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The opinions, recommendations and conclusions contained within this report are solely those of the
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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
Y4” 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

1”, 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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Experiment condition

Experiment results

Glass size | Glass Number of Glass cracking Glass fallout
H xL thick Glass type Load type specimens Drift Drift Drift Drift
(ft) (inch) P (inch) ratio (%) | (inch) | ratio(%)
Bouwkamp (1960) Objective: To study the effect of sash material and panel attachment
4X8 0.25 plate glass, aluminum sash, all around attachment of the sash to the monotonic 1 1.46 1.52 N/O? N/O
boards, 1/4 clearance, soft putty
4X8 0.25  plate glass, aluminum sash, head-and-sill attachment of the sash to monotonic 1 2.36 2.46 N/O N/O
the boards, 1/4 clearance, soft putty
4X8 0.25  plate glass, steel sash, all around attachment of the sash to the monotonic 1 2.26 2.35 N/O N/O
boards, 3/8 clearance, soft putty
4X8 0.25 plate glass, steel sash, head-and-sill attachment of the sash to the monotonic 1 1.84 1.92 N/O N/O
boards, 3/8 clearance, soft putty
4X8 0.25 plate glass, wood sash, all around attachment of the sash to the monotonic 1 3.52 3.67 N/O N/O
boards, 1/4 clearance, soft putty
4X8 0.25  plate glass, wood sash, all around attachment of the sash to the monotonic 1 3.83 3.99 N/O N/O
boards, 1/4 clearance, soft putty
4X8 0.25  plate glass, aluminum sash, all around attachment of the sash to the monotonic 1 2.06 2.15 N/O N/O
boards, 1/4 clearance, soft putty
4X8 0.25 plate glass, aluminum sash, all around attachment of the sash to the monotonic 1 2.8 2.92 N/O N/O
boards, 1/2 clearance, soft putty
4X8 0.25 plate glass, aluminum sash, all around attachment of the sash to the monotonic 1 1.01 1.05 N/O N/O
boards, 1/4 clearance, hard putty
4X8 0.25  plate glass, aluminum sash, all around attachment of the sash to the monotonic 1 2.20 2.29 N/O N/O
boards, 1/2 clearance, hard putty
4X8 0.25  plate glass, aluminum sash, panel subdivided horizontally, all monotonic 1 4.31 4.49 N/O N/O
around attachment of the sash to the boards, 1/4 clearance, soft
putty
4X8 0.25 aluminum sash, panel subdivided horizontally, all around monotonic 1 6.06 6.31 N/O N/O
attachment of the sash to the boards, 1/2 clearance, soft putty
4X8 0.25  plate glass, aluminum sash, panel subdivided vertically, all around monotonic 1 2.49 2.59 N/O N/O
attachment of the sash to the boards, 1/4 clearance, soft putty
4X8 0.25  plate glass, aluminum sash, panel subdivided vertically, all around monotonic 1 5.41 5.64 N/O N/O

attachment of the sash to the boards, 1/2 clearance, soft putty

IN/O - Not Observed

Table 1.1 Summary of related window system tests in literature




Experiment condition

Experiment results

Glass size | Glass Number of Glass cracking Glass fallout
HxL thick Glass type Load type specimens Drift Drift Drift Drift
(ft) (inch) (inch) ratio (%) | (inch) ratio(%)
Behr et al. (1996) Objective: Evaluate performance of architectural glass
5X6 0.25 Annealed monolithic (Store front) crescendo 12 3.02 4.23 421 5.90
5X6 0.25 Fully tempered monolithic crescendo 16 3.98 5.57 3.98 5.57
5X6 0.25 Annealed Laminate crescendo 12 571 8.00 571 8.00
Behr et al. (1998) Objective: Evaluate various glass types
5X6 0.25 Annealed monolithic (Curtain wall) crescendo 6 1.97 2.80 2.17 3.08
5X6 0.25 Heat-strengthened monolithic crescendo 5 3.39 4.82 3.39 4.82
5X6 0.25 Fully tempered monolithic crescendo 5 2.95 4.19 2.95 419
5X6 0.25 Annealed laminated crescendo 6 1.81 2.58 5.59 7.95
5X6 0.25 Annealed monolithic with 0.1mm PET film crescendo 6 1.97 2.80 3.98 5.66
5X6 0.25 Heat-strengthened monolithic spandrel crescendo 6 2.40 3.42 2.48 3.53
5X6 0.25 Heat-strengthened laminated crescendo 6 2.13 3.02 5.12 7.28
Memari et al. (2004) Objective: To study glass fitted with anchored pet film

clear annealed monolithic glass, with film (edge crescendo 2 2.6 3.30 4.7 5.97

5X6

0.25

grip)

Table 1.1 Continued




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 0.0019Ry, 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.
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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 2: Experimental Program

2.1 Small Scale Pilot Tests

2.1.1 Introduction and Scope

Tests were conducted on 12” square % thick annealed glass panels. The goal of this experiment
was to determine the effects of window film on glass fracture type, load at failure and the
feasibility of capturing crack propagation on video. Eight panels were tested, with three different
film thicknesses: Omil (uncoated), 2 mil and two (2) 4 mil plies together (8 mil total). An initial
test in out of plane bending was used to determine the capabilities of tracking crack propagation
through video images. The second test was an in-plane tension test through compression of the
specimen. This test was to further examine video capture capabilities of crack propagation and

attempt to correlate this with load.

2.1.2 Out of Plane Test

Panel 0, with no film, was tested by a simple out of plane test as a first step in determining the
crack tracking possibilities. The base of the glass panel was secured to a stiff mounting bar, then
a clamp was placed near the top of the panel and tightened manually until failure in bending.
The best imaging result is found using a shadowing effect, where a white backdrop is placed

behind the glass unit (Figure 2.1).

(b)
Figure 2.1 - Panel 0 - Crack tracking through shadows

As seen in Figure 2.1 (b) the shadows of the cracks are much more defined than the cracks

themselves. The shadows stand out more as the crack thickens as seen in Figure 2.1 (c).
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2.1.3 In-plane tension tests

This test was designed to further test the crack propagation detection using video and correlate
the onset of cracks to a load. The panel was tested in plane diagonally to concentrate the loads
down the center of the panel. This loading causes tension cracks to form parallel to loading. A
back light projection was used with paper backing the glass panel to allow shadows to form as
cracks form. The panel was held in place using two stiff steel mounting frames (the design plans
for the mounting frames can be found in Appendix A). The stiff frames were in turn secured by
the clamps of the MTS testing machine. Rubber stoppers similar to those found in full scale
window construction to separate the mullion and window glass were used in between the stiff
steel frame and glass to prevent concentrated load buildup. The specimens were loaded

monotonically at a rate of 2 in/sec.

Figure 2.2 — 12”x12” Tension Test Setup
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2.1.4 Camera setup

One Basler camera was used to capture the crack propagation (model: A301fc). The camera was
set at its maximum capture rate to best observe the onset and propagation of the cracks (80
frames per second). The camera was placed approximately 18 inches from the glass surface
which gave an approximate resolution of one megapixel. After the tests, each frame of the video

was extracted to analyze the cracking.

2.1.5 Results

Crack propagation through the specimen’s entire height was observed to be faster than 0.0125
seconds (maximum camera frame rate - 80hertz). Therefore only one frame of the video for each
specimen shows the crack orientations just prior to failure. Figures 2.3 - 2.5 show a series of
photographs of un-filmed specimens showing the video frame in which the first crack can be
seen (b), the prior video frame (a) and following video frame (c). Figures 2.6 - 2.9 show a series
of photographs of filmed speciemens showing the video frame in which the first crack can be
seen (a) and the following two video frames (b and c). Notice that the film holds the glass

fragments together.

@ (b) ©

Cracking minus one video Onset of cracking Cracking plus one video
frame frame

Figure 2.3 - Panel 1: Omil Film
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(a) (b) (c)
Cracking minus one video Onset of cracking Cracking plus one video
frame frame
Figure 2.4 - Panel 2: Omil Film

(a) (b) ()
Cracking minus one video Onset of cracking Cracking plus one video
frame frame

Figure 2.5 - Panel 3: Omil Film

(a) (b) (c)
Onset of cracking Cracking plus one video Cracking plus two video
frame frames

Figure 2.6 - Panel 4: 2mil Film
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(a) (b) (c)
Onset of cracking Cracking plus one video Cracking plus two video
frame frames
Figure 2.7 - Panel 5: 2mil Film

(a) (b) ()
Onset of cracking Cracking plus one video Cracking plus two video
frame frames

Figure 2.8 - Panel 6: 2mil Film

(a) (b) (c)
Onset of cracking Cracking plus one video Cracking plus two video
frame frames

Figure 2.9 - Panel 7: 8mil Film

2.1.6 Physical observations

Observations presented in Figures 2.3 - 2.9 indicate that primary tensile stress cracks formed
parallel to the loading direction and secondary/buckling cracks formed perpendicular to the
loading direction. Failure was attributed to the secondary cracks causing the glass to buckle.

Figure 2.9 shows photographs of Panel 7, which was the only glass panel to not fall from the
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testing apparatus after failure. This happened because the thicker film (2-ply 8 mil) was able to
remain stable despite the outward potential of the panel. However, the cracking pattern (parallel
tensile stress cracks and perpendicular buckling cracks) was not affected by the application or

thickness of the film.

The effect of the film was limited to the amount of shrapnel that was produced. The panel with
no film produced a large volume of shrapnel. As the thickness of the film was increased, the
amount of loose glass after failure was greatly reduced. A panel with 2 mil film preserved
approximately 75% - 85% of the shrapnel on the glass itself, while a panel with 4mil film
contained approximately 95% of the shrapnel. The panel with 2-ply 8 mil coating contained near
100% of the shrapnel.

2.1.7 Measured Results

Figure 2.10 shows the resulting force-displacement and stiffness-time response measured during
the experiments. The average peak load for all tests was 10.5 kips with no correlation between
peak load and film thickness. The total displacement capacity of the assembly was between 0.7 -
0.8 inches. The one curve that stands out from the rest is the first panel tested. This panel
observes a stiffer initial response, with subsequent softening matching the early displacement
behavior of subsequent panel tests. This is attributed to the re-use of the rubber stoppers placed
in the reaction set-up, which resulted in an initial plastic deformation of the rubber stopper
during test one. As a result, the following tests show a slightly smaller maximum displacement,
and softer initial load behavior. The glass panel specimens with no film had a much lower final

stiffness (~8 k/in) just prior to failure than the filmed panels (~11 k/in).
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Figure 2.10 - Force vs. displacement and stiffness vs. time profiles

The glass material used follows the guidelines set forth in the ASTM specification C1036, clear
float glass. According to the material data sheet provided by Pittsburgh Plate Glass Co. (PPG)
for float glass (Appendix D) the tensile strength of the glass specimens (modulus of rupture) is
6000 Ibs/in®. Assuming a compressive strut loading area of 3 in? the compression force expected
to fail the specimens was approximately 18,000 Ibs. It is believed that the maximum tensile load
was not reached because the panels failed in buckling. This conclusion is consistent with
observations of the full scale testing as well. For more details comparing small scale results to

full scale results refer to Section 4.1 Correlation between Small Scale and Full Scale Testing.

2.1.8 Comparison to Previous Work

The only other set of testing on small (12”x12”) panels was performed by Memari et al. (2007).
The focus of their studies was to correlate small scale to full scale through the stiffness of each
component of a window system (glass, mullion, etc). They reported no buckling failure (however
noted that somewhat less than pure in-plane loading was observed in full-scale tests) and peak
loads ranging from 9 kips to 14 kips (average 11 kips). Converting this pure diagonal loading to
its (45 degree) horizontal and vertical components the peak loads range from 6.4 kips to 9.9 kips
(average 8.2 kips). The small panels tested in this report all failed in buckling with a peak load
ranging from 6.8 kips to 8.1 kips (45 degree component) with an average of 7.5 kips. The peak
load difference (9% increase in load capacity) can be attributed to the difference in failure
mechanisms. Drift ratio capacity could not be compared due to testing setups. Previous work
included a specialized testing frame which had metal to glass loading contacts where as this
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report inserted the stiff rubber blocks, found in the full scale specimens, between the steel
loading rig and the glass to reduce load concentrations.

2.1.9 Small Scale Test Conclusions

It was possible to track the onset and propagation of cracking through shadowing of the cracks
from video data. It was also possible to correlate the load to ultimate failure. Despite similar
ultimate failure loads and displacements for film and non filmed panels, secant stiffness values
were found to be 37% higher in filmed specimens than un-filmed panels. Cracking patterns were,
however, also not affected by the thickness or application of film.

2.2 Full Scale Test Setup

Window specimens were loaded in pure shear in an in-plane racking frame similar in concept to
that used at Pennsylvania State University and the University of Missouri-Rolla, and denoted in
the AAMA (2001b) specifications. The lateral racking system was designed to support pure

shear loading and minimize out-of-plane excursions.

The testing rig was composed of an outer moment frame that surrounds an inner racking frame
(Figure 2.11). The reaction frame system at UCSD was different than that at Penn State or UMR
primarily via the incorporation of pivot points at the lower line of the window. The UCSD
modified design allows for flexible height adjustment and accommodates three different
specimen sizes: two side by side 5’x5” windows (Figure 2.12), one 4’x8’ window (Figure 2.13)
and one 6°x4” window (Figure 2.14). The outer frame sandwiches the inner frame preventing
out-of-plane movement. Each component of the testing frame was composed of steel tube
members (HSS 4”x4”x1/4”). The outer moment frame was reinforced using diagonal members
(HSS 2.5”x2.5”x1/4”) to increase its stiffness. This provided optimal load transfer between the
shake table and the windows. Variable specimen size is easily adjustable through the movement
of the lower horizontal and vertical support members (Figure 2.11). Detailed construction plans
for the reaction frame can be found in Appendix A. Note that the reaction frame is mounted onto
the UCSD Powell Laboratory shake table. The shake table provides the input loading, while the
upper inner frame is anchored, with a load cell placed in parallel, to a reaction wall. In this sense,
the design is inverted (loading incoming from the base of the window), as observed when the

window system is in the field.
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2.3 Test Matrix

Table 2.1 outlines the testing matrix for the in-plane racking experiments conducted at UCSD.
The testing matrix investigates three variables of interest: (a) Loading protocol (group LP), (b)
window film type and attachment system (group WF), and (c) aspect ratio (group AR). Window

systems have the following baseline properties, unless otherwise noted in table 2.1.

e Size:5'x5
e Y4” annealed single pane glass

e Store-front window system, Aluminum frame

Testing of a single specimen provides insufficient information since the level at which strength
degradation occurs has significant scatter, and is rapid (ATC, 1992). Glass cracking or fallout is
a brittle, rapid failure mode; therefore, investigation into the repeatability of specimen response
is inherently built into the matrix by testing multiple specimens of select individual specimen
types. In total, 53 specimens were tested during the program. It should be noted that conducting
multiple tests per specimen type would provide enhanced confidence and thorough validation of

repeatability, for a given variable. Table 2.2 shows the mapping between test name and specimen
type.
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€

Group Spe&:ren ARZﬁ?glt Window Film Type At;?/‘;?;lfnt Load Protocol Notes
LP-01° a| b c 1.0 None None Monotonic (Static) Control
LP-02 a|b|c 1.0 Single Ply 2 mil None Monotonic (Static)
LP-03 a| b c 1.0 Single Ply 4 mil None Monatonic (Static)’
LP-04 a| b c 1.0 Two Ply 8 mil None Monaotonic (Static)
LP-05 a| b - 1.0 Single Ply 2 mil Wet Glazed Monotonic (Static)

Lp LP-06 a| b c 1.0 Single Ply 4 mil Wet Glazed Monotonic (Static)

LP-07 a| b c 1.0 Two Ply 8 mil Wet Glazed Monotonic (Static)
LP-08 a| b c 1.0 None None Crescendo (Dynamic)
LP-09° a| b c 1.0 2 mil (a,b) - 4 mil (c,d) None FEMA 461 (Quasi-static)
LP-10 a| b - 1.0 2 mil (a) - 4 mil (b) None Crescendo (Dynamic)
LP-11 a| b - 1.0 Single Ply 2 mil None Mid-Rise Load Protocol
LP-12 a| b - 1.0 Single Ply 2 mil None Low-Rise Load Protocol
WEF-1 a| b - 1.0 None None Mid-Rise Load Protocol Control
WE-2 a| b - 1.0 Single Ply 2 mil None FEMA 461 (Quasi-static)

WE WEF-4 a | b - 1.0 Two Ply 8 mil None FEMA 461 (Quasi-static)
WE-5 a | b - 1.0 Single Ply 2 mil Wet Glazed FEMA 461 (Quasi-static)
WEF-6 a| b - 1.0 Single Ply 4 mil Wet Glazed FEMA 461 (Quasi-static)
WEF-7 a| b - 1.0 Two Ply 8 mil Wet Glazed FEMA 461 (Quasi-static)
AR-01 a - - 0.5 None None FEMA 461 (Quasi-static)
AR-02 a - - 1.5 None None FEMA 461 (Quasi-static)

AR? AR-03 a - - 0.5 Single Ply 4 mil None FEMA 461 (Quasi-static)
AR-04 a - - 1.5 Single Ply 4 mil None FEMA 461 (Quasi-static)
AR-05 a - - 0.5 Single Ply 4 mil Wet Glazed FEMA 461 (Quasi-static)
AR-06 a - - 1.5 Single Ply 4 mil Wet Glazed FEMA 461 (Quasi-static)

! Aspect ratio = H = height x W = width, 1.5 = 6’x4’, 1.0 = 5’5", 0.5 = 4’x8’

% Two more specimens for LP-01(a-¢) included for 5 total; one more specimen for LP-09(a-d) included for 4 total.
® Note that single specimens of series AR were tested

Table 2.1 Testing matrix




Group Test Name Loading | South Slot | North Slot Date
Monotonic 1 Monotonic LP-0la LP-01b 9/20/2007
Crescendo 1 Crescendo LP-0la LP-01b 9/24/2007
Crescendo 2 Crescendo LP-08a LP-08b 9/27/2007
Monotonic 2 Monotonic LP-02a LP-0lc 3/6/2008
Monotonic 3 Monotonic LP-02c LP-02b 3/11/2008
Monotonic 4 Monotonic LP-03a LP-03b 3/14/2008
Monotonic 5 Monotonic LP-04a LP-03c 3/27/2008
Monotonic 6 Monotonic LP-04c LP-04b 4/3/2008

LP Monotonic 7 Monotonic LP-05a LP-05b 4/7/2008
Monotonic 8 Monotonic LP-06a LP-06b 5/8/2008
Monotonic 9 Monotonic LP-07a LP-06¢ 5/14/2008
Monotonic 10 Monotonic LP-07c LP-07b 5/16/2008
Monotonic 11 Monotonic LP-0le LP-01d 6/5/2008
FEMA 1 FEMA 461 LP-09a LP-09b 6/26/2008
FEMA 2 FEMA 461 LP-09c LP-09d 7/1/2008
Crescendo 3 Crescendo LP-10a LP-10b 7/15/2008
Jian Il (NewLP 1) | Mid-Rise LP-11a LP-11b 7/23/2008
Jian IV Low-Rise LP-12a LP-11a 7/25/2008
NewLP 2 Mid-Rise WF-01a WF-01b 8/6/2008
NewlLP 3 FEMA 461 | WF-04a WF-04b 8/8/2008

WF | NewLP 4 FEMA 461 | WF-05a WF-05b | 8/12/2008
NewLP 5 FEMA 461 | WF-06a WF-06b 8/14/2008
NewlLP 6 FEMA 461 WEF-07a WEF-07b 8/18/2008
AR 1 FEMA 461 AR 1 -0 mil 8/21/2008
AR 3 FEMA 461 AR 3 -4 mil 8/26/2008

AR AR 2 FEMA 461 AR 2 -0 mil 8/29/2008
AR 4 FEMA 461 AR 4 - 4 mil 9/2/2008
AR 6 FEMA 461 | AR 6 - 4 mil (WG attach) | 9/3/2008
AR5 FEMA 461 | AR5 - 4 mil (WG attach) | 9/9/2008

Table 2.2 Mapping between test name and specimen type

2.3.1 Loading Protocol (LP) Series

The loading protocol series is made up of five different protocols: Monotonic, Crescendo, FEMA
461, Mid-Rise and Low-Rise Protocol. A total of 18 tests (36 specimens) were conducted in the
LP series. Refer to section 2.6 for protocol definitions.
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2.3.2 Window Film (WF) Series

A group of specimens, denoted WF, were used to investigate the effect of (a) single ply 2 mil, (b)
single ply 4 mil, and (c) two plies of 4 mil film to create a 2 ply 8 mil film, each either attached
with wet glazing at the top or unattached. Wet glazing attachment involves use of a silicon-based
material placed via an injection gun between the glass, film, and aluminum frame. Refer to
section 2.4.3 for wet glazing attachment details. A total of 12 tests were performed in the WF

series.

2.3.3 Aspect Ratio (AR) Series

The testing program of table 1.1 systematically varies the window aspect ratio for a controlled
group of specimens denoted as AR. Aspect ratios of 0.5, 1.0, and 1.5, resulting in window sizes
of (H x W) 4’x8’, 5’x5’, and 6’x4’, are considered. These sizes are based on discussions with
commercial manufacturers of window systems for mid- and low-rise building structures in
California, who identified these to be the most common. A total of 6 tests were performed in the

AR series.

2.4 Specimen Assembly and Construction

The window specimens were manufactured offsite by Pacific Skyline Glass and Mirror in San
Diego, California. The specimens were constructed of an aluminum mullion frame surrounding a
single layer of ¥” thick annealed glass. Rubber gaskets surround the connection between the
mullion and glass on all sides. Figure 2.15 shows the mullion detail. Rubber blocks were
installed around the perimeter of the glass. These were used as centering spacers and gravity
support for the glass. The blocks were 2 inches long, 5/8 inches wide, by % inches thick, and
installed about the perimeter with structural silicone, as shown in Figure 2.16. The specimen

details incorporated those common to store-front and mid-rise curtain window systems.
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Figure 2.15 Store-Front Window Detail

(@) (b)

Figure 2.16 Rubber blocks in window units: (a) schematic of general locations and (b)
photograph of rubber stop.
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2.4.1 Window Film Installation

Window film is traditionally placed for safety and thermal purposes. In this study, its additional
benefits, to reduce seismic damage, were of interest. The windows were filmed onsite using
window filming procedures used in practice (Figure 2.17). The process for film installation is as
follows: (i) the window is first cleaned thoroughly, (ii) a soapy solution is sprayed on the surface
of the glass so that the film can be slid easily into place, (iii) the film is applied and cut to fit the
window dimensions, and (iv) then, using a stiff rubber squeegee, the soapy solution is squeezed
out which causes the film to stick to the glass. The windows were stored and allowed to cure for
a minimum of 20 days. For the dual layer 8 mil specimens, each layer was applied using the
standard window filming procedure and cured for 20 days.

G (b)

(c) (d)
Figure 2.17 Window film Installation

2.4.3 Wet Glazing Attachment System Installation
The wet glazing attachment system is designed to secure the top edge of the film to the mullion
(window film and attachment system are installed on the inside of the building envelope). Wet

glazing is used in practice to provide added security of the film for the following applications:
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wind-borne debris protection, personal safety (including spontaneous glass failure), and forced
entry protection. While there are a number of film attachment (mechanical and other) methods,
the wet glazing method is simplest and least expensive. The installation of the wet glazing
attachment system was performed according to standard installation guidelines. A brief
description of the process follows (Figure 2.18): (i) the top portion of the glass and mullion were
taped off approximately 0.5 inches from both sides of the corner, (ii) the rubber gasket was
removed using a razor knife and structural silicone was applied in the exposed groove, and (iii)
after the silicone was dry to the touch, the tape is removed. Figure 2.19 shows a detail of the wet

glazing attachment system. Sixteen windows had the wet glazing attachment system installed.

(@) (b)

(c) (d)
Figure 2.18 Wet Glazing Attachment System Installation
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Figure 2.19 Wet glazing attachment system detail

2.5 Instrumentation

A total of 100 instruments were placed throughout the specimens to monitor displacements,
rotations, strains, accelerations, and load. Conventional linear potentiometers and video cameras
monitored the displacement field of the specimen and glass within the window system. Strain
gauges were placed on the reaction frame to determine loads in the frame, while accelerometers

measured the table and frame accelerations (Figure 2.20).
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Figure 2.20 Elevation view of potentiometer, accelerometer and inclinometer setup

2.5.1 Instrumentation Support Frames

Stiff unistrut support frames were used to support instrumentation surrounding the reaction frame
and specimens. Around each reaction frame footing two in plane and two out of plane supports
were built 8 inches above the shake table floor. Linear potentiometers (LPs) were installed on the
support frame at their target position. The center support frame for D17/18 was reinforced with
cables leading away from the corners of the frame (Figure 2.22) to increase its rigidity.
Instruments D02, D03, D05 and D06 are all attached to the window frame (Figure 2.21). An
aluminum plate was installed (hot glue) as a joint target for D17 and D18. All data cables were
run either through a single path along the top side of the shake table or up over the top of the

window frame along a single path over the load cell and down the strong wall.
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Figure 2.21 Drill and tap to attach potentiometers (D03, D05, D06)

Figure 2.22 Cables installed on D17 and D18 for vibration and deflection reinforcement

31



2.5.2 Strain Gauge Setup

The strain gauge setup required the surface preparation of grinding all paint from the areas where
they were to be installed. Surfaces were then cleaned, gauges glued, protected with m-coat and
finally a thick mastic tape was used to fully protect the installed gauge from mechanical damage.
All gauge wires along the bottom horizontal member were run south along the member then up
along the connecting vertical member. From that point the wires were run up over the load cell
and down along the strong wall to a coffin (Figure 2.24). All other gauges were run directly up to
the stationary horizontal member, then run south towards the load cell and down along the strong

wall to a coffin. See Appendix A for strain gauge layout.

2.5.3 Accelerometer Setup

Accelerometers were installed using 90 degree aluminum angles hot glued to a mounting point
(Figure 2.23). One was placed on the horizontal plane to measure the acceleration of the table
and one was placed on the vertical section of the bracket to measure acceleration in the vertical
direction. All accelerometer mounts were secured to the table using hot glue. The direction of
sensitivity of the gauges AC6 and ACS8 allowed the direct attachment to the window frame

without the use of angle brackets.

Figure 2.23 Aluminum angle glued to reaction frame and table for accelerometer installation
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2.5.4 Load Cell Setup

The 50 kip load cell was calibrated using a MTS 810 Machine and placed in-line with the
reaction frame and the strong wall. The load cell assembly is made up of two thread rods
extending from either end of the load cell (Figure 2.24). These thread rods are then screwed into
a plate-pin bracket to be attached via pin to the reaction wall and frame. The installation of the
load cell was achieved as follows: The outer moment reaction frame was moved to the exact zero
position and held with a crane. This was achieved by leveling the inner racking frame so that the
outer members were perfectly vertical. Then the load cell was attached to the inner racking frame
via pin connection. The large screws holding the load cell in place were then spun to align the

pin hole located on the reaction wall.

Figure 2.24 Load cell installation setup

2.5.5 Camera Setup

High speed video cameras were placed in each corner of a specimen to monitor the damage
progression (Figure 2.25). The cameras used were of type Basler A301-FC. Each camera was
mounted on a unistrut support placing the lens of the camera 18 inches from the glass and
stabilized using lateral support cables (Figure 2.26). The horizontal and vertical placement

dimension of the camera from the nearest pin connection in the racking frame was 13 inches and
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18 inches. A two inch grid pattern of crosses was painted on the glass in each corner to aide
damage tracking and scaling (Figure 2.27).

Backdrops were placed behind the specimens and backlit using two 1000 watt flood lamps
(Figure 2.28). The backdrop was built out of a 2-ply bed sheet pulled taught over a wood frame
much like a painter’s canvas. The backdrop was attached to the top of the inner racking frame,

which stayed stationary through the testing, therefore creating a stable non-moving backdrop.

Figure 2.25 Basler camera placement
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Figure 2.26 Video camera placement

Figure 2.27 Two inch square grid pattern spray painted into each corner of the glass to aid
damage tracking
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Figure 2.28 Overall test setup (two 5’x5’ specimen setup)

2.6 Load protocols
A group of specimens, denoted LP, were used to investigate the effect of loading protocols on
the seismic response of glass panel systems. The following loading protocols were evaluated in

the course of this study:

2.6.1 Monotonic (static) Load Protocol

Prior to cyclic degradation, it was desirable to characterize the monotonic behavior of the
window specimens. This behavior defines the baseline capacity and damage modes of the
window specimens. To achieve the monotonic load protocol, specimens were loaded in one

direction at a rate of 0.03 in/sec (to ensure no inertial effects) until failure.

2.6.2 Crescendo (Dynamic) Load Protocol

This loading protocol was proposed by Behr and Memari (1996) in an effort to move towards a
standard test method for evaluating the seismic performance of architectural glass and window
systems. It is characterized by progressively increasing racking amplitudes. The “crescendo” test

is a step-wise increasing amplitude swept sine function that has a total duration of six minutes. It
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consists of a continuous series of alternating ramp-up and constant-amplitude intervals; each step
is comprised of four sinusoidal cycles at a frequency of 0.8 Hz. A modification to the standard
“crescendo” test was introduced by Brueggeman et al. (2000) to simplify the protocol and
address limitations related to the hydraulic power supply and servoactuator volumetric flow
requirements. The adopted protocol involves a racking frequency adjustment from 0.8 to 0.4 Hz
to achieve the target dynamic drift amplitudes. Each drift amplitude step is 0.25". It should be
noted that the *“crescendo test” is similar in configuration to the “multiple step test” described in
ATC (1992). The “crescendo” load protocol has been adopted by the AAMA (2001b) (Figure
2.29) for determining the seismic drift that causes glass fallout from curtain wall and store-front

such wall systems.
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Figure 2.29 Crescendo load protocol

2.6.3 FEMA 461(quasi-static) Load Protocol

This loading protocol is characterized by increasing amplitude, reversed cyclic displacement-
controlled loading (Figure 2.30). Two cycles per amplitude are selected to represent significant
enough accumulation of damage per amplitude. Three different loading rates were chosen to
ensure no inertial effects, while minimizing test length, and assuring sufficient time for physical
inspection: 0.067 in/sec for the first three time steps, 0.134 in/sec for the next four time steps,
and 0.268 in/sec for the final three time steps. The FEMA 461 (2006) load protocol contains less
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cumulative cycles than the “crescendo” protocol. Therefore failure modes and associated drift
limits that are sensitive to cumulative cycles may be observed when comparing like specimens
tested under these two protocols. This loading protocol was developed by considering an
ensemble of 20 earthquake ground motions propagated through numerical models of single-
degree-of-freedom and multi-degree-of-freedom frame building structures, with periods ranging
from T = 0.2 to 3.6 seconds. The FEMA 461 load protocol considered herein is targeted for

application to drift sensitive nonstructural components.
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Figure 2.30 FEMA 461 drift-sensitive load protocol

2.6.4 Mid- and Low-Rise protocol

It is unclear if the “crescendo” load protocol is representative of demands induced on cladding
systems used in buildings in the California seismic environment. In addition, while the FEMA
461 load protocol was specifically designed for drift-sensitive nonstructural components, the
hysteretic response of drift sensitive nonstructural components varies broadly. For this purpose,
in-structure drift time histories for two representative building structures were generated and
used to develop two new load protocols for considering during these experiments (Hutchinson et
al., 2008). These were referred to as the Mid-Rise Load Protocol (Figure 2.31) and the Low-Rise
Load Protocol (Figure 2.32). The Mid-Rise load protocol was developed using interstory drift
time histories generated from a 12-story building structure, while the Low-Rise load protocol
was developed using interstory drift time histories from a four-story building model.
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Chapter 3: Experimental Results

3.1 Introduction

Experimental results are presented in terms of physical observations, global and local response
and a comparative sense. First, observed modes of damage are described in the context of these
systems. These damage states are then related to the interstory drift ratio of the specimens.
Interstory drift ratio in this context is defined as the differential in-plane shear displacement
divided by the vertical distance between the inner racking frame pins above and below the
specimen. Finally, the global response, peak load and displacement, are evaluated. Like
specimen groups are cross-compared to assess the effects of the variables considered in the

program.

3.2 Damage State Observations

Damage to the window units is categorized into two main groups: (i) Serviceability Damage
States (SDS) and (ii) Ultimate Damage States (UDS). SDS are damage modes, which results in
the inability to immediately continue normal (service), however, the window system can be
repaired with minimal cost and returned to its original serviceability state. UDS are damage
modes, which are not repairable and pose an immediate safety hazard. Upon achieving an UDS,
the window system must be completely replaced. Physical damage modes associated with SDS
and UDS are described as follows:

Serviceability Damage States (SDS):

(SDS-1) Gasket Damage (Figure 3.1)

e Drift at which the perimeter gasket shows damage, this includes visible unseating
(pullout or compression into mullion), tears, or shredded regions of gasket.
Unseating, tears, or shredded lengths of more than 1” length of gasket was

designated as the threshold for this damage state.
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(SDS-2) Minor Glass Cracking (Figure 3.2)

e Drift at which a crack in the glass of less than 6 inches in length forms.

(SDS-3) Wet Glazing Attachment System Detachment (Figure 3.3)

e Drift at which a gap or tear large enough to see through (day-lighting) forms at

the wet glazing attachment.

Figure 3.1 (SDS-1) Gasket Damage and displacement

Figure 3.2 (SDS-2) Minor Cracking
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Figure 3.3 (SDS-3) Wet Glazing Attachment System detachment

Ultimate Damage State (UDS):

(UDS-1) Extensive Glass Cracking (Figure 3.4)

e Drift at which a crack in the glass extends beyond 6 inches in length

(UDS-2) Glass Fallout (Figure 3.5)

e Drift at which an area of glass larger than 1 square inch falls from the window

system.
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Figure 3.4 (UDS-1) Extensive glass cracking

Figure 3.5 (UDS-2) Glass Fallout
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3.3 Global Response

Samples of the global response for each of the load protocols considered in the LP series are
presented in Figures 3.6-3.8. Each plot presents the system load (kips) versus the interstory drift
ratio (%) for specimens with 2 mil film, where the film is unattached. All other global response
plots can be found in Appendix B. The system cyclic behavior indicates dominance by the
characteristics of the aluminum frame at the early drift ratios, as seen by the relatively soft
behavior at 3% to 4% drift ratio. Subsequently, contact of the glass with the boundaries and
sufficient compression of the surrounding rubber blocks results in a hardening behavior. These
characteristics of the hysteretic response were consistent for all specimens. Similar global
response characteristics can be observed in the various global response plots, including a
generally pinched-style hysteresis, subsequent hardening upon attainment of large drift ratios (up
to 4%). Pinched hysteresis behavior is attributed to the glass moving through a gap in contact

with the frame as it rotates in the window.

Due to various system limitations imposed drift ratios for each protocol differs. Large drift ratios
were achieved with the monotonic protocol by detaching the load cell anchor point, moving the
shake table to the maximum negative position, reattaching the load cell then pushing through
zero to the maximum positive stroke of the table. Peak drift ratio input was reduced in the low-
rise load protocol due to system maximum velocity limitations. Crescendo, FEMA 461 and low-
rise load protocols were able to be pushed to peak cyclic system displacements in both positive
directions of 8.5% for the 5°x5” window systems.

44



[EEN
N

L B B B A B

- Monotonic 1
12;System 7
10+ 1
= 8 ]
ho} = B
g ° i
4 1
2" ]
0: I IR RN BRI R

0 2 4 6 8 10 12

Drift Ratio (%)
(@)

Load (kips)

4 L L L L L ]
3 Crescendo E
- System ]
2 .
1 .
o} ]
1f ]
28 T .
3 - Glass/boundary L Mullion _[ Glass/boundary 7:
-12 -8 4 0 4 8 12
Drift Ratio (%)
(b)
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Figure 3.8 Global response plot from test FEMA 2 (FEMA 461 load protocol) - 5’x5” specimen
with 2mil of film unattached

3.3.1 Individual Specimen Load

The baseline specimens (5’x5’ panel size) were tested in pairs, placed in parallel. Given that a
single load cell measured the system load, this meant that the individual panel load had to be
extracted on a test-by-test basis. Figure 3.9 is an example of the system load of one test (FEMA 2
— LP09c_LP09d) composed of two 5°x5” specimens dissected into its associated panel loads
(Figure 3.10).
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Figure 3.9 System Load versus Drift Ratio % (Two 5’x5’ specimens both with 4 mil film)
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Figure 3.10 Load per panel versus drift ratio: (a) Load in north panel. (b) Load in south panel
overlaid with system load envelope (5’x5’ specimens — 4 mil film, test FEMA 2)

The separation of the Panel Loads from the System Load was achieved as follows. When the
panels are subject to a positive drift ratio (Shake table moving to left in Figure 3.11) the upper
left and lower right corners of both windows will contact the inner reaction frame. From the
north panel this will cause a downward component force at point F and an upward component
force at point G from the south panel (Figure 3.11). When these forces (F-North and F-South) are
equal the system load measured through the load cell is evenly distributed between the panels.
However if F-North and F-South are not equal then the load distribution between the panels is
not equal. Uneven forces in the panels will cause members A-D and E-H to deform either
upwards or downwards. Figure 3.12 (left) shows that when F-North is larger than F-South,

members A-D and E-H deform downwards. Figure 3.12 (right) shows the opposite.
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Figure 3.11 Equal load distribution when table is moving in positive direction

(a) (b)
Figure 3.12 Unequal load distribution when table is moving in positive direction. (a) North panel
with larger force contribution. (b) South panel with larger force contribution.

The displacement at points F and G are captured with the gauges D17 and D18 (Figure 2.20).
D17 and D18 are averaged to obtain Dayg, and assume a mid-span deflection. Then using the
equation for max displacement of a simple beam under a concentrated point load in the center
((3.1) the required load (Fnet) to achieve Dayg can be back-calculated.

Dayg48EI

Fop = B (3.1)

Where L = length of members A-D or E-H (which are equal), E = Modulus of Elasticity of the

members A-D and E-H, and | = weighted average moment of inertia of members A-D and E-H.
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The weighted average moment of inertia is calculated as follows: Both members were composed
of two different cross sections along their length. Section | is a built-up section, as shown in
Figure 3.13, whereas Section Il is just the HSS 4”x4”x1/4” part of section I. The moment of
inertia of section I is 16.26 in®, while the moment of inertia of section 11 (HSS section alone) is
7.80 in®. Section | is used for 91 inches of the total length, while Section Il is used for 45.5
inches. The weighted average of the moment of inertia is calculated by taking the sum of the
moment of inertias multiplied by their corresponding length divided by the total length. For
sections A-D and E-H the weighted moment of inertia is 13.44in*. Since both members resist the

bending forces, the total moment of inertia used in equation 3.1 was 26.88in”.

Figure 3.13 Detail of section | for members A-D and E-H

Since the component forces of Fnotn and Fsoun are equal due to a 45 degree angle component
breakdown it can be concluded that the sum of Fnomn and Fsoun equals Fsys. Assuming the
difference between the north and south panel forces equals Fret (Fret = Fsouth - Frortn) the load in

the south panel at any given time can be calculated:
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F - F t
Enortn = — 2 = (3.2)

Substituting 3.1into 3.2 we get:

Fiys  Dapg48El

(3.3)

To verify this method it was applied to a specific test where one panel had completely shattered
and fell from the system. Upon failure, zero load will be carried by the shattered window unit,
while the measured total system load will be carried by the intact panel. Figure 3.14 (Test
Monotonic 11) represents a typical test case in which this occurred. First the system is loaded
and a plateau reached (point A) where all gaps (glass to mullion and mullion to frame) closed.
Stiffening of the system is attributed to the transfer of load to the rubber stops at contact
locations (region B). For Test Monotonic 11, the first minor crack occurs in the South panel at a
peak load of 4.5 kips (point C - 6.5% Drift ratio). The South panel then develops a major crack
(CY) and the load redistributes to the North Panel. This causes local stress concentrations in the
north panel which subsequently cracked (C?). Finally at a drift ratio of 7.68% (point C°), the
south panel fully shatters and falls from the system. Subsequently, the system load should equal
that of the North panel. Figure 3.14 indicates this to be true (region D). Beyond 7.68% drift ratio

all load measured through the load cell is registering only in the north (intact) panel.
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Figure 3.14 South Panel falls from system at 7.7% drift ratio (two 5’x5’specimens both without
film, test Monotonic 11)
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Chapter 4: Results Analysis

4.1 Correlation between Small Scale and Full Scale Testing

Correlation between full scale behavior and small scale testing results is extremely valuable,
primarily due to the lower cost of testing smaller specimens. Similar failure modes between
small and full scale testing were crucial for this correlation. As noted in Section 2.1 Small Scale
Pilot Tests the application and thickness of film does not affect the cracking pattern of the
specimen. The small scale test results showed that the primary failure mode was buckling. Each
of the panels failed in this manner. From full scale testing, it is observed that 73% (15) of those
panels that failed in a manner attributed to buckling. The remaining failures are attributed to
local stress concentrations due to variable rubber block placement or wet glazing attachment
system. Figure 4.1 (2 mil film) and Figure 4.2 (8 mil film) show photographs of a typical
ultimate failure mode as observed in both a small scale and full scale test. The solid line overlays
represent primary stress cracking caused by the in-plane loading. The dashed lines represent the
buckling plane in which the specimen failed. Note the similarities between the two tests: Both
tests showed a buckling plane perpendicular to the loading plane through opposite corners of

loading. Both tests also showed primary tensile stress fracture cracks forming parallel to the

loading plane.
Figure 4.1 Small Scale at failure displacement— Figure 4.2 Full Scale at failure displacement —
Typical Failure Mode: Buckling (12”x12” Typical Failure Mode: Buckling (5°x5” specimen
specimen with 2 mil film) — direction of loading ~ with 8 mil film — un-attached) — direction of loading
indicated by white arrows. indicated by white arrows.
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The vertical ultimate load (peak load obtained) applied to the small scale specimens can be
converted to horizontal shear load for direct comparison to the loads applied to the full scale

specimens:

Loadj‘uu scate = L0l a1t scate * SN (45°) (4.1)

Figure 4.3 compares the measured ultimate loads obtained by the small scale (solid bar) and full
scale (hatched bar) tests. The average ultimate failure loads from the small scale tests were
within 4% of the average full scale loads for any film arrangement. This observation can be

attributed to the buckling failure mode.

Theoretical buckling loads were calculated based on the panel loading configurations. Little to
no moment resistance was expected at the ends of the small scale panel, therefore the buckling
load was calculated using an effective length factor (K) of 1.0. The length of one side (12 inches)
was used for the width portion of the moment of inertia and the unsupported length was
estimated as the distance between the rubber block supports where the panel was loaded. In the
small scale testing the un-braced diagonal length was approximately 75% of the total diagonal
length. Using a modulus of elasticity of 10.6x10° psi for the glass, a critical buckling load of 7.14
kips was estimated for the small scale tests. Full scale calculations varied slightly from the small
scale where the effective length factor (K) was believed to be in between 1.0 and 0.5 because
some moment resistance (yet not perfectly rigid) can be anticipated due to the flexibility of the
mullion. A value of 0.75 for K was therefore chosen. The un-braced length was calculated using
visual observations of the extent of damage, from the experimental results. When the full scale
panels buckle there were portions of the glass which stayed in plane and sections that left that
plane. The diagonal length of the glass parallel to loading that was no longer in plane was
assumed to be the un-braced length. The average un-braced length was 45% of the total diagonal

length. Calculations can be found in appendix E.

The above calculations resulted in a theoretical critical buckling load of 7.14 kips for small scale
and 7.29 kips for the full scale tests. Experimental results are plotted in Figure 4.3 overlaid with

calculated critical buckling loads.
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Figure 4.3 Correlation of Load between small scale testing and full scale testing (AR: 1.0 -
Monotonic Load)

4.2 Effect of Film and Attachment System

Window film is designed to contain cracked glass in window systems. Because of this, the
damage states SDS-2 (Minor Cracking) and UDS-1 (Extensive Cracking) were of particular
interest when synthesizing effects of film and attachment system on the system limit states.
While the discussion will focus on SDS-2 and UDS-1 damage states, in Figure 4.4 all damage

states are shown, for completeness in presentation and use in later discussions.

The average drift ratios in which SDS-2 and UDS-1 occurred for both filmed (unattached) and
non filmed specimens from monotonic loading can be found in Figure 4.4. For all damage states
(except SDS-1) the filmed window performed better - damage states occurred at a higher drift
ratio. SDS-1 (Gasket damage) was not affected by the thickness or application of film because
the film (when unattached) does not restrict the movement or rotation of the glass within the
mullion. This movement and rotation within the frame is what leads to gasket damage (refer to
Section 4.6). For SDS-2, the filmed windows had on average 34% higher drift ratios. For UDS-1,
the filmed windows had on average 12% higher drift ratios.
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The presence of the wet glazing attachment system increases the secant stiffness, as shown in
Figure 4.5. In this case, secant stiffness is calculated as the secant through the origin and the
target drift ratio on the x-axis. Note that at each drift ratio, the stiffness of the attached specimen
is larger. At 6% drift ratio, the gap between the attached and un-attached specimens is reduced

because at this point the attachment system begins to fail in most specimens.
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Figure 4.4 Effects of Film on all applicable damage states (all 5’x5” specimens subjected to the
Monotonic load protocol)
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Figure 4.5 Effects of attachment system on the secant stiffness at specified drift ratios (all 5’x5’
specimens subjected to the Monotonic load protocol)

The effects of different film thicknesses as well as attachment on all damage states can be found
in Figures 4.6 - 4.8. Data shown in these figures are those specimens tested under the FEMA 461
load protocol. There was no discernable trend on the drift ratios associated with the identified
damage states with varying the film thickness. However in every case when the attachment
system was installed there was a significant drop in drift ratio at which the damage state occurred
(except for SDS-1 where the increase is nominal due to specimen to specimen variability). For
minor cracking (Figure 4.6b) 2 mil film observed a 33% drop, 4 mil film observed a 49%
reduction and 2-ply 8 mil film observed a 14% reduction in drift ratio capacity. For extensive
cracking (Figure 4.8a) 2 mil film observed a 32% reduction, 4 mil film observed a 49% reduction
and 2-ply 8 mil film observed a 30% reduction in drift ratio. Overall, when the window system
was attached, an average reduction in drift capacity associated with minor cracking (SDS-2) of
32% was observed and 37% reduction for extensive cracking (UDS-1). Note that a null value in

Figures 4.6 - 4.8 means that the particular damage state was not obtained.
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Figure 4.6 Effects of film and attachment system on serviceability limit states: (a) gasket damage
and (b) first crack (AR 1.0 specimens subjected to the FEMA 461 load protocol)
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Figure 4.7 Effects of film on attachment system failure (AR 1.0 specimens subjected to the

FEMA 461 load protocol)
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Figure 4.8 Effects of film and attachment system on ultimate damage states: (a) extensive
cracking and (b) glass fallout (AR 1.0 specimens subjected to the FEMA 461 load protocol)

The considerable reduction in drift ratio capacity of the windows can be attributed to the
increased stiffness the attachment system provides (Figure 4.5). This restricts the movement of
the glass within the mullion frame causing stress concentrations along the attached edge, which
lead to premature cracking. In Figure 4.9, the specimen was filmed with a 2-ply 8 mil film,
which was attached along the top edge. The resulting damage was extensive cracking focused on
the top edge around the attachment system. The UDS-1 (extensive cracking) drift ratio for this
particular test was 5.6%, where as a similar panel tested without the attachment system had a
UDS-1 drift ratio of 8.1%, a 31% decrease in drift ratio capacity.

Figure 4.9 Stress concentrations along the top edge of the glass (5’x5” panel with 2-ply 8mil film
and wet glazing attachment system subjected to Monotonic load protocol)
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Figure 4.10 Effects of film on percent area of glass fallout (AR 1.0 specimens subjected to the
Monotonic load protocol)

Film, in general, when applied, will contain more than 99.0% of the area of an extensively
cracked glass panel (Figure 4.10). In comparison with the unfilmed specimens, where of the N =
2 specimens, which reached UDS-2, 75% of the area of glass on average (+20%) fell from the
specimen during testing under the Monotonic load protocol. When film is attached using the wet
glazing attachment system, it was found that it will contain more than 99.6% of the area of
extensively cracked glass. Another pragmatic experimental observation was that when 4 mil or
greater film was installed; the glass panels were much more easily and safely removed after they

were damaged. The heavy film better secures the large broken shards of glass.

4.3 Effect of Load Protocol

Figures 4.11 - 4.15 present the load versus displacement response for the various load protocols,
for the North panel in the two-panel (5°x5’) in-series configuration (Figure 2.12) and with 2 mil
film applied. While the general shape of the hysteretic response of the various specimens is
similar, the point of in which the limit state occurs is different, and is sensitive to the load
protocol applied. For example, Figure 4.11, which compares the high cycle count Crescendo load
protocol to the relatively low cycle count FEMA 461 load protocol, indicates that the Crescendo
load envelopes the hysteresis behavior of the specimen as characterized by the FEMA 461,
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however, the damage states are delayed to larger drift ratios for the FEMA 461 specimen. This

trend is consistent when comparing the Crescendo with the Mid-rise protocol (Figure 4.15), or

when comparing the Mid-rise (20 cycles) and Low-rise (40 cycles) protocols (Figure 4.14). The

protocol with a higher cycle count (Low-rise) shows a much lower drift ratio for the SDS and

UDS, than the low cycle count (Mid-rise) protocol. Note that rate effects in general seem to have

little effect on the damage state or general hysteresis response (Figure 4.13).
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Figure 4.12 Force versus displacement response
comparing the Mid-rise to the FEMA 461
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Table 4.1 summarizes the characteristics of the 5’ x 5’ glazing specimens tested. Of those tested,
the series of 2mil unattached filmed specimens (N = 10) are synthesized to evaluate the effects of
load protocol variation on damage state drift ratios. Figures 4.16 and 4.17present bar plots to
investigate the effect of load protocol on the serviceability and ultimate damage states,
respectively. Protocol variation has little effect on the drift ratio at gasket damage (SDS-1).
However, when assessing SDS-2 (Minor Glass Cracking), the higher cycle count protocols
observe SDS-2 at a lower drift ratio. This trend is also observed considering UDS-1 (extensive
glass cracking) (Figure 4.16). When comparing the FEMA 461 (non-dynamic: 20 cycles) and
Mid-Rise (dynamic: 20 cycles) protocols the effect of dynamic loading results in higher drift
ratios at all damage states. Though the magnitude of the difference is similar to cycle count
loading comparisons, more data is needed to fully examine the effects of dynamic loading. The
developed load protocols (Mid and Low-Rise), which are designed to replicate, in an aggregate
sense, the floor level inter-story drift histories one may anticipate for glass panel systems, result
in damage state drift ratios larger than that of the Crescendo protocol and lower than the
Monotonic Protocol. Note that for Figures 4.16 and 4.17, a null value for a given protocol

indicates that the specific damage state for that load protocol did not occur.
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Count: No attachment (Attached)
Thickness Monotonic | Mid-Rise | FEMA 461 | Low-Rise | Crescendo
(mil)
0 3 (NA) 2 (NA) 0 (NA) 0 (NA) 0 (NA)
2 3(2) 2 (0) 2 (2) 2 (0) 1 (0)
4 3(3) 0 (0) 2 (2) 0 (0) 1 (0)
8 3(3) 0 (0) 2 (2) 0 (0) 0 (0)

Table 4.1 Characteristics of the 5'x5' window specimens tested
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Figure 4.16 Effects of Load protocol on
the Serviceability Damage States (5’x5’
specimens with 2mil unattached film — 10
specimens total).

Figure 4.17 Effects of Load protocol on
the Ultimate Damage States.
(5’x5’specimens with 2mil unattached
film — 10 specimens total).

4.4 Effect of Aspect Ratio

To evaluate the effect aspect ratio on the identified damage states, a series of tests were
performed on 4’x8” windows (W:H aspect ratio = 0.5), 5’x5” windows (W:H aspect ratio = 1.0)
and 6°x4” windows (W:H aspect ratio = 1.5). A total of 3 tests were performed for each aspect
ratio using the FEMA 461 load protocol: One window with no film, one with 4 mil and the last

with 4 mil film attached with the wet glazing attachment system (Table 2.1). Note that aspect
ratio 1.0 tests contained two specimens.
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The effect of aspect ratio on serviceability damage states is shown in Figures 4.18 and 4.19. It
was observed that the aspect ratio has little to no affect on the drift ratio at which SDS-1
occurred (Figure 4.18). However, the aspect ratio does have a large effect on SDS-2: First crack.
For both 0 mil and 4 mil specimens as the aspect ratio increased from 0.5 to 1.5 the drift ratio in
which SDS-2 occurred increased. This trend did not hold true though when the wet glazing
attachment system was applied. When applied, for aspect ratio 1.0 the drift ratio in which any
serviceability damage state occurred was always lower than that of the 0.5 or 1.5 aspect ratios.
The trend can be most clearly seen in Figure 4.19 where the effect of aspect ratio on the wet
glazing attachment system detachment (SDS-3) is shown. For AR 1.0, SDS-3 was obtained at a
relatively low drift ratio of 4.5%, while AR 0.5 and 1.5 reached a high drift ratio and yet still did
not obtain this damage state, due to test setup limitations. Note that the test setup maximums are
plotted in Figures 4.18 - 4.20 for situations where a damage state was not obtained. It can be
concluded from these results that SDS-2: First Crack is the most clear and concise damage state

to use as a metric to explore aspect ratio effects.
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Figure 4.18 Effects of aspect ratio on serviceability damage states: (a) gasket damage and (b)
first crack (All specimens tested using FEMA 461 loading protocol)
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Figure 4.19 Effects of aspect ratio on the serviceability damage state SDS-3: wet glazing

attachment system (All specimens tested using FEMA 461 loading protocol)

The effect of aspect ratio on the ultimate damage states is shown in Figure 4.20. Both ultimate

damage states show an increase in obtained drift ratio with an increase in aspect ratio for the un-

filmed window system. However, a similar trend to serviceability damage states can be observed

when the film system is attached. Namely, in each case, the aspect ratio of 1.0 had a much lower

drift limit than other aspect ratios.
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Figure 4.20 Effects of aspect ratio on ultimate damage states: (a) extensive cracking and (b) glass

fallout (All specimens tested using FEMA 461 loading protocol)
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4.5 Glass Freedom

The glass within the mullion frame is free to translate and rotate, due to the nature of its
construction. These particular store-front style window systems are designed to be constructed
directly in place. The mullion pieces are cut onsite and installed in place, and then the glazing is
slid into the mullion from the bottom. For ease of installation, there is a natural gap between the
rubber stoppers and the glazing. This gap increases the drift ratio at which the window systems
will observe the various damage states. For the specimens tested in this program, this gap was
measured to be on average 0.13 inches. This corresponds to a drift ratio of 0.2% for the 5’5’

specimens. This variability must be considered in the context of the drift limits reported.

Attributed to the construction gaps between the window glass and its surrounding mullion, the
window glass rotates within the mullion frame linearly with increased drift ratio until failure.
During the experiments, this rotation was measured. It is observed that the amplitude of the
rotation changes with aspect ratio and can be seen in Figure 4.21. Aspect ratio 1.0 with a slope of
0.312 degrees per % drift ratio is in between AR 1.5 and 0.5 with slopes of 0.434 and 0.100
(Table 4.2). When the glass is attached using the wet glazing attachment system, the amount of
rotation as a function of the drift ratio increases. The severity of increase diminishes as the aspect

ratio increases.

4 T | |
=== Attached (N=1) &,
| |==—Un-Attached (N=1) .Y 7

Glass Rotation (degrees)
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\

-4
-12 8 4 0 4 8 12
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Figure 4.21 Intensity of glass rotation for each tested aspect ratio in attached and un-attached
setups (All specimens tested using FEMA 461 loading protocol)

64



Slope of Rotation | Slope of Rotation | Slope of Rotation
for AR: 0.5 for AR: 1.0 for AR: 1.5
(°/ % Drift ratio) | (°/ % Drift ratio) | (°/ % Drift ratio)
Un-Attached 0.100 0.312 0.434
Attached 0.123 0.359 0.418
% Change 23.00 15.06 -3.69

Table 4.2 Slope of rotation as aspect ratio changes under FEMA 461 loading protocol

4.6 Comparison to Previous Work

Sucuoglu and Girija-Vallabhan (1997) extended the work of Bouwkamp and Meehen (1960)
and developed analytical procedures for calculating the in-plane deformation capacity of window
panels subjected to seismic excitations. Sucuoglu et al. concluded that the in-plane deformation
capacity of window systems is accommodated by two consecutive mechanisms: rigid body
motion (rotation) of the glass within the mullion, and diagonal shortening of the glass under in-
plane compressive forces. The authors propose a formula to predict the drift capacity of a single
pane, store-front style window system. The first part is the rotational drift capacity (Equation
4.2) where h is the height of the window, b is the width of the window and c is the clearance

between the glass and end of the window.

h
6T=ZC(1+E>

The second part calculates the diagonal shortening due to buckling failure (Equation 4.3) where

(4.2)

d is the diagonal length, oy is the tensile rupture strength, E is the modulus of elasticity and t is

the thickness of the glass.

_ 1 O'alldz
- d( nEt
Equations 4.2 and 4.3 were applied to the baseline window systems in this study using the

a ) (4.3)
following values: In equation 4.2 the height (h) and width (b) are 5 feet (60 inches), assuming the
rubber stop compresses to half its thickness, a clearance (c) of 1.17 inches (distance from outer
edge of mullion to middle of rubber stopper) was chosen. In equation 4.3 the diagonal (d) is
calculated from height (h) and width (b), the tensile rupture strength (ca) is 6000 Ibs/in?, the
modulus of elasticity (E) for the glass is 10.6x10° Ibs/in® and the thickness (t) is 0.25 inches. The
predicted buckling failure drift ratio is 7.6%. The average peak drift ratio for panels that failed in
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buckling tested with the FEMA 461 load protocol (all film thicknesses, un-attached) was 7.7%,
which is in good agreement with this theoretical estimate. Aspect ratios 1.5 and 0.5 that reached
UDS-1 in this study failed due to modes other than buckling therefore could not be compared to
this method of prediction. The results observed in this study confirm the assumptions of
Sucuoglu et al. showing large rigid body rotations (up to 3 degrees of rotation at 8.5% drift ratio
for aspect ratio 1.0 windows — Figure 4.21) and predict the buckling failure drift ratio of aspect
ratio 1.0 windows. Calculations from Sucuoglu et al. (1997) indicate that diagonal shortening

accounts for less than one percent of the total drift ratio capacity.

Tables 4.3 and 4.4 summarize the serviceability and ultimate damage state drift limits as
observed in this study for full scale tests and compared with studies conducted by others. The
monotonic loading column in the present study represents data attained from aspect ratio 1.0
specimens with variable film thicknesses, with wet glazing attachment. The cyclic loading
column in the present study summarizes only aspect ratio 1.0 panels tested with the Crescendo
protocol and the FEMA 461 load protocol, with variable film thicknesses and without the wet
glazing attachment system. The previous work includes data from tests with similar window
system properties. Monotonic tests are compared to those conducted by Bouwkamp et al. (1960),
which used aluminum frames and attachment top and bottom (Table 1.1). Only serviceability
drift limit states were reported in this study. Cyclic test data includes those performed by Behr et

al. (1996) using the Crescendo protocol and specimens with annealed monolithic glass of store-

front type.
Source Bouwkamp)Behr et al. Present stud
etal. 1960 1996 y
Load Monotonic Monotonic
Protocol (Attached) Crescendo (Attached) Crescendo| FEMA 461
Numberof | nNop | N=12 | N=7 N=6
Specimens
Average 2.5% 4.2% 6.7% 6.9%
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Behr et al.
Source N/A 1996 Present study
Load Monotonic Monotonic
Protocol (Attached) Crescendo (Attached) Crescendo| FEMA 461
Number of NA | N=12 | N=6 N=2 N=6
Specimens
Average N/A 5.9% 10.8% 6.0% 7.7%

Table 4.4 Ultimate limit state drift ratio summary of previous and present study testing

Differences in serviceability and ultimate drift limits can be attributed primarily to the
construction of the window systems. Attributes such as glass to mullion support contacts
(structural silicone versus stiff rubber blocks), glass to mullion clearances and specimen to
specimen variability affect the drift limits. Stiff rubber blocks provide an increased area of
loading on the glass that reduces stress concentration compared with silicone alone. This would
effectively increase the obtained serviceability drift ratios yet ultimate damage states would be
less affected. An increase in glass clearance or a lighter detailed mullion cross section would
increase the damage state drift ratio capacity. It is believed that much larger flexibility is
provided at the glass to mullion interface in modern construction, as compared with 50 years
ago. Secondary affects can be attributed to the aspect ratio differences (AR 0.83 for previous
work and AR 1.0 for present study). From this study larger aspect ratios resulted in larger

damage state drift ratios
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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,
(i) 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

69



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 (iii) 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
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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|15/22/ 3.1|22/24/3.1|1.6/1.8/1.9
SDS-2: 12.3/7.8/11.3|46/6.0/7.3/4.4/6.8/85|6.2/755/8.9|6.8/6.8/6.8
SDS-3: | 41/5.4/6.8 N/A 44144144 N/A N/A
UDS-1: |5.6/8.6/11.5/46/6.0/7.3|4.4/6.5/85|7.0/8.0/8.9(6.8/6.8/6.8
uUDS-2: |5.6/8.6/11.5|7.3/7.3/7.3|39/6.5/89|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): 22127131 | 15/31/22 2.214.7/8.3
SDS-2 (minor glass cracking): 6.8/78/89 | 15/113/69| 14/47/83
SDS-3 (attach. system detachment) N/A N/A 41/5.0/6.8
UDS-1 (extensive glass cracking) 76/92/115|46/9.0/11.3| 1.4/6.7/10.9
UDS-2 (glass fallout) 76/92/115|73/91/11.3 | 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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Appendix B:

Load-Deflection Response Curves
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Appendix D:

Specifications
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Appendix E:

Calculations
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Source Data

Input Filtered Data

Fdata, := READPRN("NewLP 5 - WF6a_WF6b_Filtered_Data_a.prn™)
Fdatay, := READPRN("NewLP 5 - WF6a_WF6b_Filtered_Data_b.prn" )

file .= augment(Fdataa,Fdatab) Combine file into original Configuration
Check Number of Rows and Columns
cfile := cols(file) Number of Columns within "file"  cfile= 75

rfile := rows(file) Number of Rows within "file" ffile = 5.548 x 10°

Define Channels

Create time index - seconds + miliseconds

(D
t= (file<0>) millisecond = The__ ¢ .- (t —t ) + millisecond time := t
1000 0,0 WA
Define and zero Table Acceleration
tableaccel := fiIe<XX> unfilttableaccel := tableaccel tableaccel := tableaccel — tablea(:celO 0
Define and zero Table displacement
tabledisp := file<74> unfilttabledisp := tabledisp tabledisp := tabledisp — tabledispO 0

Define Acceleration Channels

ACL=file®  ACS = file”
AC2 = file?  ACE = file®
AC3 = file®  ACT = file?
Aca—file®  ACS = filel?

Define Displacement Channels

D02 = file D11 - file ¥
D03 = filel? D12 - file ¥
pod = file’® D13 = file2d
Dos = filel® D15 - file 2
D06 = filel® D16 = file 22
D09 = filel® D17 - file X
D10 = filel” D18 = file XY
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Define Rotational Channels

INL = file 2
IN2 = file2?

Define Load Cell Channels

load = file2” ki

Ip

Define Strain Gauge Channels

SGo1 = file2d
5602 = file 2
5603 = file 3"
$G04 = file3d
SGO4A = file?
SG05 = file 3V
SGOSA = file SV
SG06 = file3®
SGO7 = file 3
SG08 = file "
$G09 = file3®
SGO9A = file Y
$G10 = file 4
SG10A = file 4V
SG11 - file®?
$612 - file®d
5613 - file®
$G14 - file®?
SG14A = file?®
SG15 = file”
SG15A = file?®
$G16 = file
$G17 = file?
$G18 = file >V
$G19 = file >
5620 = file >
sG21 = file>
5622 = file®?
5623 = file %
SG23A = filed”
$G24 = file?®

SG24A = file?Y
$G25 - file o0
SG26A = file 6V
$G27 = file 82
SG27A = file 6
$G28 = file oY
$G29 - file 8
SG29A = file6®
$G30 = file 87
SG30A = file6®
SG31 = file Y
$G32 = file ™0
$G33 - file "V
$G34 = file "2
$G35 - file ¥
$G36 = file ™)
$G37 - file"
$G38 = file Y
$G39 = file ¥
$G40 = file "
sG41 = file"d
$G42 = file"
5643 = file ¥
$G44 = file8)
$G45 = file 8V
$G46 = file 82
$G47 = file"
5648 = file8d
$G49 = file ¥
SG50 = file 8
SG51 = file 8
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Define Strain Gauge Channels continued

$G52 = file" $G64 = file %
$G53 = file£” $G65 = file®”
SG54 = file €& $G66 = file ¥
SG55 = file 8 SG67 = file"
$G56 = file ¥ $G68 = file*¥
SG57 = file" $G69 = file 100
$G58 = file %Y 5670 = file 10V
$G59 = file %2 SG71 = file 102
$G60 = file ¥ $G72 = file"
SG61 = file ™ 5673 = file 10¥
sG62 = file" $G74 = file 10¥
$G63 = file??

NOTE:
SG03 := —-1.5G19 SGO03 is bad... therefore SG03 =-SG19

Convert Strain to Forces

FOR SGs measuring axial plus moment (mounted TOP and/or BOTTOM)

E := 29000 ksi Modulus of Elasticity for steel

A= (025 4)_in2 Area of steel for Location A

SGO6-E- E
F 5Go6 = COEA L g9 .. SCHEA
10° 10°
SG09-E-A E
F sGog = CUEA L g5, SCBEA
10° 10°

123



FOR SGs measuring axial (not at lap joints) or in very low moment
locations - close to pins

E ;= 29000-ksi Modulus of Elasticity for steel
A= 337-in° Area of steel for Location A
SGO9A-E-A SG33-E-A SGOL-E-A
F SGO9A = =8 F G331 om0 F_SG01 == =2
10° 10° 10°
SG29A-E-A SG34-E-A SGO4-E-A
F SG20A = =8 f a3 =0 F SG04 == =0
10° 10° 10°
F SG26A = ~O2OAEA F sG19 = —CI9EA F sG12 = “CI2EA
10° 10° 10°
F SG23A = “OBAEA F sG20 = CHEA F SGL4A = “CHAEA
10° 10° 10°
F sG14 = CHEA F sG17 = “CLTEA
10° 10°

FOR SGs measuring axial (at_lap joints) or in very low moment
locations - close to pins

= 29000-ksi Modulus of Elasticity for steel

E;
A= [3.37 + (0.25-4)-2]in” Area of steel for Location A

FS616:= S0 F sGo1 .= S52LEA
10° Lo

F 8611 = om0 F sG3L .= SLEA
10° Lo

SGO8-E-A SG28-E-A

F_SG08 = =~ F_SG28 = —— 2
10° Lo

SGO3-E-A SG25-E-A

F_SG03 = == F_SG25 = —— -2
10° Lo
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FOR SGs measuring axial (transverse direction) or in very low
moment locations - close to pins

E := 29000-ksi Modulus of Elasticity for steel
A= 25.4.2:in° Area of steel for Location A
SG02-E-A SG18-E-A
.: N L 2220 R SG10A-E-A
F SGO2: - F SG18: - F SGL0A
10 10 108
SG09-E-A SG30-E-A
.: N o 22 SG30A-E-A
F_SGO5 : - F SG30: - F SG30A —
10 10 108
SG09-E-A SG27-E-A
.: N L 22 SG27A-E-A
F SGO7 : - F SG27 : - F SG2TA
10 10 108
SG10-E-A SG24-E-A
.: N L 222 SG24A-E-A
F SG10: - F SG24 : - F SG2A
10 5(3;2 E-A 10°
SG13-E-A L DA
F SG13 .= ———— F_SG32: 15
10 SG22-E-A
SG15-E-A L Deer= A
F SG15 := ———— F_SG22: 15
10°
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Compute Force Per Panel

_(D17:in + D18-in
Davg = f

) Average the displacement gauges at bottom of beam

= 29000-ksi Modulus of Elasticity for Steel

E;
L= 136.5:in Length of beam member

Compute Weighted Moment of Inertia

Ip = 16.26-in* Section A-A Moment of Inertia

Lp = 9Lin Section A-A Total Length

Ig = 7.80-in* Section B-B Moment of Inertia

Lg := 45.5-in Section B-B Total Length

g = ———— Weighted Average Moment of inertia 1, = 13.44in

L

Load Distribution on North Panel per timestep

Frorth = | for i 0..rows(Dyyg) - 1 Force on north panel
equals one half the total

Davgi,o'48'E'2"Wa load minus the load

1
Frorth, o < | 108; o - 3 5 required to bend the
L member to recorded
Frorth dispacement

Load Distribution on South Panel per timestep

1
Fsouth + Fnorth := load Therefore  Fsouth == 108d — Frorih

Percent Load Distribution Panels per timestep

F

%North := north ;
load + .0000000000000001Kip
F
th
%South := Sou

load + .00000000000001Kip
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Output Files for Plotting in Grapher

Output Force Per Panel Information
PCTNorth := augment(%Drift, %North)
PCTSouth := augment(%Drift, %South)

1
FNorth := augment(%Driﬂ,Fnorth-r) Convert Fon and Fgoyy, tO
ip

L unitless for augmentation
FSouth := augment(%Drift, Fsouth'r)
ip

export := WRITEPRN("FNorth" , FNorth)
export := WRITEPRN("FSouth™ , FSouth)
export := WRITEPRN("PCTNorth" ,PCTNorth)

export := WRITEPRN("PCTSouth" , PCTSouth)

Output Glass Rotation Information
Glassrotation := augment(%Drift, IN1.-1)

export := WRITEPRN("Glass rotation” , Glassrotation)
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NewLP 5 - WF06a WFO06b

System Load (kips) vs. System Drift (%)
(Load from load cell)

Window_Deflection
64.5-in

100

Window Deflection := D03-in  %Drift ;=
MV MWW

System_Load := load

Yy

ST e ——
[ am—

—-10 -8 -6 —4 -2 0 2 4 6
%Drift
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Force Distribution
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Glass Rotation

-

-3

%Drift
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Critical Buckling Calculation - Full Scale

Geometry
| := 58in Length of side A
Iy, = 58in Length of side B
lgiaq = 1o + 1y
diag=y'a *'b Diagonal length
Lunsup = Idiag 45 Lunsup = 36.911in  Assume Unsupported length as a function

of Diagonal Length

Column Effective Length Factor:
Both ends pinned: 1.0
Both ends fixed: 0.5
One fixed other pined: 1/sqrt(2)
One fixed other free: 2.0

Material Properties

E := 10600000psi Modulous of Elasticity

Moment of inertia calculations

(1) (0.25in)°

I:= " 1= 0076in” Moment of inertia
Critical Buckling Load
2
Lp = le Ly = 10.3Lkip
(K'Lunsup)
sin(45deg)-L = 7.29kip convert to horizontal component
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Critical Buckling Calculation - Small Scale

Geometry
|5 = 12in Length of side A
Ip := 12in Length of side B
L= L2412
diag=y'a *'b Diagonal length
L L = 12.728in Assume Unsupported length as a function

unsup = ldiag"™  Lunsup :
of Diagonal Length

Column Effective Length Factor:
Both ends pinned: 1.0
Both ends fixed: 0.5
One fixed other pined: 1/sqrt(2)
One fixed other free: 2.0

Material Properties

E := 10600000psi Modulous of Elasticity

Moment of inertia calculations
Need to take hexagon and convert into equivilant area rectangle

(1) (0.25in)°

| := " |- 0016in" Moment of inertia
Critical Buckling Load
2
= .
Lp = — Ly = 10.09 kip
(K'Lunsup)
sin(45deg)-Ly, = 7.135 kip convert to horizontal component

132



	Appendices-Final.pdf
	Appendicies
	Appendix A
	Appendix A.pdf

	Appendix B
	Appendix C
	Appendix D
	Appendix E





