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Durability of Cold-Bent Insulating-Glass Units*

ABSTRACT: Architectural influences upon the commercial building industry have resulted in the design
and development of high-performing complex curtain walls that may include bent or warped glass. Glass on
modern day curtain-wall projects is mostly insulating glass (IG). When an IG is bent out of plane, a shearing
action occurs to both the primary and secondary seals. The testing described in this paper was done to
determine the effect on the durability of the IG as measured by argon retention, frost point change, and vis-
ual changes after aging in a displaced condition. Full-size IG units, 5�10 ft2� 1 in. (1.52� 3.05
m2� 25.4 mm), were fabricated, bent out of plane at 2–12 in. (50–300 mm) in 2-in. (50-mm) increments,
and placed under a 100-psf (4788-Pa) wind load. One unit was displaced 15 in. (380 mm) where breakage
occurred. An assessment was made based on the data as to what would be a reasonable amount of bend-
ing to avoid excessive glass stress and to avoid breakage. This full-size unit was then modeled and meas-
ured to predict and validate the stresses and strains on the primary and secondary seals. Upon completion
of the bending tests and the review of modeling, small IG units 14� 20 in.2 (350� 500 mm2) were tested
according to the protocol specified in ASTM E2188-10 and E2190-10 with an equivalent amount of edge-
seal displacement in X, Y, and Z directions. Argon-retention and frost-point measurements were taken
before and after the durability testing and results reported. During the durability testing, the glass of several
of the units broke in thermal cycling because of high local stresses in the glass. However, the units that did
survive the aging protocol passed both frost-point and argon-retention tests, while maintaining their appear-
ance. Additionally, the methodology developed in this research provides a strong foundation for future test-
ing in the area of cold-bent glass durability.

KEYWORDS: insulating-glass durability, ASTM E2190, ASTM E2188, bent glass, cold-bent glass, struc-
tural silicone, architectural design feature, PIB durability, argon retention, warped glass, doubly curved
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Introduction

History and Reasons for Research

Over the past decade, the practice of architecture has witnessed the widespread introduction and adoption of

new modeling software programs that facilitate the rapid conceptualization of highly complex, curvilinear

building geometries. Based on non-uniform rational B-spline geometry that was developed in the automo-

tive, nautical, and aerospace industries, these types of programs have become very popular among design-

ers. Often resulting in surfaces that are doubly curved, these building designs inevitably proceed through

some process of “post-rationalization” in which the architect’s aesthetic design intent must be reconciled

with the realities of construction limitations (budgets), material behavioral properties, and laws of physics.

One approach often considered in this process of post-rationalization is known as “cold-bending.”

Cold-bending refers to a practice of fabricating unitized curtain-wall panels in a standard process (without
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any curvature induced) and then bending the panels into a cold-bent condition as they are installed on the

face of the building. The theoretical appeal of this approach is primarily twofold: (1) aesthetically, it has

the potential to allow designers to realize a continuously smooth, industrial-design-quality reflective sur-

face (as opposed to a faceted surface); and (2) it can prove to be a cost-effective strategy for cladding a

building surface of double curvature (relative to the other options available).

Currently, however, architects are often hesitant to pursue this approach. Naturally, there are limits to

the amount of bending that can be induced in the panels, but unfortunately there is currently little informa-

tion available that clarifies these limitations. Manufacturers, fabricators, installers, and designers (and

their insurers) are all left to establish their own comfort levels with respect to cold-bending practices

in an ad hoc and extremely conservative manner because so little is known about the structural and

other performance-related qualities of the glass, the sealants, and the other components of the panels

when exposed to long- and short-term bending forces, in combination with the complications of

weathering.

Therefore, the goal of this research is to begin to establish some empirical data with respect to cold-

bending. Because this study is necessarily constrained to a single specific set of conditions (particular

panel size and aspect ratio, particular panel components by particular manufacturers, etc.) and because the

study was primarily focused on the behavior of the polyisobutylene (PIB) primary seal, much more

research will be required to develop a more comprehensive understanding of the behavior of cold-bent

curtain-wall panels. Nevertheless, this research has yielded some valuable insights.

Past Experience

The behavior of the glass and frame system under cold-bending has been previously studied on several proj-

ects. One of the first appearances of cold-bent glass in the architectural façade industry was in insulating-

glass strip windows at the City Hall building of Alphen ann den Rijn in the Netherlands in 2002 [1]. Another

Netherlands project constructed in 2002, the Floriade Pavilion in Haarlemmermeer, used point-supported

laminated glass panels cold formed on site to glaze three large openings in the pavilion. The cold-bent panels

created a curved-glass surface matching the free-form exterior of the Pavilion [1]. In addition to building

façades, the smooth curved transitions between cold-bent laminated panels gave designers the freedom to

create an undulating-point-supported glass roof for the Tramstation at Zuidpoort in Delft, Netherlands [2].

More recently this innovation was employed in the renovation of the Victoria and Albert Museum in London

where the glass panels were cold worked on site to create a 4000-ft2 (370-m2) twisting roof over a previously

unused courtyard space [2].

However, despite its growing presence in the international construction scene, this technology has

been used sparingly in the United States. Concerns regarding long-term stresses and deformations induced

on the glass and silicone by the cold-bending process as noted in prior research [1,3] may be one of the

reasons for its sparse use. Nevertheless, the engineers and designers of these successful cold-bent projects

and others were able to use various methods of finite-element modeling and physical experimentations to

determine the structural resiliency, code compliance, and warrantability of the curved glass [3–5]. From

these analyses and testing, glass manufacturers developed enough confidence to warrant their glass prod-

ucts for use in cold-bending applications. However, the amount of cold-bending utilized in previous proj-

ects was relatively small compared to the bending performed during this research. This research seeks to

gain a more complete understanding of the limits of the durability of a cold-bent insulating-glass unit

(IGU) under cold deformation by exceeding the amount of deflection previously used, and to assess the

durability of such a deflected IGU.

Scope of Research

The scope of this research was to determine the durability of the primary weather seal of an insulating-

glazing unit under cold-bending deformation. The research team hypothesized that the primary cause of

IGU failure (moisture infiltration) would be caused by a strain in the edge seal. The standard test for deter-

mining durability is specified in American Society of Testing and Materials (ASTM) E2188-10 [6] and

E2190-10 [7] and these standards specify an IGU of a certain size and make-up. Because of scaling prob-

lems, these standard IGUs cannot be deformed in the same way as a full-scale curtain-wall panel to obtain

the same edge-seal strains. Therefore, the team devised a test procedure that had the following steps:

(1) model a full-sized curtain-wall panel with Finite Element software, (2) perform a full-scale test on a
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curtain-wall panel for model verification, (3) deform the edge seal of a small IGU specimen equal to

the deformation in the finite-element model and full-scale test, and (4) perform ASTM durability testing

on the small specimen to determine the relative performance of a cold-bent IGU as compared to a

“flat” IGU.

This testing and evaluation was all done within the scope of inch pound units. SI units are provided in

parenthesis throughout this document.

Full-Scale Testing

The full-scale test units consisted of a 10-ft-high by 5-ft-wide (3.05� 1.52 m2) IGU framed by vertical

and horizontal extruded aluminum profiles. Three identical test units were fabricated and each one was

anchored at all four corners to its own wood test frame. Each individual wood frame was rigidly connected

and sealed to a strong wall integrated with an air compressor capable of producing both negative and posi-

tive pressures. During testing the anchor at the same top corner of each test frame was removed to apply

the out-of-plane displacement.

A preliminary finite-element model of a full-scale test unit was created to determine the limit of out-

of-plane deflections that can be applied in actual construction practice. In the model beam, elements repre-

sented the framing members and plate elements simulated a single glass layer. Two adjacent edges of the

glass were restrained in the out-of-plane direction, whereas the other two edges were allowed to freely

translate. An incremental displacement was applied to the free corner of the model to determine at what

displacement the maximum long-term stress in the glass (factored to account for the stiffness two layers of

glass in the actual unit) would exceed limits specified in ASTM E1300-07 [8] and Glass Association of
North America (GANA) Glazing Manual [9]. The finite-element analysis indicated that 12 in. (300 mm)

was the maximum amount one corner of the full-size unit could be pulled out of plane before exceeding

the long-term allowable stresses in the glass. A more-refined model was developed later in the project to

accurately predict edge-seal strains.

The three test assemblies (a test assembly is the full-scale test unit, wood frame, and associated mea-

surement devices) were each subjected to unique test procedures and data-acquisition methods to evaluate

the various behaviors of the IGU under applied cold-bending, and also to validate computer finite element

models. The first test assembly was set up as a baseline test to evaluate the structural capacity of the test

unit in cold-bending. Measurements were taken at incremental out-of-plane displacement up to the maxi-

mum of 12 in. (300 mm). The second test assembly provided information about the edge-seal deformations

between the outer and inner glass layers at the same increments used in the first test assembly. The third

test assembly was designed to validate the results of the first and second test assembly through compari-

sons between their strain data, and also to determine if the unit under maximum bending was capable of

withstanding repeated applications of static pressure.

All three test assemblies were also designed with measurement devices to correlate their cold-bending

and compare strains at specific locations on the glass. However, only test assemblies one and three were sub-

jected to a baseline test performed in accordance with ASTM E330-02 [10] Procedure A. Test assembly 2

required access to the displaced corner for measurements and thus could not be sealed to the test wall for

pressurization. During the pressure test, the air compressor applied a pressure of 100 lbf/ft2 (4788 Pa) to the

glass surface through the sealed pressure chamber. Engineering judgment and prior job experience were

used to identify 100 lbf/ft2 as a typical maximum wind pressure that a high-rise building might experience in

a 50-year-return period. The structural silicone used as the secondary seal for the IGU and also to attach the

insulating glass to the metal frames was sized and designed around the above-mentioned wind load so that

the structural silicone would maintain its industry standard 20 psi (138 kPa) design stress. Because of the lim-

ited sample size and inherent imperfections in glass, this test provided a necessary baseline performance cri-

terion that units had to pass to be accepted as fit for cold-bending. This test also provided additional

information about the deformation states of the cold-bent surfaces under pressure.

Curtain-Wall Frame

The curtain-wall panel frame was pin-anchored in three corners by steel angles to restrain in-plane and

out-of-plane displacement and allow for the rotation at the corners. The fourth corner was pulled out of

plane using a hook-and-slide mechanism that is typical to a curtain-wall anchoring system. The anchoring

and pulling mechanism was designed to allow for a full 12 in. (300 mm) of deflection in one direction.
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The framing profiles used were designed for a previous flat-glazed project and no prior considerations

for cold-bending the frame were developed into the frame design. The framing members were open-

channel vertical shapes and closed tubular horizontal shapes. The horizontal members were attached to the

vertical members with three to four fasteners, which were attached through clear holes in the vertical fram-

ing members and threaded into screw races in the horizontal member. See Fig. 1 for framing member pro-

files and section properties.

The IGUs were structurally glazed in shop into the frame using structural silicone sealant with a bite

of 0.75 in. (19 mm) and a depth of 0.25 in. (6.4 mm), so that the 20-psi (138-kPa) industry-standard struc-

tural silicone design strength would be maintained at the 100 lbf/ft2 (4788 Pa) wind load.

Glass Make-up

The IGUs for the full-scale test were fabricated using two 0.25 in. (6.4 mm) pieces of fully tempered clear

glass. A 13.2-mm mill-finish aluminum spacer established a 0.520-in. (13.2-mm) air space. On both sides

FIG. 1—Aluminum framing profiles and section properties: (a) male vertical mullion, (b) lower sill tran-
som, (c) upper head transom, and (d) female vertical mullion.
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of the spacer, an average of 0.015 in. (0.4 mm) of pressed PIB provided a primary seal between the spacer

and the glass. The IGU was glazed with 3/8 in. (9.5 mm) of structural silicone insulating-glass sealant.

Silicone

The structural silicone that was used as the secondary seal for this study was also the silicone used to

attach the IGU to the aluminum frame. This two-part structural silicone conforms to both ASTM C1184

[11] and ASTM C1369 [12]. This particular silicone is described as Sealant “D” previously by Wolf and

Cleland-Host [13], as shown in Fig. 2. Data gathered on the tensile strength of the IGU edge-seal assembly

per the ASTM C1265 [14] configuration is presented in Table 1. This data includes ultimate tensile

strength, as well as stress data at 2.5 %, 5 %, and 10 % strain.

Full-Scale Test Procedure

Test assembly 1 consisted of a curtain-wall frame anchored to a wood test frame at each corner (see

Fig. 3). The wood frame was rigidly anchored and sealed to the test wall with the exterior lite of glazing

facing the test wall. All gaps between the curtain-wall unit and wood test frame were also sealed. It was

subjected to initial pressurization of four positive and four negative cycles of 10 s each at 100 lbf/ft2

(4788 Pa) in general accordance with ASTM E330-02 [10] to ensure that the glass could attain design pres-

sures prior to cold-bending. The upper-right anchor was removed and the top corner of the unit was pulled

2 in. (50 mm) out of plane away from the test wall. The anchor was reinstalled, and one 10-s cycle was run

for the positive and the negative pressures. This procedure of displacement followed by pressurization was

repeated in 2-in. (50-mm) increments until a total displacement of 12 in. (300 mm) was reached. After

pressurization at a displacement of 12 in (300 mm), the unit was displaced till breakage at 15 in.

(380 mm). Linear and rosette strain gauges provided strain information at key locations, and linear vari-

able displacement transducers (LVDTs) were attached to the glass in the corners to provide accurate dis-

placement data. Data from these gauges was recorded for each displacement increment and during all load

cycles. Figure 4 shows the locations of these gauges on assembly 1.

FIG. 2—Stress–strain relationship of silicone at 22�C.

TABLE 1—Sealant data based on ASTM C1265-94(2005)e1 [14].

Specimen #

Length

(in.)

Thickness

(in.)

Peak

stress

(psi)

Peak

stress

(MPa)

Strain at

peak

( %)

Stress at

2.5 % strain

(psi)

Stress at

2.5 % strain

(MPa)

Stress at

5 % strain

(psi)

Stress at

5 % strain

(MPa)

Stress at

10 % strain

(psi)

Stress at

10 % strain

(MPa)

1 2 0.375 205.4 1.42 65.842 2.3 0.02 42.1 0.29 79.1 0.55

2 2 0.375 216.4 1.49 66.557 8.9 0.06 13.3 0.09 66.2 0.46

3 2 0.375 216.1 1.49 63.818 14.1 0.10 53.2 0.37 82.9 0.57

4 2 0.375 221.7 1.53 91.867 34.7 0.24 71.6 0.49 84.8 0.58

5 2 0.375 218.8 1.51 63.277 37.8 0.26 61.9 0.43 94.6 0.65

Mean 215.7 1.49 70.272 19.6 0.14 48.4 0.33 81.5 0.56

SD 6.2 0.04 12.149 15.8 0.11 22.4 0.15 10.3 0.07
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Assembly 2 was installed in a partial-wood test frame and anchored at three locations, leaving the top

right corner free (Fig. 5). The partial frame allowed access to the side of the glazing where six dial indica-

tors were mounted to the outer pane of glass (Fig. 6) to monitor the edge-seal strains as the unit was dis-

placed. Consequently, the frame was unable to be sealed and no pressure was applied to assembly 2. The

free corner was displaced in 2-in. (50-mm) increments until a total displacement of 12 in. (300 mm) was

FIG. 3—120� 60� 1 in3. (1.5� 3.0 m2� 25 mm). Full-scale test assembly 1.

FIG. 4—Full-scale test assembly 1 gauge location schematic.
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achieved. Dial indicator and linear strain (Fig. 7) readings were recorded at each 2-in. (50-mm) increment

and LVDTs were again used to measure glass bending.

Assembly 3 followed the same installation as assembly 1. For this assembly, the top right corner was dis-

placed to 10 in. (250 mm) and secured. Eight 10-s, 100 lbf/ft2 (4788 Pa) test loads were applied in accordance

to ASTM E330-02 [10], alternating between positive and negative directions. Linear and rosette strain

gauges and LVDTs were applied to this assembly as shown in Fig. 8. During the time of testing, the authors

decided that design cold bend would be 8 in. (200 mm) and the 10 in. (250 mm) displacement would corre-

spond to 125 % of the design displacement of assembly 1. This was done to determine if repeated loading

beyond the 100 % cold-bend design would result in glass breakage of this single assembly.

Small-Unit Durability Testing

The purpose of the small-unit test was to determine the durability of a cold-bent IGU using the industry-

standard testing protocol as specified in ASTM E2188-10 [6]. The edge-seal conditions of a full-scale,

cold-bent curtain-wall panel cannot be simply converted into an equivalent degree of bending in a small

test specimen. Because of the specific requirements of this testing protocol, the glass stiffness, the IGU

spacer size, and PIB size could not be scaled and still maintain comparable results to a “standard” ASTM

E2188-10 test. Therefore, the edge seal was strained an amount equal to that observed in the full-scale

testing and validated by the finite-element model. Following this method a similar edge-seal condition

was recreated between the full-scale and small-scale tests.

The small-scale test was broken into four sets of identically constructed specimens with varying

amounts of edge-seal strain. The first set was a control and was tested without any additional edge-seal de-

formation. The second set had edge-seal deformations that corresponded to a “100 %” allowable amount

of bend. The 100 % allowable amount of bend was determined through a combination of engineering judg-

ment and the results of full-scale testing. The third and fourth set contained edge-seal deformations that

corresponded to “50 %” and “150 %” of the allowable amount of bend. It is important to note that 50 %

and 150 % are not indicative of the amount of edge-seal strain, but relate to the amount of displacement in

the full-scale test. The amount of edge-seal strain in these cases was determined through a combination of

the full-scale test and finite-element model.

FIG. 5—120� 60� 1 in3. (1.5� 3.0 m2� 25 mm). Full-scale test assembly 2 in partial test frame.
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FIG. 6—Dial gauge used to measure relative displacement between glass panes in full-scale test assembly 2.

FIG. 7—Full-scale test assembly 2 gauge location schematic.
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Design of Test Apparatus

The testing procedure for the small scale durability test (as specified in ASTM E2190-10 [7]) required a

compact and portable displacement mechanism to impart movements on the two lites of glass that would

replicate the edge-seal strains in the full-scale test unit. The final design consisted of a four-sided frame

made from a bent and welded steel 1/4-in. (6.4-mm) plate. The 14� 20 in.2 (350� 500 mm2) IGU was

placed into the frame and the lower lite was secured to the frame on all four sides using epoxy resin. The

frame was designed to surround the four edges of the IGU to adequately apply load to displace the pane of

glass; however, there was a nominal clearance of 3/8 in. (9.5 mm) between the steel and IGU edge seal. This

allowed for adequate clearance around the edge seal as specified in ASTM E2188-10 [6]. Fasteners and bear-

ing plates were used to displace the upper pane of glass in-plane relative to the lower. In-plane displacements

are defined as X and Y directions. Another set of fasteners attached to plates adhered by epoxy to the surface

of the glass was used to pull the upper pane of glass away from the lower. This out-of-plane displacement is

defined as the Z direction. See Fig. 9 for a photograph of the small test frame. In this photograph, there are

steel plates and fasteners bonded to the glass at the mid-span of the long 20-in. (500-mm) dimension. The

screws shown at these locations were used to lift the outer lite away from the inner lite in the Z direction.

To apply the desired displacement between the two panes of glass, two #6-40 socket-head machine

screws were used in each in-plane direction. The data in Table 1 was used to estimate the forces required

to strain the outboard lite of the small test units and to determine the size of the screws used to produce

the strains. Steel shims and silicone bearing plates were used to distribute load and protect the glass edge

(Fig. 10) when moving the plates in the X and Y directions. The applied displacement was measured

FIG. 8—Full-scale test assembly 3 gauge location schematic.
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between the steel frame and displaced glass pane using a dial caliper. The out-of-plane displacement was

applied using two #6-40 flat-head machine screws that were adhered to the upper unfixed pane of glass

with an epoxy resin. This displacement was measured between the steel frame and glass pane using an out-

side micrometer. Additionally, measurements were taken between the lower fixed pane of glass and the

steel frame to ensure that the entire IGU did not move relative to the steel frame. All of these measure-

ments were recorded at the time of application and subsequently measured throughout testing. See Table 2

for recorded measurements and Fig. 11 for the locations of displacements.

A slight modification was made to the original test frame design because of the high loads required to

displace the glass out of plane in the Z direction for the 150 % design test specimens. The outer pane of

glass broke in two glass specimens during the application of displacements and these were discarded.

Also, two of the tension mechanisms that were secured to the glass with epoxy broke free and had to be

reinstalled. To avoid stress concentrations for the 150 % tests, a revised tensioning mechanism was

designed and installed for these specimens. This mechanism consisted of a longer steel plate adhered to

the glass to more effectively distribute load and thereby reduce stress. The new tension mechanism

allowed the glass to be deflected in tension to the required degree without additional glass breakage.

FIG. 9—14� 20 in.2 (350� 500 mm2) small test frame with IGU installed.

FIG. 10—Application of small-specimen edge-seal displacements.
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Insulating-Glass Make-up

Twenty-four units of IGU for the durability testing were manufactured using standard 14� 20 in.

(350� 500 mm) configurations as prescribed by ASTM E2190-10 [7]. The units were fabricated using

tempered glass with a thickness of 0.185 in (4.7 mm) for each lite. The outer lite has a Low-E coating on

the #2 surface that is deleted to the PIB interface. The air space was established using a 13.2-mm, mill-

finish aluminum spacer. The PIB thicknesses ranged between 0.010 in. (0.25 mm) and 0.030 in. (0.76 mm)

and an average PIB thickness of 0.015 in. (0.38 mm) was attained. Two legs of the spacer were filled with

a 3A molecular sieve desiccant. The units were filled with argon to greater than 90 % fill level and then

sealed with 3/8 in. (9.5 mm) of silicone insulating glass sealant.

Weathering Test Procedure

The durability of the test specimens was evaluated by industry established and accepted methods of expos-

ing the units to high humidity environment, alternating temperatures and periods of ultraviolet (UV) expo-

sure and water spray. The method chosen is described in detail in ASTM E2188-10 [6]. The procedure

TABLE 2—Edge-seal measurements.

Front lite x2a x3a y3a y4a Z_ta Z_ba

Frame number Design value D D D D D D Date completed

25 50 % 0.014 0.015 0.018 0.019 0.010 0.010 1/24/2011

16 50 % 0.014 0.015 0.022 0.015 0.009 0.011 1/24/2011

18 50 % 0.014 0.015 0.017 0.018 0.010 0.011 1/25/2011

26 50 % 0.013 0.015 0.018 0.016 0.014 0.009 1/25/2011

12 50 % 0.015 0.016 0.021 0.020 0.011 0.009 1/27/2011

24 50 % 0.013 0.014 0.017 0.019 0.011 0.010 1/24/2011

29 100 % 0.022 0.022 0.033 0.034 0.018 0.013 1/25/2011

28 100 % 0.023 0.022 0.031 0.034 0.013 0.015 1/25/2011

33 100 % 0.023 0.020 0.033 0.031 0.016 0.016 1/25/2011

36 100 % 0.021 0.021 0.031 0.033 0.014 0.015 1/25/2011

27 100 % 0.021 0.020 0.031 0.033 0.016 0.014 1/25/2011

3 100 % 0.021 0.022 0.032 0.033 0.016 0.015 1/27/2011

13 150 % 0.045 0.039 0.058 0.057 0.035 0.035 3/8/2011

15 150 % 0.043 0.041 0.057 0.058 0.033 0.036 3/8/2011

37 150 % 0.042 0.043 0.059 0.058 0.036 0.037 3/8/2011

38 150 % 0.041 0.043 0.059 0.1 0.036 0.038 3/8/2011

40 150 % 0.036 0.042 0.063 0.058 0.037 0.033 3/8/2011

42 150 % 0.042 0.044 0.061 0.061 0.035 – 3/8/2011

aSee Fig. 11 for displacement locations.

FIG. 11—Edge-seal displacement table locations.
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and the cyclical phase are shown in Fig. 12. Evaluation of argon retention was conducted per ASTM

E2649 [15].

The test began by establishing an initial frost point per ASTM E546 [16]. The ASTM E546 test

method placed a cold plate on the surface of the glass. Condensation in the form of frost or, at higher tem-

peratures, dew would be observed if there was sufficient moisture in the IG unit. Factory-made units are

expected to demonstrate low-temperature frost points at the start of the test, because the desiccant is new

and not subjected to any extreme environmental influences. Typically, the initial-frost-point results are

expected to be lower than �90�F (�68�C).

Additionally, testing for Argon in the units was conducted per ASTM E2649 [15]. All units began the

test with greater than 90 % argon concentration.

After these initial tests, the units were placed in a high humidity chamber for a period of 2 weeks. The

chamber was maintained at 140�F (60�C) and 95 % relative humidity for the entire two weeks.

Once this phase was completed, the units were removed and allowed to equilibrate to standard temper-

atures and conditions for a period of 24 h. The units were then measured again for frost point and argon

retention and the values were recorded.

At the completion of the data collection, the units were placed in a weather-cycling phase. During this

phase, the units experienced cold temperatures to �20�F (�29�C). After a hold period, they were allowed

to return to standard temperatures at which point they are exposed to ultraviolet light and mist spray while

their temperatures were raised to 140�F (60�C). The spray was turned off and after a hold at high tempera-

ture and while the ultraviolet light is still on, the units were allowed to return to standard temperatures

where the cycle begins again. This 6-h cycle was repeated for 9 weeks.

At the completion of the weather cycling phase, the units were once again removed, allowed to equili-

brate for 24 h and the frost-point and argon values were measured and recorded.

Finally, the units were placed back in the humidity chamber (as described above) for an additional 4

weeks. At the completion of the 4 weeks, they were removed, allowed to equilibrate for 24 h and the final

frost-point and argon values were taken and recorded.

Argon-Testing Procedure

Testing for argon gas content was performed on all of the small testing units at four specific time frames,

(initial, after 2 weeks in high-humidity exposure, after 9 weeks of weather cycling, and then again after 4

more weeks of high-humidity exposure). Units were tested by non-destructive spark emission spectrogra-

phy in accordance with ASTM E2649 [15]. For an IGU to be listed as complying with gas content certifi-

cation, the unit must demonstrate an average argon containment of greater than 90 % before weathering,

and the average argon levels of the entire sample group must be greater than 80 % after weathering.

ASTM E2188-10 Test Procedure: Expectations

Test-unit failure caused by workmanship issues related to the initial fabrication of the 14� 20 in.2

(350� 500 mm2) units is normally expected to be seen very early in the testing process, typically in the

FIG. 12—ASTM E2188-10 [6] test cycle.
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first couple of weeks of high humidity [6]. Once past this point, test units of the configuration in this study

can be expected to complete the entire cycle without evidence of increased frost temperatures or argon

loss caused by workmanship of the construction. If there was a sign which indicated that a unit was either

demonstrating higher frost temperatures (therefore gaining moisture from the outside atmosphere) or los-

ing argon, which could be interpreted as the induced effects of edge-seal strains at the PIB-to-glass or

PIB-to-spacer interface.

Finite-Element Modeling and Validation

Full-Scale Unit Modeling

The glass has been modeled using 0.5-in.- (12.7-mm-) square shell elements. The structural effect of the

PIB layer is negligible and was not considered in the model. The silicone has been modeled using

0.5� 0.25-in.2- (12.7� 6.35-mm2-) rectangular shell elements. Because of the one- and two-dimensional

nature of the beam and shell elements, rigid links were used to hold the actual three-dimensional locations

of the elements in space. Rigid links are linear elements that connect two nodes rigidly in space. The sili-

cone was modeled as nonlinear material with shell elements configured perpendicular to the surface of the

glass. The stress–strain curve of the material has been obtained from physical tests at room temperature

(22�C) and is presented in Fig. 2 [13]. The corner portion of the finite-element (FE) model is presented in

Fig. 13.

The aluminum framing members are typical of a four-sided, structurally glazed, unitized curtain-wall

system. Each framing member profile was unique and the properties of the sections have been calculated

and are presented in Fig. 1. The volume of the air cavity has been maintained with fluid elements with

bulk stiffness of 100 kPa. The four corners of the frame have been modeled with pinned anchors where

one corner had non-zero out-of-plane restraint. The end of the horizontal beam elements were moment

released at the shared node of the vertical beams to represent a pinned connection between the horizontal

and vertical framing members.

There are certain elements of the physical specimen that have not been modeled numerically. These

parameters include negligible effects, such as the stiffness of PIB, the effect of gravity, and local distor-

tions of framing profiles. Other parameters that were not modeled and may have significant effects include

the flexibility/plasticity of the frame corner connections and thin-walled beam behavior of the frame mem-

bers. The torsional behavior of the thin-walled frame members differs from the as-modeled solid members.

The influence of warping of the thin-walled section changes the torsional shape of deformation of the

frame members and may have significant impact on the overall results. A difference in torsional deforma-

tion to the one observed in the physical test has been obtained in the numerical model.

FIG. 13—Corner of FE model of full-size test.
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Analysis of the Full-Scale Unit Model

There are several possible failure scenarios during the cold-bending of a curtain-wall unit. Some of the

major ones are: structural failure of the frame, breakage of glass, structural silicone failure, or PIB seal

separation in the IGU. Structural failure of the frame can be safely predicted through the typical structural

analysis involved in curtain-wall design. Glass can be designed to perform with the sustained stresses

induced through cold-bending. Structural silicone is considered to be a strong component in the system

and not a critical link. On the other hand, it is suspected that the PIB seal is the governing element during

cold-bending of IGUs. Long-term performance of such a seal under sustained strains is unknown. How-

ever, the seal is known to fail under a regime of ASTM testing procedures even without applied strains.

Based on the results of the FE model, the locations of maximum edge-seal strains in the PIB were pre-

dicted. Preliminary FE analysis of the full-scale unit revealed that the maximum edge-seal deformations

were located on the long side of the panel about 40 in. (1016 mm) away from the loaded corner. Intuition

and engineering judgment, however, led to the conclusion that strains at the corner of the unit may also be

significant. Therefore, these two locations were selected for the measurements of the edge-seal strains on

assembly 2. The strain state at each of the locations was measured using three displacement dial gauges

attached to the external ply of the glass to measure the relative in-plane edge displacements of the internal

ply of the glass. Figure 7 shows locations of all six of these gauges. From these measurements the edge-

seal strains in the PIB were calculated and presented in Table 3.

In addition to measuring the in-plane movements of the glass, several strain gauges were attached to

the glass to understand its true bending behavior. These gauges were used to validate the results obtained

between the three full-scale test assemblies and FE model. The locations of strain gauges in the full-size

test specimen of tests one and three are shown in Figs. 4 and 8, respectively. Two rosette strain gauges

(numbered 1 through 6) were placed at the center of the glass on the inner and outer pane. Rosette gauges

7 through 9 are placed at the location of maximum stress in the glass as predicted by FE model. These

gauges helped in understanding the shape of deformation of the glass during its bending. Unidirectional

strain gauges were placed on all three test assemblies on the outer glass layer at the midpoints of the free

edges. Readings of gauges 10 and 11 are affected mainly by the stiffness of the frame members.

The amount of applied out-of-plane deformation of the IGU in the physical testing was measured

using four LVDTs attached near the corners of the glass (Fig. 14). The out-of-plane displacement in the

numerical model however, was applied using forced displacement values of the node at the loaded corner

with the other corners of the frames restrained. Because these measurements were taken at different loca-

tions, a correlation between the out-of-plane deformation in the physical and numerical models needed to

be developed. Therefore, the displacements obtained directly from LVDT readings in the physical test

were compared to the corresponding nodal displacement results of the glass in the FE model. This compar-

ison between physical and FE model out-of-plane displacements (bending) is presented in Fig. 15. Data

presented in this paper corresponds to displacements as measured in the physical test.

Validation of Models

To correctly create a structural model we need to understand the behavior of glass bending, its expected

displacements and other factors that have an effect on the glass deformation. To understand the cold glass

bending, it is useful to study simplified models of deformation. The shape of the cold-bent glass is more

complex than the following two theoretical models, but they are the major contributors to the overall state

of deformation.

For a cold-bent plate, the first idealized deformation shape is one where straight lines parallel to the

edges remain straight after the plane is deformed. The deformed shape that follows the straight lines rule

is presented in Fig. 16.

Such deformation will create a state of stress in the glass such that:

rxx zð Þ ¼ ryy zð Þ ¼ sxz zð Þ ¼ syz zð Þ ¼ 0 (1)

and

sxy t=2ð Þ ¼ �sxy �t=2ð Þ 6¼ 0 (2)
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TABLE 3—Theoretical and applied PIB strains.

Direction of

PIB displacement

Idealized

bending

True bending

as measured

by LVDTs

Loaded

corner

10 in. below

loaded corner

20 in.

below the

loaded corner

30 in. below

the loaded corner

10 in. to the

right from the

loaded corner

20 in. to the right

from the

loaded corner

30 in. to the

right from the

loaded corner

Gauges

1–3

Gauges

4–6

Used in small

specimens

X 4 3.69 �0.008 �0.007 �0.004 �0.001 �0.009 �0.009 �0.009 �0.007 �0.006 0.014

8 7.34 �0.019 �0.015 �0.002 0.010 �0.017 �0.017 �0.019 �0.022 �0.026 0.022

12 10.92 �0.029 �0.019 0.007 0.028 �0.028 �0.029 �0.034 �0.040 �0.055 0.042

Y 4 3.69 �0.011 �0.021 �0.021 �0.021 �0.006 �0.002 0.005 �0.017 �0.022 0.018

8 7.34 �0.016 �0.037 �0.039 �0.040 �0.001 0.007 0.023 �0.037 �0.041 0.032

12 10.92 �0.026 �0.050 �0.054 �0.056 0.008 0.023 0.045 �0.057 �0.060 0.059

Z 4 3.69 �0.001 0.004 �0.001 0.000 �0.001 �0.001 �0.001 – – 0.010

8 7.34 0.010 0.027 0.002 �0.005 �0.001 �0.003 �0.007 – – 0.015

12 10.92 0.052 0.059 0.007 �0.015 �0.004 �0.013 �0.017 – – 0.036
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where t¼ thickness of the plate.

This state of stress represents two-directional bending along x0–y0 directions, where x0–y0 are axes

rotated 45� away from x–y (Fig. 16).

The second idealized state of deformation is unidirectional bending. There are two statically equiva-

lent states of deformation with unidirectional bending where the bending could occur about either of the

two diagonals. Both of these states are presented in Fig. 17. Depending on the initial deformation, a struc-

ture can arrive at either state of equilibrium. The diagonal about which the glass bends can be selected by

forcing the bend during the initial deformation. This effect is very difficult to obtain numerically. Depend-

ing on the initial deformation state, nonlinear FE analysis will return various outcomes. However, simple

tests, such as bending a credit card by hand will reveal that unidirectional bending requires the least

FIG. 15—Relation between physical and numerical out-of-plane displacements.

FIG. 14—One of four LVDTs measuring bending in the full-scale test specimen.
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amount of energy to force four corners of a rectangular plate out of plane. Applying external pressure to

the surface of such bent glass can cause an effect known in the literature as “snap through buckling” [17].

The major differences between the two cold-bent shapes described above are:
• In the bidirectional bending example, the edges of the rectangular glass remained straight (Fig. 16).
• In the pure unidirectional bending example, the edges of the glass deform freely (Fig. 17). One of

the diagonal lines remains undeformed. The direction of bending is perpendicular to the unde-

formed diagonal.
• In both pure unidirectional and bidirectional conditions, if the glass edge is framed the framing

members are subject to torsion.
• The energy required to obtain unidirectional deformation is much smaller from the energy required

in the bidirectional bending condition. Therefore the deformation state of bidirectional bending is

possible but unstable.

The above states of deformation were observed with experimental testing [4], where the two-

directional bending is observed with small deformations and the unidirectional bending is a post-buckling

form.

The duality of the large deformation state was observed during the full-scale testing presented earlier

in the paper. The application of pressure to the IGU in the cold-bent condition forced the deformed glass

from one state of minimum energy to another. This is referred to as “snap through buckling” in the litera-

ture. This was quite a visual surprise during the full-scale testing applying the wind load to deformed unit.

An intuitive understanding of the principles laid out above would lead us to the following conclusions:

a cold-bent plane with infinitely stiff edges would deform purely in a bidirectional manner, and a cold-

bent plane with no frame at all would result in a simple unidirectional bend (about one of the diagonals).

In our test, there are frame members that stiffen the sides of the rectangular IGU and the outcome was

somewhere in between these two idealized cases.

Considering the above concepts, the deformation of the glass during the cold-bending process depends

on the proportions between the flexural stiffness of the stiffening frame members and the glass panel itself.

It should be noted here that the torsional deformation of the frame is a result in both of the idealized cases.

FIG. 16—Idealization of purely cold-bent rectangular plate.

FIG. 17—Two states of unidirectional bending.
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Therefore, to allow for this deformation without high torsional forces in the frame, some members should

be torsionally weak (i.e., thin-walled, open-section frames). The two vertical frame members in the full-

size specimen are significantly weaker in torsion than the two horizontal members. A combination of

framing members with different bending and torsional stiffness creates a complex system where the state

of bending deformation may not be intuitive.

The physical tests of cold-bending of glass were intended to proceed to failure and large deformations

were a part of the testing protocol. Whereas the behavior of many of the materials (such as glass or alumi-

num) had a linear physical behavior, the silicone connecting these parts had nonlinear physical behavior.

Therefore, a model considering material nonlinearity and large deformation needed to be built.

Sources of Error and Modeling Inaccuracies

As previously discussed, the modeling of the full-scale test unit required consideration of the many differ-

ent variables and how they interacted with one another. Given these possible variables and interactions,

sources of error and modeling inaccuracies are inevitable. The research team sought to mitigate as many

of these factors as possible through the testing regime and through identifying potential areas of inaccur-

acy. The warped shape of the glass and modeling of the framing connections are two such areas of possi-

ble error.

The dual deformation modes of the glass proved to be one main area of uncertainty in the results.

Because of the complex deformation of the glass, the readings of the rosette strain gauges did not show a

close correlation to the strains in the numerical model. Buckling of the glass can cause a dramatic change

in stress values which could not be obtained in the FE model. However, the linear strain gauges showed a

much closer correlation to the tested unit (see Figs. 16 and 17), so it was reasonable to consider the model

a good representation of the behavior of the full-scale test unit.

As previously stated, the connections between the framing members in the full-scale testing consisted

of several machine screws fastening the horizontal members to the vertical members. In the FE model,

these connections are modeled as pins (not restraining any moment) or fixed (restraining relative rotation).

However, the actual connections are able to transfer some amount of moment before there is enough rota-

tion to consider the connection pinned. This difference between the actual connection and the modeled

connection can impact the correlation between recorded and modeled strains. The stiffness of the connec-

tions is unknown and it is difficult to predict without additional tests. It has been decided that the assump-

tion of a pinned connection is the closest prediction of a real behavior because it ultimately led to a closer

correlation in data.

To illustrate the effect of the stiffness of the connections on the behavior of the model, two graphs are

presented (Figs. 18 and 19). These graphs show unidirectional strain gauges #10 and #11 (see Figs. 4

and 8) readings for pinned and fixed conditions of the connections respectively. Graphs noted as FE are

numerical results, and tests 1 and 3 are physical results of the two tests. Note that the fixed model captures

an event at 6 in. (150 mm) of applied bending. This is possibly a location where the system deforms in one

FIG. 18—Comparison of strains at unidirectional strain gauges locations for pinned frame connections.
TOP XX are strains in the location and direction of strain gauge #11 and SIDE YY of strain gauge #10.
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of two possible states. Also, the outcome of two very similar tests being different past this point reveals a

potential instability of the system. Note, that non-zero initial strains in test 1 are residual strains after the

specimen had been loaded to 4-in. (100-mm) displacement for the first time. A reset in the test procedure

was required to correct the loading mechanism. The graph shows strains after this process.

Determination of Small Unit Displacements

The four specimen sets that were tested in the weatherization chamber have been subjected to edge-seal

deformations that correlate to maximum strains in the full-size specimen at four values of out-of-plane dis-

placement. These groups represented 0 %, 50 %, 100 %, and 150 % of the maximum design displacement.

The maximum design displacement was determined with an engineering judgment. In practical applica-

tions, this would depend on the wind pressures, the size or shape of the panels, the makeup of the IGU and

many more parameters. The engineering judgment has been made considering the maximum glass stress

from the FE model. Numerical tests performed on the model revealed that 8 in.(200 mm) of displacement

produces maximum stresses of 4.7 ksi (32 MPa). This is still well below the long-term limit stress of the

fully tempered glass but considering additional possible stresses from positive and negative wind pres-

sures, climatic loads and other safety factors, 8 in. (200 mm) of bending has been determined to be a rea-

sonable limit of engineering design. Therefore the maximum applied edge-seal deformations during

cold-bending of the full-size unit have been recorded for 4, 8, and 12 in. (100, 200, and 300 mm) of corner

displacement. The location of where the PIB is strained the most varies depending on the stiffness of the

framing elements, connections between them and many other factors. From preliminary numerical model-

ing it has been determined that the location is about 40 in. (1.016 m) below the loaded corner. After the

physical tests were performed, the numerical model needed to be revised. These revisions included apply-

ing the proper glass offsets, modeling the air pressure in the cavity, considering the pin behavior for the

framing members and modeling an accurate location of the applied load. The outcome of the analysis was

very sensitive to these minor model modifications but after the above modifications have been applied, the

location of the maximum shear displacements of the PIB did not change significantly from the initial

model and the modeled system correlated much more accurately to the test data.

To obtain edge-seal strain between the two panes of glass, three dial gauges per location of concern

have been used in phase two of the full-scale test. The three dial gauges have been configured to obtain

the differential movement along the short edge, the differential movement along the long edge and in-

plane rotation of the panes with respect to each other at each of the edge locations (Fig. 7). The recorded

differential displacements between panes have been converted to the displacement at single points of inter-

est and they have been compared with the numerical results. Because of the sensitivity of the model and

some modeling inaccuracies (described above) the results of the model match very well only for selected

displacement values. Readings of all six dial gauges compared with numerical results are presented in Fig.

20. Refer to Fig. 7 for dial gauges numbering. Values of edge-seal strains from various locations of the nu-

merical model have been put side by side with the physical results in Table 3. It should be noted here that

the edge-seal deformations are applied to the small test specimens on all four edges simultaneously;

FIG. 19—Comparison of strains at unidirectional strain gauges locations for fixed frame connections.
TOP XX are strains in the location and direction of strain gauge #11 and SIDE YY of strain gauge #10.
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therefore a displacement that is perpendicular to the long edge of the small specimen will be at the same

time parallel to the shorter edge. The strains applied to the small specimens are shown in the right-most

column of Table 3 and are summarized in Figs. 21 and 22, 23 and 24 which graphically depict the defor-

mations for the control, 50 % design, 100 % design, and 150 % design specimens, respectively.

Results

Table 4 summarizes the test results of the ASTM E2188-10 [6] weathering protocol of the small IG units.

During the test protocol the small IG units have the frost point and argon percentage measured initially, af-

ter 2 weeks of high temperature and humidity, after nine weeks of accelerated weathering (hot, cold, UV,

FIG. 20—Overlay of PIB in-plane displacements as measured in test 2 and obtained from numerical
model.

FIG. 21—Dimensions of primary (PIB) and secondary (silicone) at control no bending.
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FIG. 22—Deformations of PIB and silicone at 50 % or 4 in. (100 mm) of bending.

FIG. 23—Deformations of PIB and silicone at 100 % or 8 in. (200 mm) of bending.

FIG. 24—Deformations of PIB and silicone at 150 % or 12 in. (300 mm) of bending.
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and water spray) and after 4 weeks of high temperature and humidity. Each argon-percentage test point for

a specific specimen is an average of five readings according to ASTM E2649 [15]. These averages are fur-

ther averaged and plotted in Fig. 25.

All six of the control specimens qualified per ASTM E2190-10 [7], meaning that the frost points of

the specimens remained below �90�F (�68�C) and the average argon retention of all the specimens was

greater than 80 % On the other hand, the 50 %, 100 %, and 150 % samples did not meet the testing criteria.

Six specimens must meet the requirements described in Sec. 4 of ASTM E2190-10 but, because there

were no available replacement specimens when a specimen broke during testing, the entire sample group

could not be qualified. The reason for the limited number of specimens was because the research team did

not strictly follow the requirements of the ASTM E2188 standard [6] and procure twelve total samples as

put forth in Sec. 5.7. Had this been done, the broken specimens could have been replaced with a new one

from the remaining specimens. Any lites that broke are noted in the table as “breakage” or “thermal

break.” The “breakage” label refers to breaks that occurred during the initial displacement of the speci-

mens before the testing began. “Thermal Break” refers to lite failure that occurred during testing.

TABLE 4—

Initial data

2 weeks high humidity

140�F 95 % RH

9 weeks accelerated

weathering cycling:

Heat, UV, and water

4 weeks high humidity

140�F 95 % RH

Sample ID Frost point �F % Argon Frost point �F % Argon Frost point �F % Argon Frost point �F % Argon

Set 1—No deflection (control) representing no bending

5 <�90 88.3 <�90 86.0 <�90 80.9 <�90 77.7

7 <�90 94.8 <�90 92.6 <�90 85.5 <�90 78.9

9 <�90 92.6 <�90 91.0 <�90 87.9 <�90 85.5

20 <�90 92.4 <�90 90.4 <�90 84.9 <�90 80.7

21 <�90 94.1 <�90 92.3 <�90 87.4 <�90 85.1

44 <�90 92.7 <�90 90.1 <�90 85.4 <�90 81.2

Average <�90 92.5 <�90 90.4 <�90 85.3 <�90 81.5

Set 2�50 % deflection representing 4-in. bending

16 <�90 94.1 <�90 93.3 <�90 91.9 <�90 88.9

18 <�90 94.4 <�90 93.4 <�90 92.4 <�90 89.7

23 <�90 93.9 Breakage N/A – – – –

12 <�90 87.3 <�90 85.3 <�90 84.0 <�90 82.6

24 <�90 94.7 <�90 93.4 <�90 92.7 <�90 89.8

25 <�90 93.1 <�90 92.2 <�90 90.0 <�90 85.5

26 <�90 91.3 <�90 89.8 Thermal break – – –

Average <�90 92.7 <�90 91.2 <�90 90.2 <�90 86.9

Set 3�100 % deflection representing 8-in. bending

27 <�90 91.7 <�90 90.6 <�90 89.1 <�90 86.0

28 <�90 95.3 <�90 94.2 Thermal break – – –

29 <�90 93.2 <�90 91.9 <�90 90.1 <�90 86.3

33 <�90 95.1 <�90 94.5 <�90 92.3 <�90 89.1

36 <�90 94.9 <�90 94.2 <�90 93.6 <�90 92.2

41 <�90 93.0 Breakage N/A – – – –

3 <�90 84.3 <�90 83.3 <�90 80.3 <�90 78.0

Average <�90 92.5 <�90 91.5 <�90 89.1 <�90 86.3

Set 4—150 % deflection representing 12-in. bending

13 <�90 87.1 <�90 84.0 Thermal break – – –

15 <�90 93.8 <�90 91.9 Thermal break – – –

37 <�90 94.1 <�90 93.1 Thermal break – – –

38 <�90 92.6 <�90 91.8 <�90 89.8 <�90 87.5

40 <�90 94.9 <�90 93.1 Thermal break – – –

42 <�90 92.3 <�90 90.4 <�90 80.0 >�90 <�80 74.0

Average <�90 92.5 <�90 90.7 <�90 84.9 �87.0 80.8
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All of the 50 %, 100 %, and 150 % units that did not experience breakage showed frost points below

�90�F (�68�C). Additionally, the average argon retention of these specimens was greater than 80 %

An unforeseen result from the durability testing was the failure of the epoxy adhesive in tension. The

test units used an epoxy adhesive in several locations. The epoxy was used to keep the small IG units

attached into the steel frame. This epoxy held fast in all of the tests, however, the epoxy adhesive used to

induce displacement in the Z direction adhesively released from the glass during the humidity and acceler-

ated weathering cycles. Because the epoxy failed in all of the tests where tension was applied, this testing

represented stressing the PIB in the Z direction for only a portion and not the entire test.

The measurements that were taken to document the edge-seal displacement were monitored after the

first high-humidity phase to ensure that the edge-seal strain was maintained. The measurements between

the steel frame and the pane of glass that was adhered to it were maintained and no relative movement

occurred between these two elements. The measured distance between the steel frame and the displaced

piece of glass, however, increased by approximately 0.005 in. (0.13 mm) from its initial value. All other

measurements, including the “z” displacements were maintained after the first high-humidity phase. It was

during the weathering phase of testing that epoxy adhesive failure caused the tensioning mechanism to fail

and release strain on the edge seal in the “z” direction.

Conclusions

The full-scale units that were subjected to wind load of 6100 lb/ft2 (4.8 kPa), while under a cold-bend did

not break. The initial modeling suggesting at 8 in. (200 mm) of bending as the limitation of our design was

a good engineering judgment. The successful completion of testing on assembly 3 shows that the curtain-

wall system was able to survive a pressure, which was greater than what the profiles were designed for on

a previous project. In fact, the immediate failure of the glass during the over-deflection of 15 in. (38.1 cm)

suggests that the initial calculation of long-term glass stress at 12 in. (30.48 cm.) was indeed a good esti-

mation of allowable bending from a glass-stress standpoint.

There were no thermal failures in the control set of small IGUs tested to the ASTM E2188-10 [6] pro-

tocol. Additionally, all of the control specimens qualified under ASTM E2190-10 [7] by maintaining a

low frost point and high argon retention. This is evidence of the quality of workmanship in the specimens

as they were all procured at the same time using the same methodology. Therefore, the workmanship of

the other specimens is not in question and the weathering data collected bears this conclusion out.

The argon was retained in each of the small units that represented deflected large-scale units to the

same degree or better than the control group. This is a very positive signal. In no case were the frost points

reduced below �90�F (�68�C). Therefore the surviving units must have had the insulating-glass primary

and secondary seals remaining intact. Further testing would require an appropriate number of specimens

for each specimen set.

FIG. 25—% Argon within the test units as measured during the ASTM E2188-10 [6] testing protocol.
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The epoxy that was used in this testing was not adequate to be placed under load in the accelerated

weathering environments. The adhesive loss of the epoxy was a significant disappointment because the ep-

oxy was thought to be a very-high-performing product. When the epoxy was performing, keeping the glass

strained in the Z direction, the glass failed.

The deformations in the X and Y direction of the IGUs did not affect the frost point and argon reten-

tion of the surviving units. In fact, because of the creep of the structural silicone secondary seal and the

relative stiffness of the silicone protection pad, the X and Y direction displacements increased throughout

the high humidity testing. This means that the displacements induced were conservative because they

increased throughout the high-humidity phase of testing. This also is a very positive signal. It is very likely

that a revision in the method to deflect small insulating-glass units subjected to the ASTM E2188-10 [6]

protocol can be done and a full compliance with the ASTM E2190-10 [7] specification can be obtained.

This study was not intended to test the strength of the glass during the weathering cycles, but to test

the effect of strains on the primary and secondary seals. The thermal breakage that occurred during the

weathering cycling does not constitute a failure in the spirit of this testing, but it is a result of an underesti-

mation of the physical strength of the tempered glass. The measurements that were taken while the glass

was intact suggest that a strained edge seal is quite resilient to moisture infiltration. Further testing may

provide evidence in favor of these preliminary conclusions.

Limitations

This work was done on clear, tempered 60� 120� 1 in.3 (1.52� 3.05 m2� 25.4 mm) insulating-glazing

units to determine the durability of the secondary and primary seals through the ASTM E2190-10 [7] and

ASTM E2188-10 [6] testing protocol. The data generated targeted a specific sized unit, a specific spacer

system design, and a specific aspect ratio. It is unknown if this data applies to every case of IG size, glass

make-up, and spacer system, and it is unlikely that it does. Before a project is undertaken mimicking this

type of cold-bending, this testing should be repeated using actual sizes and anticipated bending dimen-

sions. This is the first data generated on this topic of durability with cold-bending, and is likely just the be-

ginning of many research projects on this topic. Cold-bending of IGUs is easiest when the units are

attached to the glazing frame using structural silicone. It may be specified that cold-bent IGUs are to be

used in a mechanically attached curtain-wall system, but the structural silicone used to attach an IGU to a

frame is a combination adhesive and sealant, retarding air and water infiltration. Mechanically held cold-

bent IGUs may put undue stresses on gasket systems that result in unwanted air and water infiltration.

Because of the likeliness of structural silicone attachment of cold-bent glass the durability testing was

done to the ASTM E2190-10 protocol, which uses a UV cycle in the test. This protocol is not the same as

the EN1279 Glass In Building – Insulating Glass Units [18] protocol used in Europe. It is unknown if the

two protocols produce similar results.

Future Work

The breakage of the small insulating-glass units in the thermal cycling is most likely caused by the way

the assemblies containing the test specimens were fabricated. This was the first attempt and the epoxy-

anchorage method appeared to have the best chance for success. Additional testing of small IG units to the

protocol in a deflected position is the most challenging, yet the protocol is the basis for specifications of

pass or fail. In hindsight, the glass in the small test units should have been increased to a 3/8-in. (9-mm)

thickness in lieu of the thinner glass suggested by the specification. There was also a consideration regard-

ing the thickness of the assembly to be able to fit into the test chamber. Finally, the epoxy that was used to

displace the glass in the Z direction should have been replaced with an extremely-high-strength silicone

adhesive, such as the one also presented in this symposium [19].

Additionally, future work needs to be done to more strongly correlate the amount of bending in a full-

size panel to the exact amount of edge-seal strain in an IGU. The sample size of the full-scale test was too

small (one panel; assembly 2) to properly conclude that the induced edge-seal strains are exactly equal to

those used in the small-scale durability test. Also, this research has not correlated other factors to edge-

seal strain, such as: glass aspect ratio, framing member section properties, glass thickness or makeup,

spacer design, etc.

Future research would refine the testing methods as laid out in this project by reexamining the design

of the small unit displacement apparatus to lower the induced stress on the glass and reduce the risk of
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thermal breakage, to procure glass with a higher resistance to thermal fracture (thicker glass or higher

edge strength), to improve the method of application of “z” displacement so that it survives the weathering

process, and to anticipate thermal breakage and procure more specimens to complete the testing.

Future projects that consider cold-bend IGUs should indeed have a level of understanding whether or

not the bent glass will indeed hold up to the durability standards. This knowledge must come from a study

of the particular variables present in such a project. As mentioned above, the effects of glass make-up,

frame behavior, spacer design, silicone size, or unit typology and geometry could drastically affect dura-

bility, as well as other factors that were not examined in this study, such as glass stress, silicone stress, or

aesthetic appeal.
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