loading. A slow displacement rate of 0.03 in/sec was used to avoid inertial effects, while
allowing observation of the progression of damage and a better understanding of failure modes.
Each of the different film thickness and attachment system combinations were tested under the
monotonic protocol to establish their baseline behavior. The loading protocol (LP) series
involved testing of like specimens systematically subjected to the (i) Crescendo Load Protocol,
(i1)) FEMA 461 Load Protocol, (iii) a newly developed Mid-Rise Load Protocol and (iv) and a
newly developed Low-Rise Load Protocol. The latter two protocols are described in a companion
report by Hutchinson et al. (2008). The effects of each protocol on the specimens’ drift limit
capacity were evaluated, and cross-comparison between the various protocols was conducted.
The window film (WF) series included 5°x5’ specimens with no film, 2 mil, 4 mil, and 2-ply 8
mil film. Each filmed specimen was built unattached and attached. Attachment involved the wet
glazing attachment system, which involves placing a bead of caulking at the top edge of the film,
adhering the film to the glass panel. The aspect ratio (AR) series included 6’x4’ (AR: 1.5), 5°x5’
(AR: 1.0) and 4’x8” (AR: 0.5) specimens. Each aspect ratio in the series was composed of 3

specimens. The first specimen had no film, the second had 4 mil film and the third specimen had
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4 mil film attached with the wet glazing attachment system. Specimens in both the WF and AR
series were subjected to the FEMA 461 load protocol.

5.3 Findings

5.3.1 Identified Damage States

Damage to the window units was categorized into two main groups: (i) Serviceability Damage
States (SDS) and (ii) Ultimate Damage States (UDS). SDSs are damage modes, which results in
the inability to immediately continue normal (service), while UDSs are damage modes, which
are not repairable and pose an immediate safety hazard. Upon achieving an UDS, the window
system must be completely replaced. Three SDS and two UDS for store-front style window
systems were identified in this study. The SDSs identified were: (i) gasket damage, (ii) minor
glass cracking, and (ii1) wet glazing attachment system detachment. The UDSs identified were:
(1) glass fallout and (ii) major glass cracking. The experimentally determined drift ratios, for all
window systems tested in this program, considering the aforementioned damage states were as

follows:

e SDS-1 (gasket damage): range from 1.9 to 3.1%, with an average of 2.3%

e  SDS-2 (minor glass cracking): range from 1.4 to 11.3 %, with an average of 6.6%

e SDS-3 (Attachment system detachment): range from 4.1 to 6.8 %, with an average
of 4.9%

e UDS-1 (extensive glass cracking): range from 1.4 to 11.5 %, with an average of
8.0%

e UDS-2 (glass fallout): range from 3.9 to 11.5 %, with an average of 8.3%

5.3.2 Load Protocol Effects

The effects of load protocol are detailed in a companion report by Hutchinson et al. (2008) and
therefore only abbreviated in bullet form herein. Table 5.2 summarizes the minimum, average,
and maximum drift ratio associated with the various damage states. Additional findings

regarding load protocol include the following:

e Load protocol has an effect on the drift ratio associated with the identified damage states.

Specifically, it was observed that the crescendo protocol caused specimens to acquire

70



damage at an earlier drift ratio than any other load protocol. The cause for the low drift
ratio is associated with cycle count.

From the limited study the loading rate has minimal effect on the drift limits associated
with both the serviceability and ultimate damage states. The FEMA 461 protocol (20
cycles — static) had slightly smaller drift ratio values compared with the Mid-rise protocol
(20 cycles — dynamic).

To characterize the serviceability damage state, minor cracking was identified as a good
metric for loading protocol comparison. Using the FEMA 461 load protocol as a base (20
cycles), the Monotonic load protocol resulted in a 39% increase in drift ratio capacity, the
Mid-Rise protocol (20 cycles) showed a 10% increase in drift ratio capacity, the Low-
Rise protocol (40 cycles) showed a 1% decrease in drift ratio capacity and the Crescendo
load protocol (+180 cycles) showed a 13% decrease in drift ratio. The ultimate damage
state extensive cracking showed the same trend when comparing the FEMA 461 load
protocol to the others: 39% increase for Monotonic load protocol, 8% increase for Mid-
Rise load protocol, 11% decrease for Low-rise load protocol and 22% decrease with

Crescendo load protocol.

(min / average / max) %
Monotonic Crescendo | FEMA 461 Mid-rise Low-Rise
SDS-1: N/O 22/22/22|1.5/22/3.1(22/24/3.1|1.6/1.8/1.9
SDS-2: [2.3/7.8/11.3|4.6/6.0/7.3/44/6.8/8.5(6.2/7.55/89|6.8/6.8/6.8
SDS-3: | 4.1/54/6.8 N/A 44/44/44 N/A N/A
UDS-1: |5.6/8.6/11.5(46/60/73|44/65/85|7.0/80/89|68/68/6.8
UDS-2: |5.6/8.6/11.5(73/73/73|39/65/89|7.1/8.0/8.9 N/A

Table 5.1 Summary of load protocol effects

5.3.3 Film and Attachment System Effects

The most notable observation regarding the window system seismic performance when the unit
is filmed is related to the securing capacity of the film, post-damage. Even a moderate amount of
film (2 mil) suppresses damage to the window system, and greatly assists with retaining the glass

itself, thereby reducing the potential for the safety hazard of glass fallout. Table 5.2 summarizes
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the minimum, average, and maximum drift ratio associated with the various damage states.

Additional findings regarding film include the following:

e When there is no film applied to the glass, the effects of extensive cracking cause on
average 74% of the glass to fallout (range of 20%). With only minimal film application (2
mil), less than 1% of glass is observed to fall from the specimen. Increased film thickness
(4 and 2-ply 8 mil) increases the level of containment further to less than 0.75% glass
fallout.

e For the serviceability damage states there was an average increase of 34% in drift ratio
capacity from no film to filmed specimens. For the ultimate damage state the increase in
drift ratio capacity from no film to filmed specimens was 12%.

e Increasing the film thickness had no discernable trend in terms of its effects on drift ratio
capacity at any damage state when unattached. The minimal amount of film considered in
this study (2 mil), would suffice in terms of increasing the drift ratio capacity associated
with the identified damage states.

e  When the window film is attached using the wet glazing attachment system, the drift ratio
values for all damage states was reduced. The attachment system increases the system
stiffness, which in-turn creates local stress concentrations along the attached edge of the
glass. For like specimens, on average, the serviceability damage state drift ratio was
reduced by 32% for specimens attached with the wet glazing attachment system. The
ultimate damage state drift ratio was reduced by 37% for like specimens that were
attached with the wet glazing attachment system.

e The safety aspects of window film were very evident during the testing. Thicker films (4
and 2-ply 8 mil) reduced replacement time and increased safety by containing the glass in
one manageable sheet. The attachment system, when it did not fail, held the shattered
panel in place after testing, which provided ample time to setup for safe removal of the

specimen.
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(min / average / max) %
Filmed
no film
Un-attached Attached
SDS-1 (gasket damage): 22/2.7/3.1 1.5/3.1/2.2 2.2/4.7/8.3
SDS-2 (minor glass cracking): 6.8/78/89 | 1.5/11.3/69 | 14/47/83
SDS-3 (attach. system detachment) N/A N/A 41/5.0/6.8
UDS-1 (extensive glass cracking) 76/92/11.5146/90/113 | 14/6.7/10.9
UDS-2 (glass fallout) 7.6/92/11.5]173/9.1/11.3]39/7.6 /10.8

Table 5.2 Summary of film and attachment drift ratios

5.3.4 Aspect Ratio effects

The most notable conclusion observed from the experimental program, as related to aspect ratio
was that as the aspect ratio increases the obtained drift ratio values for the serviceability damage
states increases. For the serviceability damage state minor cracking AR 0.5 had a range of 4.8%
to 6.9% and an average 11% drop in drift ratio capacity compared to AR 1.0. SDS-2 (minor
cracking) was not attained for AR 1.5 however the drift ratio achieved before system limitations
were reached was 7.2%, a 26% increase in drift ratio capacity compared to AR1.0. This
observation was consistent only for window systems without film or with film unattached. Stress
localization associated with the film attachment increases the variability of the drift ratio
capacity. Ultimate damage states showed no discernable trend which could be attributed to
limitations of the loading system (the ultimate damage state was not attained for taller

specimens), as well as specimen to specimen variability.

5.4 Future Work

This study demonstrated that window film application can beneficially suppress the damage to
window systems associated with seismic loading. Most notably, the drift ratios associated with
key serviceability and ultimate damage states were increased and glass fallout was largely
mitigated. However, the experiments also demonstrated the unfortunate attributes, namely
development of local stress concentrations, when the film was attached to the glass unit. These

findings were limited to the type of window system considered, namely, store-front type
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construction. To broaden the application of these findings, future studies should consider the

following:

e Additional window system types
e Varying film attachment systems
e Varying glass type and thickness
e Varying sash and mullion details

e Less likely geometries (highly squat or tall slender window systems)
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