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ABSTRACT
The focus of this research, which is part of a project involving full scale experimental testing and
analytical modeling of four-sided structural silicone glazing (4SSG) curtain wall system is the
analytical part of the project. The main objective of the research presented was to develop finite
element modeling (FEM) techniques and closed-form kinematic equations to describe the seismic
behavior of a 4SSG curtain wall system. The computer software SAP2000 was used for the FEM.
Most of the previous experimental seismic testing of curtain wall systems did not incorporate a FEM
for comparison. The FEM technique employed was developed with models of the curtain wall
systems used in previous experiments and then calibrated based on existing test results. Once the
FEM modeling technique was validated, it was then applied to a curtain wall system featuring a reentrant corner that was tested during the course of the study as the experimental part of the
project. The boundary conditions tested are referred to as unitized sway, stick-built-with-verticalslip, and stick-built. The analytical focus of this thesis was on the stick-built-with-vertical-slip and
stick-built boundary conditions. The experimental part of the project consisted of physical full-scale
racking testing of three 4SSG mockups based on AAMA 501.6 loading protocol. Each mockup had
the same size and geometry and was first tested for the unitized sway condition. Then
modifications were made to vary how the mockup panels would be attached to each other and/or
how the mockups would be attached to the testing facility. The experimental test data and videos
recorded during the test, served to verify or improve the FEM results. The details of the FEM
modeling results obtained from the experimental part of the project and videos of the performance
of the mockups were then used to develop closed-form kinematic equations that describe the drift
capacity of the system.
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CHAPTER 1) INTRODUCTION
The 1860’s introduced the first metal framed glass curtain wall (Oriel Chambers 2011). The
popularity of aluminum extrusions as mullions began in the 1970’s. Ever since glazing curtain wall
systems have become increasingly popular. Pantelides and Behr (1994) researched on the 1964
Great Alaska, 1971 San Fernando, and 1985 Mexico City earthquake (EERI 1989 and EERI 1990) and
indicated that up to 40% of the total replacement value of a building is caused by non-structural
building elements. The observed damage to non-structural building elements was life-threatening.
These two reasons (replacement cost and life-safety hazard) gave recognition to the importance of
research and design of non-structural building elements such as glazing systems to resist seismic
activity.
Glazing curtain wall systems have multiple popular variances. The term glazing can refer to several
materials such as glass or plastic. For this study, the noun “glazing” will strictly refer to glass and the
verb “glazing” or “glazed” will refer to structurally attaching the glass to the curtain wall frame. Dryglazing refers to the vertical mullions and horizontal transoms mechanically capturing the glazing.
This was the original method when the glazing curtain wall was first developed. Wet-glazing can be
considered as the adhesion of the glazing to the mullions and transoms with a bead of structural
sealant, although some may consider wet putty also as wet-glazing. Structural sealant (wet-glazing)
has been used in the U.S. at least since 1978 (Hilliard 1977). Currently, specially formulated onepart or two-part silicone sealants are the only acceptable sealants for use in Structural Silicone
Glazing (SSG) systems (Memari et al. 2011b). Shisler and Klosowski (1990) examined the
relationship between tension, longitudinal shear, and transverse shear moduli for silicone,
polyurethane, polysulfide, and acrylic sealants. However, the polysulfide and acrylic sealants had
not sufficiently cured even after two months at laboratory conditions. The silicone structural
sealant may consist of a low, medium, or high modulus. If all four sides are attached using structural
silicone (SS), then this is considered a Four-Sided Structural Silicone Glazing (4SSG) Curtain Wall.
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Another popular system is a combination of dry and wet glazing and is referred to as the Two-Sided
Structural Silicone Glazing (2SSG) Curtain Wall system. 2SSG is mechanically captured on two of its
four lengths and the other two are adhered with SS.
The two main construction methods of glazing curtain wall systems are “stick-built” or “unitized”. A
stick-built system is typically constructed and glazed at the construction site. The mullions and
transoms are attached to the structural frame piece by piece, hence the name stick-built.
Simultaneously, the glass panes are being placed inside the pockets of the mullions and transoms. A
unitized system is typically glazed at the manufactory (Figure 1). The glass pane is adhered to a subframe with the SS. The unitized panels are then shipped to the construction site to be erected onto
a structural frame using connections. These connections should allow rotation of the unitized panel
during racking. A dry-glazed, 2SSG, or 4SSG may be constructed either as stick-built or panelized.
However, there are more limitations on a stick-built system for 2SSG and 4SSG according to ASTM C
1401-09a (ASTM 2009). As a result, 4SSG Curtain Wall systems are usually constructed with the
panelized method.

Figure 1 – Glazing of a 4SSG unitized panel in a factory environment (courtesy of manufactory of physical
testing specimens 2011)
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The focus of this research is a 4SSG curtain wall using a high modulus SS. There was some research
and comparisons made to a medium modulus SS. The physical experimental testing was on a
unitized system. However, modifications were be made to the connections which mimic stick-built
racking behavior.
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CHAPTER 2) LITERATURE REVIEW
The following literature review focuses on four separate topics. The first is the seismic testing of
curtain wall systems. The second topic includes both video capture and analysis of either material
testing or curtain wall testing. The third topic is the behavior properties of structural sealants.
Lastly, finite element modeling of any wall system or glazing components. Most of the sources
reviewed only pertain to one of these four topics. Emphasis is placed on the sources that do pertain
to more than one topic.

2.1) Seismic Testing of Curtain Wall Systems
Zarghamee et al. (1996) determined that seismic racking of a building with un-braced moment
frames will transfer stress to a glass curtain wall if the glazing frame to structural frame connections
do not accommodate relative motion. A conclusion was that a 4SSG system would suffer less
damage than a dry-glazed system for a building with an un-braced structural frame system during a
strong seismic event. The stress on the SS will be minimized if the 4SSG system is made using
unitized panels and connected to the structural frame using connections that allow rotation during
racking. This was based on a case study of a 4SSG system that was impacted by the 1994 Northridge
Earthquake (EERI 1995) and experimental testing on a 4SSG unitized panel system. Another
recommendation was that the structural sealant should be tooled to be rectangular shaped. A
structural sealant width-to-depth ratio of 1 provides the maximum depth that should allow
movement. The width was defined as the dimension of the structural sealant bead that is adhered
to glass and depth was defined as the dimension perpendicular to glass. Zarghamee et al. (1996)
referenced a previous study (Schmidt et al. 1990) of aspect ratios, which showed that hourglass
shaped joints with a minimum 2:1 width-to-depth ratio allow maximum movement capabilities for
weather-seals. However, structural silicone joints should be tooled to rectangular shapes in order to
perform properly under wind loading. Zarghamee et al. (1996) did not define the hourglass shape,
however it is believed to be similar to a concave lens as shown in Figure 2.
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Figure 2 – Typical Structural Sealant Joint Configuration with Structural Sealant Joint to the Face of a Lite or
Panel from ASTM C 1401-09a (ASTM 2009)

Zarghamee et al. (1996) then stated that drift ratios of 1/140 and 1/175 were, respectively, resisted
for a medium modulus and high modulus SS. Zarghamee et al. (1996) suggests an allowable tensile
stress of 50 psi for structural sealants, which surpasses the 20 psi limit for wind.

Behr and Belarbi (1996) stated that previous experiments tested the limits of major glass cracking
and significant glass fallout for in-plane racking. However, there were no design codes or laboratory
testing standards for architectural glass. A standard test method was proposed which had the
fundamentals of what became AAMA 501.6 (AAMA 2009). Behr and Belarbi (1996) then also
compared previous sources, which indicated that under seismic racking laminated glass exhibited
superior resistance and Insulating Glazing Units (IGU) performed well. Glass tempering did not
significantly improve the racking resistance. Behr (1998) compared the glass performance of several
curtain wall systems including a 2SSG. The 2SSG relative to dry-glazed had higher drift capacities at
which glass cracking and glass fallout occurred.

Sucuoglu and Vallabhan (1997) indicated that glass panes face both “out-of-plane vibration” and “inplane deformation” caused from floor accelerations transmitted by the structural system and
adjustments to the dynamic boundary deformations. A correlation occurs between glass damage to
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the inter-story drift, window area, and plan irregularity. Aged (putty) sealants will harden and this
reduces the drift capacity. A frame clearance equal to the thickness of the glass should be sufficient
to prevent glass damage though it exceeds the ultimate drift ratios of several design codes. The
structural sealants may be considered mathematically as elastic springs. The in-plane behavior is
not sufficiently known for structural sealants.

Memari et al. (2006a and 2006b) studied a 2SSG under AAMA 501.6-01 (AAMA 2001) testing and
formed a kinematic-based model to predict behavior. Sealant degradation and glass cracking were
defined as serviceability failures. Glass fallout was defined as an ultimate failure. Each of the eight
specimens was made up of three glass panes side-by-side (Figure 3). All glass panes were six feet
high, five feet wide and dry glazed along the horizontal edges. Seven of the eight specimens were
adhered along all of their vertical edges to the structural frame using SS (Figure 3 details). One of
the eight specimens substituted the SS of the exterior vertical sides with a dry-glazing mullion (detail
not shown). The following four types of window panel combinations were used:


Two of the specimens were ¼” clear annealed monolithic glass



Two were ¼” clear fully-tempered monolithic glass



Two were a laminated 1/8” annealed glass, 0.03” Salfex, 1/8” annealed glass



Two were an IGU ¼” annealed glass, ½” air space, ¼” annealed glass

Damage occurred to the weather-seals due to in-plane longitudinal shear and the structural sealants
due to in-plane-transverse shear. It was determined that glass panes with the same boundary
conditions will have similar movements. The sealant shear deformation is related to the glass-toframe clearance, glass pane width, and glass pane height. Equations were formed to determine (1)
the maximum longitudinal shear deformation of weather-seal and (2) the limit at which longitudinal
shear damage to the structural seal will occur. The experimental results of the structural sealant
capacity were on average 10% higher than predicted by the kinematic equations.
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Figure 3 – Elevation and details of 2SSG mockup from Memari et al. (2006b)

Memari et al. (2011b) experimented on a 4SSG system subjected to racking test protocol per AAMA
501.6-01 (AAMA 2001) and air leakage ASTM E283-91 (ASTM 1991). The mockup consisted of three
panels with each panel having three glass panes (Figure 4). The central glass pane (no.5) is referred
to as the “test panel” and has the same dimensions as the middle 2SSG test panel of Memari et al.
(2006a and 2006b) and the single dry-glazed panel of Behr (1998).
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Figure 4 – Mockup of 4SSG from Memari et al. (2011b)

Table 1 was recreated from the study and it shows that the drift ratio capacity before glass cracking
and the drift ratio capacity before glass fallout were highest for the 4SSG curtain wall system and
lowest for the dry-glazed curtain wall system.

Table 1 – Glass cracking and glass fallout of 4SSG mock-up test panel (no. 5) compared to middle test panel
of 2SSG mock-ups and dry-glazed AN monolithic single panel mock-ups (Memari et al. 2011b)

Seismic drift ratio capacity
Glass
Glass
AAMA 501.6-01 (2001)
cracking fallout
Dry-glazed (Behr 1998)
1.4%
2.3%
2SSG (Memari et al. 2006a & 2006b)
2.9%
3.0%
4SSG (Memari et al. 2011b)
3.5%
3.6%
*Max allowable drift ratio based on a seismic design event from ASCE 7-05
(2006) is around 2.0% to 2.5%. Also note that the max allowable drift ratio to
prevent structural collapse is about 4% for steel frames (AISC 341 Section S6.2)
and 3% for concrete frames (ITG-1).

This comparison implies that the 4SSG curtain wall system has the best performance, and that a
2SSG curtain wall system performs better then a dry-glazed curtain wall system. Note that when the
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glass panes rotate relative to the frame this leads to the glass panes to come into contact with their
surroundings. For a dry-glazed edge the glass would contact the frame which forms the pocket that
the glass is contained in. For the SS system, the edge of the glass is offset from the frame, so it is
not possible for it to contact the frame. The glass pane can only make contact with other glass
panes. The drift at which the glass contact occurs is then influenced by both the relative rotation of
the glass to the frame and the gap that is given between the glass and the frame for a dry-glazed
system or the gap between the glass pane and other another glass pane for the SS system. It is
assumed that the glass cracking limit is reached at a drift soon after the glass contact drift is
reached.

The laboratory technical that oversaw the testing of these mockups, has two reasons that the SS
systems have a better performance than the dry-glazed system. First, the glass panes rotate in the
same direction as the frame, though not to the same magnitude for the SS systems, whereas the
glass panes does not rotate significantly for the dry-glazed system. Thus the glass pane rotation
relative to the frame is smaller for the SS system then it is for the dry-glazed system. Second, with
the dry-glazed system the friction from the gasket actually drives the glass into the pocket. This
means that the glass pane is slammed against the face of the mullion which forms the pocket. This
impact would lead to the glass pane to crack suddenly.

Memari et al. (2011b) states that manufacturers prefer to perform coupon tests instead of a fullscale mockup test. A coupon test will determine tensile or shear strain capacities, modulus
properties, adhesion, and material compatibilities. Although design guidelines for SSG systems
under wind loading conditions are well developed (ASTM 2009), there is a lack of knowledge as to
the behavior of SSG systems under in-plane displacements as buildings experience during
earthquakes. The “bite” or width of the structural sealant (dimension adhered to glass) is based on
the wind load design requirements. Glazing frame fins are typically used to carry the self-weight of
the glass pane. Otherwise, the dead load should not result in more than 1psi stress in the
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sealant. The other load to consider is thermal expansion. An allowable shear stress due to
earthquake induced interstory drift has not been settled yet (Memari et al. 2011b). Zarghamee et
al. (1996) did suggest an allowable tensile stress value of 50 psi for use in seismic design.

The actual drift history of the mockup was less than ideal due to flexibilities of the testing and
reaction facility. The drift history of the “test panel” was also recorded. The displacement of a
corner of the test panel was determined and the deformation of the weather-seal was measured.
The cracked drift ratio of the 2SSG was 107% higher than that of the dry-glazed system; 4SSG was
150% higher than that of the dry-glazed system. The fallout drift ratio of the 2SSG was 30% higher
than that of the dry-glazed system; 4SSG was 57% higher than that of the dry-glazed system. The air
leakage tests showed that the 4SSG prevented any air flow, the 2SSG did allow 1.5 ft3/min-ft2 at a
drift of 3.7%, and the dry glazing allowed over 6 ft3/min-ft2 at a drift ratio of 2%. The air leakage of
the 2SSG can be thought of as a serviceability failure. The dry glazing system definitely has a
serviceability failure due to the air leakage. In the 4SSG system, the drift of the weather-seal
differed from the structural seal (Memari et al. 2011b).

2.2) Video Capture Technique and Analysis
The concept of using video footage is a new technique for curtain wall system. Since there is limited
work in this field, this research intends to contribute to further develop the methodology. Video
capture has been used extensively in other fields such as medical and surgical robotics. One
technique is to select individual frames from the video and to overlay the images in an editing
software program such as Photoshop (Adobe 2003). The second technique would be to analyze the
video footage directly using a software program. The first technique was selected as the primary
method for this research.
Tabarsa and Chui (2001) used a video recorder to measure the deformation of wood loaded with
radial compression. This was used to generate the stress-strain responses. Syllebranque et al.
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(2007) presented a new method to estimate linear elastic parameters of materials like silicone by
analyzing video recording of deformation. A quasi-static FEM is used with the Poisson’s ratio and
Young’s modulus as parameters. The results were then validated by the Zwick universal hardness
tester measurements. Syllebranque et al. (2007) also presented a simple hand-held device to
measure the externally applied force. Bathurst et al. (2008) used a video extensometer camera
device to record deformations of a masonry concrete block retaining walls.

Memari et al. (2011b) is the only source that used video capture to measure the deformation of the
panels and weather-seals during a racking step of a glazing curtain wall. A video player was used to
view the footage and to select the exact frame that displayed the un-deformed shape and the
maximum deformation of the curtain wall system. A software program “Any Capture Screen”
(Socusoft 2011) was used to obtain individual images without making them blurred or fuzzy. The
images were then imported and overlaid in Photoshop (Adobe 2003). The outline of the glass panes
in each image was traced. Each image and tracing was on separate layers which may be turned on
or off. The displacements of the panels and the deformations of the weather-seal could then be
measured by Photoshop in pixels and then converted to English or Metric units using the scales
shown in the images attached to the panel edges of the mockup (Figure 5).
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Figure 5 – Video capture of 4SSG weather-seal movement at corner (Memari et al. 2011b)

2.3) Shear Behavior of Structural Silicone (SS)
The definitions of the sealant’s width, thickness, and length as defined by numerous sources and as
adopted for this research study is shown in Figure 6. It will be noted where any difference exists

glass

between this definition and that used in a reference.

glass

Surface in contact with
transom (or mullion)

length

width

width

thickness
Horizontal transom
(or vertical mullion)

thickness

Figure 6 – 3D representation and cross section of a segment of silicone sealant along a horizontal transom

Figure 7 shows the same 3D representation from Figure 6, and it indicates the two shear directions
of interest to this research study. Longitudinal shear refers to movement along the length of the SS
(Figure 7a). This movement is left/right for the SS at horizontal transoms and is up/down for the SS
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at vertical mullions. Transverse shear is movement perpendicular to the sealant bead length and in
parallel to the SS width (Figure 7b). This movement is up/down for the SS at horizontal transoms
and is left/right for the SS at vertical mullions. “X” is referred to as the SS thickness for both
longitudinal and transverse shear.

X = thickness

width

width

X = thickness

a) Longitudinal shear

b) Transverse shear

Figure 7 – 3D representation of longitudinal shear and transverse shear of a segment of silicone sealant

Schmidt et al. (1990) concluded that the rate of pull did not affect the performance of the silicone.
Tension and shear had similar stress-strain curves. Shisler and Klosowski (1990) provided a
geometric approximation of shear strain relative to tension strain (Figure 8). X is the SS thickness. Y
is the allowable shear movement. Z is the elongated sealant edge after shear movement. Equation
1 is the Pythagorean Theorem of the deformation.

(1)
C
Z
X

B
Pull direction

A

Y

Figure 8 – Sealant Movement In Shear (recreated from Shisler and Klosowski 1990)
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Klosowski and Wong (1992) further developed the relations describing sealant shear deformation.
They discuss how to obtain the allowable shear movement (Y) given a thickness (X) and Q, where Q
is defined by Equation 2.

(2)

Q was then considered to be equal to Z/X from Figure 8. This relationship was then expressed as
Equation 3.

(3)
Solving Equation 1 for Y and substituting Equation 3 then forms Equation 4.

√

√

√

(4)

Since Q is equal to or greater than 1, this suggests that the allowable shear elongation (Y) will be
greater than the allowable tension elongation (Z - X).

√
√

>

If Equation 4 is solved for strain, then it will be more useful for subsequent discussions.

√

√

(5)

This will be referred to as the kinetic allowable shear strain (KASS) limit. Klosowski and Wong (1992)
then discuss a method of predicting the stress for a given elongation using the tension data
values. It is cited that the 1990 paper by Shisler and Klosowski yielded conservative results with this
method. However, the example presented in the Klosowski and Wong (1992) paper calculated an
underestimated value. Using the tension data, the expected shear stress was 27psi, however the
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shear data indicated that the stress was 32psi. In addition to this, the paper provides stress-strain
plots for tension and shear. Figure 9 shows the stress-strain plots resulting from coupon tests one
for tension and three for shear. Klosowski and Wong (1992) did not investigate the KASS limit or
make comparisons to their own data. As part of this literature review, the KASS limit was calculated
and plotted to judge is value as shown in Figure 9. The three shear plots each show a change in
stiffness at approximately the location of the 164.5% KASS. This suggests that the KASS limit is a
good indication of when the shear behavior becomes non-linear. It may also serve as a conservative
indicator for the actual ultimate strain of the SS.

Figure 9 – High Modulus: stress vs. strain (reproduced from Klosowski and Wong 1992)

From the Zarghamee et al. (1996) paper, four charts are presented to compare the stress-strain
properties. Two are for medium modulus and the other two are for high modulus. Focusing on the
two charts for high modulus (Figure 10), these plots show tension and shear. Zarghamee et al.
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(1996) did not investigate the KASS limit or make comparisons to their own data. As part of this
literature review the KASS limit was calculated and plotted to judge is value. The KASS limit appears
to be a conservative indicator for the actual ultimate strain of the SS.

Figure 10 – Tensile and Shear stress relationship for high-modulus structural silicone with a Room
Temperature Cure (Recreated from Zarghamee et al. 1996)

Neither Klosowski and Wong (1992) nor Zarghamee et al. (1996) discuss how to predict the shear
behavior based only on the tension data. A plausible shear prediction could be a linear line with one
point at the origin (zero stress and zero elongation) and the only other data point needed is
calculated from the following equations.

(6)

(7)

√

(8)

17

√

(9)

The coefficients C and C are based on a relationship of shear to tension ratio for stress and strains,
respectively. The purpose of Equation 9 is to set the max allowable kinematic strain as an upper
limit. Coefficient Ck is taken as the expression in Equation 5 divided by the ultimate tension strain
resulting from the tests. The calculated coefficients base on the test results by Klosowski and Wong
(1992) and Zarghamee et al. (1996) medium modulus SS are presented in Table 2. The average of
the ratios from all the papers was used as the values of C and C to be 0.75 and 2.02 for high
modulus sealants. This summary is also presented for medium modulus sealants (Table 3).

Table 2 – Summary of Tension vs. Shear for High Modulus Sealants

Table 3 – Summary of Tension vs. Shear for Medium Modulus Sealants
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Tanaka et al. (1999) studied the effect of cross-sectional shape of sealants on the fatigue
performance of sealants. Miyauchi and Tanaka (2007) have studied the fatigue performance at
inter-story drift ratios of 1/300, 1/200, and 1/100 which represents a weak, moderate, and strong
earthquake.

Sandberg and Ahlborn (1989) experimented with the effects of combined shear stress, fv, and
tension stress, ft. The SS used was DOW Corning 795, a medium modulus silicone rubber. They
suggested an ellipse equation fitted the data best. This is represented by Equation 10, where Fv is
the pure shear strength and Ft is the pure tension strength.

(10)

The total number of specimens tested was 180. The three different widths (referred to as joint
depths in their paper) tested were 0.375”, 0.5”, and 0.75”. The thickness (referred to as joint width
in their paper) of each specimen was 0.25”, so the width-to-thickness ratios were 1.5, 2, and 3
respectively. Thirty specimens were tested for each width at a preset angle of 0° as shown in Figure
11a in which, M is the moment on the joint due to vertical displacement; T is the tensile force on the
joint; V is the shear force on the joint; t is the tensile displacement of the joint; and v is the shear
displacement of the joint. Thirty specimens were also tested for each width at a preset angle of 10°
as shown in Figure 11b in which, Mi is the moment on the joint due to, , the preset rotation. The
preset angle was intended to cause tensile bending stress simulating the negative wind effect
(Figure 12).
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a) preset angle  = 0°

b) preset angle  = 10°

Figure 11 – Stress Resultants and Displacements of SS under combined tensile and shear loading (Sandberg
and Ahlborn 1989)

Figure 12 – Joint Deformation under Wind and Thermal Load (Sandberg and Ahlborn 1989)

Each of the groups of 30 tests were then divided into six sets of five for testing at pull angles of 0°,
30°, 45°, 60°, 75°, and 90°. Figure 13 shows the test apparatus at various angles and Figure 14
shows a close up of the specimens and the resulting pull direction. At =0°, the specimen is tested
purely in tension. Higher angles correlate to a decrease in the tension component and an increase
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in the shear component. At =90°, the specimen is primarily being sheared. However some tension
force develops, because of the Poisson effect and the fixed distance between the plates of the test
apparatus, which does not allow the SS thickness to change.

The results from testing the 90 specimens at a 0° preset angle were the following coefficients for
Equation 10: Fv = 91psi and Ft = 76psi for a width of 0.375”; Fv = 83psi and Ft = 71psi for a width of
0.5”; and Fv = 88psi and Ft = 70psi for a width of 0.75”. The respective width-to-thickness ratios are
1.5, 2, and 3. Sandberg and Ahlborn (1989) concluded from these results that the width-tothickness ratios from 1.5-3.0 had little effect on combined stress behavior. The results of the 90
specimens at a 10° preset angle were also compared. Similarly, a conclusion was made that joint
rotations of less than 10° have little effect on combined stress behavior.
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a) 0° Pull Angle

b) 30° Pull Angle

Pull
direction

Pull
direction

Pull
direction

Pull
direction

Figure 13 – Schematic of test apparatus and fixtures at various pull angles (Sandberg and Ahlborn 1989)

a) 0° Pull Angle

b) 30° Pull Angle

Figure 14 – Pull direction of test specimens at various pull angles (Sandberg and Ahlborn 1989)

Sandberg and Ahlborn (1989) also stated that a linear relationship between the combined tension
displacement and shear displacement seemed reasonable. Shisler and Klosowski (1990) reviewed
Sandberg and Ahlborn (1989) and agreed that the combined tension displacement and shear
displacement could be reasonably described as a linear relationship. Shisler and Klosowski (1990)
formed Equation 11, where t is the tension displacement, tu is the ultimate tensile displacement
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in a pure tension mode, s is the shear displacement, and su is the ultimate shear displacement in
a pure shear mode.

(11)

Sandberg and Tan (1992) continued the work of Sandberg and Ahlborn (1989) and also used
Equations 10 and 11. The SS used was DOW Corning 795, a medium modulus silicone rubber.
Sandberg and Tan (1992) curve fitted the data to describe the combined effects of tension and shear
on SS. They suggest that the tensile and shear force versus resultant displacements curve was best
described as exponential. Equation 12 shows the basic form, where F is tensile or shear force,  is
the resultant displacement (Equation 13), t is the tension displacement, s is the shear
displacement, A is the asymptote of the curve that is slightly higher than the ultimate load, and AB is
the initial slope of the curve. The coefficients A and B were adjusted to best fit the curve to the data
by using the “data-regression-zero-intercept” option.
–
√

(12)

(13)

The specimens were tested at orientations of 0°, 15°, 30°, 45°, 60°, 75°, and 90° with respect to the
movement axis of the testing machine. The apparatus is similar to that shown in Figure 13 and the
resulting pull direction is similar to that shown in Figure 14. At =0°, the specimen is tested purely in
tension. Higher angles correlate to a decrease in the tension component and an increase in the
shear component. At =90°, the specimen is primarily being sheared. However some tension force
develops, because of the Poisson effect and the fixed distance between the plates of the test
apparatus, which does not allow the SS thickness to change. Equations 14 and 15 are the results of
curve fitting the test data to fit the basic from of Equation 12. T is the calculated tensile stress [kPa],
S is the calculated shear stress [kPa],  is the rotation [rad] of the specimen with respect to the
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movement axis of the testing machine, e is the exponent function, and  is the displacement [mm]
induced by the testing machine.

(

)

(14)

(15)
In the literature reviewed, none mentions the combined effects of longitudinal shear and transverse
shear. For such cases, two methods will be used to determine the effective shear strain. One will be
based on a linear addition of the two components which is similar to Equation 11. The other will be
the addition of each component squared which is similar to Equation 10. These two methods will be
developed in section 4.3.2.1) Mockup B Test 2 Discussion of Results and in CHAPTER 6)
FORMULATION OF KINEMATIC-BASED EQUATIONS of this thesis. The results of each method will be
set equation to the KASS limit of Equation 5. The kinematic-based equations cannot be completed
without this relationship. The results and observations of the physical testing and video analysis will
be essential in determining which method of determining the effect shear is appropriate.

2.4) Finite Element Model (FEM)
The following is a summary of some literature pertaining to the study of glass performance along
with a finite element model to compare results. Travis and Carbary (1999) performed a finite
element analysis on a 4SSG skylight to predict stresses and strains on a 6mm by 6mm sealant joint
from negative wind pressure (Figure 15). Both 3D and several 2D models were used in the study
which gave similar results.
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Figure 15 – Sloped Glazing using Structural Silicone Edge Beads (Travis and Carbary 1999)

Weggel and Zapata (2008) used linear elastic and nonlinear elastic modeling for a conventional
laminated glass curtain wall under low-level blast loading. Comparisons were made between dryglazed and 4SSG. The FEM was calibrated to small-amplitude static and dynamic experimental
results in a previous effort. The use of different boundary conditions caused changes in modal
frequencies and the appearance or disappearance of significant response modes. The dynamic
behavior of the glass pane depends on the support condition.

Memari et al. (2007 and 2011a) are the only sources that discuss the use of FEM for a curtain wall
system for seismic loading. The software used for both papers was ANSYS. The curtain wall systems
were dry-glazed not a 4SSG or 2SSG. Memari et al. (2007) conducted a pilot study to develop FEM
of architectural glass curtain walls. One of its goals was to predict the seismic drift at which glass
cracking and then fallout would occur. Only a static load case was studied.

Memari et al. (2011a) modeled the aluminum mullions as frame elements and the glass as area
elements. This is similar the method employed in this study by using SAP2000 (CSI 2010). Memari
et al. (2011a) used link elements to model the resistance of the dry gasket around the glazing. For
the research presented here, the effects of the weather-seal are considered to be negligible. The
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properties assigned to the FEM of the Memari et al. (2011a) FEM are summarized in Table 4 and
Table 5. Some of the values shown in Table 4 and Table 5 were not presented in Memari et al.
(2011a), instead they were calculated by parametric modeling. The construction of Memari et al.
(2011a) was noted to be of the stick-built type, however there was no mention of what the
rotational stiffness (pin, partial fixity, or fixed) was for the connections of the transoms to the
mullions. Memari et al. (2011a) did conduct a test on the aluminum frame without the glazing to
determine its resisting capacity. The rotational stiffness was determined to be 149,327 N-m/rad in
SAP2000 by varying the parameter until a similar resisting capacity of the bare aluminum frame was
reached. The FEM was also used to perform a parametric study by varying the glass thickness
between 6mm, 10mm, and 13mm. The effects on the stiffness of the system were minor.

Table 4 – Properties of the Aluminum, Gasket, Glass, and Setting Blocks (Memari et al. 2011a)

Properties
element type
overall width [mm]
overall height [mm]
centerline width [mm]
centerline height [mm]
thickness [mm]
finite element size [mm]
finite element size [mm]
finite element thickness [mm]
E [kPa]
, Poisson ratio
 [kg/m3]
A [mm2]
I weak axis [mm4]
Linear stiffness [kN/mm]
Spring shear limit [N]

Beam 3
Frame
Frame

1584
1889
63.5
95
63
2
69,000,000
0.33
2700
710
41,600

Link 1 Gasket
Link

Shell 63
Glass
Shell
1524
1829

Shell 63 Rubber
setting blocks
Shell
141
47

47
47

47
47

72,000,000
0.25
2500

300kPa for first
0.1 strain
0.25
2500

1510.5
1815.5
10

10kPa for first
0.01 strain

100
11.28
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Table 5 – Properties of the Links for Setting Blocks and Frame Contact (Memari et al. 2011a)

Properties
Nonlinear stiffness [kN/mm]
Open gap that may close [mm]

Link for
setting
block
10
0

Link for side
block
10
5

Link 10
Glass to
frame
contact
25
19.5
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CHAPTER 3) DISCUSSION OF PHYSICAL TESTING
The physical testing of the mockups was performed as part of a project of which this thesis forms
the analytical component. Memari and Kremer (2012) provide details of the physical testing in a
separate report. The following is a description of the constants, variables, observations, and
conclusions from that report.
The dynamic racking test facility (Figure 16) used for the experiment consisted of two, horizontal,
tubular steel beams, which represented spandrel beams on adjacent stories of multi-story building.
Each specimen was centered between the sliding tubular beams of the test facility, and was
anchored to the sliding tubes at the mullions. A hydraulic ram drove the bottom beam, while the
top beam was coupled to the bottom beam by means of a fulcrum and pivot arm assembly. The test
facility and its control and data acquisition equipment were described in detail by Behr and Belarbi
(1996) and Brueggeman et al. (2000).
The testing consisted of three identical mockups (Figure 16). Each mockup was tested several times.
See Table 6 for a listing of each test’s varying boundary conditions. Each mockup was first tested
with a unitized sway condition. After assessing the damage condition of the mockup B and mockup
C, both were determined to be in acceptable condition. Mockup A has not been fully tested as of
the writing of this thesis, thus it will not be discussed. Mockup B was then tested with stick-built
boundary condition and mockup C was then tested with the stick-built-with-vertical-slip condition.
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Upper tube

Lower tube
Figure 16 – Typical Mockup Mounted on the Racking Test Facility
Table 6 –Testing Matrix and distinctions for physical experiments

Mockup
1(B)

Test #
1

Boundary Condition
Sway-no weather-seal

1(B)

2

Rack-no weather-seal

2(C)

1

Sway-no weather-seal

2(C)

2

Rack w/ vert slip;
no weather-seal

3(A)

1*

Upper connection
Two separate bolts and
angles
Two separate bolts and
angles
Two separate bolts and
angles
Two separate bolts and
angles

Sway with full weatherTwo separate bolts and
seal
angles
3(A)
2*
Sway-revised clips;
Two separate bolts and
no weatherseal
angles
3(A)
3*
New weather-seal in place;
Two separate bolts and
Original Clip Design
angles
* At the time of this writing the tests for mockup A have not been completed yet

The basic dimensions of the mockup are shown in Figure 17 and Figure 18.

Lower connection
None
One bolt through two
angles
None
Two angles, but no
bolt
None
None
Two angles, but no
bolt
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Panel 4

Panel 1

Panel 2

Panel 3

P7

P8

P9

P12

P4

P5

P6

P11

P1

P2

P3

P10

Figure 17 – Elevation view of three panels and a perpendicular panel of a 4SSG curtain wall system
(recreated from drawing provided by Bagatelos Architectural Glass Systems Inc.)

Panel 2

Panel 3
Panel 4

Panel 1

Figure 18 – Plan view of three panels and a perpendicular panel of a 4SSG curtain wall system (recreated
from drawing provided by Bagatelos Architectural Glass Systems Inc.)

Similar to Memari et al. (2006 and 2011b), the definition of a serviceability failure includes glass
cracking or air leakage due to weather-seal and/or structural seal failure. An ultimate failure is
defined as when a piece of glass, at least 1 in2 in size, falls out from the mockup. The racking tests
followed the procedure outlined in AAMA 501.6 (2009) using the racking facility at The Pennsylvania
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State University. Figure 19 shows the racking drift ratio to be induced vs. time as according to
AAMA 501.6 (2009). This shows all of the ¼” steps continuously following one after another. A
slightly modified version was followed for the physical testing in this research study. The racking
was stopped after each ¼” steps. As needed the SS was inspected for damage. Figure 20 depicts
this for step 12 which has maximum amplitude of 3”.

Figure 19 – Concatenated Drift Time History for Dynamic Racking Test showing all 24 steps (AAMA 501.6
2009)
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Figure 20 – Modified Concatenated Drift Time History for Dynamic Racking Test showing only step 12
(Modeled after AAMA 501.6 2009)

Figure 21 shows a free body diagram of the fulcrum arm of the testing facility and identifies the
value that is read by the load. The variable “F” is what is reported in the load vs. displacement
hysteresis loops.

Fulcrum Arm

F/2

Pin

F
Value read by
load cell

F/2
F
Figure 21 – Exaggerated deformed shape of mockup and free body diagram on the fulcrum arm of the
testing facility
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Figure 22 shows a 3D perspective of the FEM of the mockup in its un-deformed shape; and it labels
the glass panes (P1 through P12) and the restraints (R1 through R17). Throughout this thesis row 1
refers to glass panes P1, P2, and P3; row 2 refers to glass panes P4, P5, and P6; row 3 refers to glass
panes P7, P8, and P9; panel 1 refers to the glass panes P1, P4, P7, the SS and the frame that the
glass panes are attached; panel 2 refers to the glass panes P2, P5, P8, the SS and the frame that the
glass panes are attached; panel 3 refers to the glass panes P3, P6, P9, the SS and the frame that the
glass panes are attached; and panel 4 refers to the glass panes P10, P11, P12, the SS and the frame
that the glass panes are attached. The restraints R1 through R8 vary, which is what defines the
differences between the three boundary conditions listed in Table 6. The restraints R9 through R16
restrain translation motion in the X, Y, and Z direction for all three of the boundary conditions listed
in (Table 6). It is assumed that there are no rotational constraints. These definitions are
summarized in Table 7 for each of the tests conducted. In the actual physical testing of the
mockups, the displacements of restraints R1 through R8 (if restrained in the X direction) and R17 are
governed by the displacement of the lower tube (Figure 16) and the displacements of restraints R9
through R16 are governed by the displacement of the upper tube (Figure 16). This was simplified in
the FEM model by applying the sum of the upper and lower tube displacements to restrains R9
through R16 and not imposing any displacements on R1 through R8 and R17.
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R9

R10

R11

R12

R14

R15

R16

P7
P8
4I5

5I6

P4

P9
R13

6I11

P5

P6
3I10

R1

1I2
P1

R3

R2

2I3
P2

R4

P12

R5
P3

R6

P11
R7
P10

R17

Figure 22 – 3D perspective view of un-deformed mockup. Created with SAP2000
Table 7 – Restrained Translation DOF’s as defined in SAP2000 FEM for each test

MB_T1 & MC_T1
Unitized Sway
Restraint #
R1 to R5
R6
R7 to R8
R9 to R16
R17

MC_T2
MB_T2
Rack with
Rack
vertical slip
Restrained DOF direction
Y
X, Y
X, Y, Z
Y
Y
X, Y, Z
None
None
X, Y, Z
X, Y
X, Y
X, Y
MultiLinear Links* attached from frame to a node with
X, Y, Z restrained

* The properties of the MultiLinear links will be discussed in Section 5.8 and are summarized in
Table 43

R8
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Figure 23 shows the sill detail of the mockup (bottom transom) and a channel which represents the
stack joint of the in-situ glazing curtain wall system. The channel is to be considered as part of the
mockup and not part of the testing apparatus. For the unitized sway boundary condition Figure 23
also highlights the movement of transom of panel 4 relative to the channel. The interaction of the
transom of panel 4 (re-entrant panel) with the aluminum channel will be referred to as the restraint
R17. For the unitized sway boundary condition R17 is assumed to be the only restraint in the X
direction at the bottom of the mockup panel, since restraints R1 through R8 is not restrained in the
X direction.

IGU Glass
Pane

Gasket

Transom

Tape Down

Channel
Relative Movement
Figure 23 – Curtain Wall Sill Detail and relative motion of transom of panel 4 relative to channel (recreated
from drawing provided by Bagatelos Architectural Glass Systems Inc.)

The material on the exterior side of the transom is specified in the detail as gasket and the interior
side is specified as a tape down. It is assumed that each material will not provide tension resistance,
but only transfer compression forces. The difference in the stiffness of each material is considered a
contributing cause for maximum values of load on the mockup to differ significantly for C6.25 and
C6.75. This is discussed again in Section 3.1) Load vs. Displacement Hysteresis Loop Data Results.
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The sill detail (Figure 23) is also the same for panels 1, 2, and 3, except the relative movement is inand-out-of-plane of the view shown, meaning the transom slides past the channel which is part of
the testing facility with the purpose of acting as a guide to restrict motion in the Y-direction but not
in the Z-direction. The Y-direction restraint of this transom along panels 1, 2, and 3 is not modeled
at the bottom transom in the FEM, but for simplicity at restraints R1 through R6.
Figure 24 shows the SAP2000 (CSI 2010) FEM of the mockup with the unitized sway boundary
condition. Restraints R1 through R8 restrain only the Y direction DOF (degree of freedom);
restraints R9 through R16 restrain the X, Y, and Z DOF; and restraint R17 is partially restrained in the
X DOF. R17 represents the interaction of the transom of panel 4 with the channel (Figure 23) and
will be discussed further in section 3.1) Load vs. Displacement Hysteresis Loop Data Results. The
arrows shown in Figure 24 represent the movement of the frame system with the magnitude
represented by the length and weight of the arrows. The majority of the mockup translates in the
same direction, while the bottom of panel 4 moves in the opposite direction. The translation of
panels 1, 2, and 3 is slightly higher at the top than it is at the bottom. This difference does cause
some movement and rotation of the glass relative to the frame; however the magnitude is too small
to see in Figure 24.
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Z
Y

x

R17
Figure 24 – 3D perspective of mockup with sway boundary condition in SAP2000. Exaggerated deformation
created with SAP2000
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Figure 25 – Elevation view of mockup with sway boundary condition in SAP2000. Exaggerated deformation
created with SAP2000

Figure 26 shows the SAP2000 FEM of the mockup with the rack-with-vertical-slip boundary
condition. Restraints R1 through R8 now restrain the X and Y direction DOF; restraints R9 through
R17 are as previously defined. The arrows shown in Figure 26 represent the movement of the frame
system with the magnitude represented by the length and weight of the arrows. The top portion of
the mockup translates left, while the bottom portion of the mockup translates right. The left side of
panels 1, 2, and 3 moves down while the right side moves up. This is also shown in Figure 28 for
C6.25 and the motion is reversed as shown in Figure 29 for C6.75.
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Z
x

Y

Figure 26 – 3D perspective of mockup with rack-with-vertical-slip sway boundary condition. Exaggerated
deformation created with SAP2000
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Figure 27 – Elevation view of mockup with rack-with-vertical-slip sway boundary condition. Exaggerated
deformation created with SAP2000
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Figure 28 – Vertical movement of the panels of MC_T2_S16_C6.25 (rack-with-vertical-slip)

Figure 29 – Vertical movement of the panels of MC_T2_S16_C6.75 (rack-with-vertical-slip)
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Figure 30 shows the SAP2000 FEM of the mockup with the pure-rack boundary condition. Restraints
R1 through R8 now restrain the X, Y, and Z direction DOF; restraints R9 through R17 are as
previously defined. The arrows shown in Figure 30 represent the movement of the frame system
with the magnitude represented by the length and weight of the arrows. The top portion of the
mockup translates left while the bottom portion of the mockup translates right. The addition of
restraint in the Z direction DOF at the bottom of the mockup is supposed to restrict the vertical
slippage of the split mullion design. Thus this would prevent the left side of panels 1, 2, and 3 from
moving down while the right side is moving up. This does seem to be the case as shown in Figure 32
for C6.25, but not for C6.75 as shown in Figure 33.

Z
x

Frame

Glass

Y

Frame

Glass

Figure 30 – 3D perspective of mockup with pure-racking boundary condition. Exaggerated deformation
created with SAP2000
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Figure 31 – 3D perspective of mockup with pure-racking boundary condition. Exaggerated deformation
created with SAP2000
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Figure 32 – Vertical movement of the panels of MB_T2_S16_C6.25 (pure-rack)

Figure 33 – Vertical movement of the panels of MB_T2_S16_C6.75 (pure-rack)
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Table 8 summarizes the values shown in Figure 28, Figure 29, Figure 32, and Figure 33. These values
were then averaged and presented in Table 9, which also shows the summation and differences
between C6.25 and C6.75. The sum of C6.25 and C6.75 is 0.68” for MC_T2_S16 which is greater
than that of 0.41” MB_T2_S16. This implies that the addition of Z-direction constraint at restraints
R1 through R8 is having some effect. The average value of MB_T2_S16_C6.25 is 0.06” which is very
minimal. This means that the vertical restraints (R1 through R8) of MB_T2 are acting during the
C6.25 as they were designed to. However, the average value of MB_T2_S16_C6.75 is 0.35” which is
nearly the average of the average values of MC_T2_S16_C6.25 and MC_T2_S16_C6.75. This
suggests that the vertical restraints (R1 through R8) of MB_T2 have very little effect during the
C6.25. The difference between C6.75 - C6.25 is assumed to be caused by the interaction of the
transom of panel 4 with the channel (Figure 23 and R17 of Figure 22). If so, then the effect of the reentrant panel is a greater effect for the pure-rack boundary condition than it is for the rack-withvertical-slip condition, since the value of 0.30” for MB_T2_S16 is greater than the value of 0.17” for
MC_T2_S16.
Table 8 – Summary of vertical movements of the frames for MC_T2_16 and MB_T2_16

Vertical Movement of Frames [in]
Top Left of glass pane 5
Top Right of glass pane 5
MC_T2_S16_C6.25
0.24
MC_T2_S16_C6.25
0.23
MC_T2_S16_C6.75
0.48
MC_T2_S16_C6.75
0.34
MB_T2_S16_C6.25
0.07
MB_T2_S16_C6.25
0.00
MB_T2_S16_C6.75
0.46
MB_T2_S16_C6.75
0.25
Bottom Left of glass pane 5
MC_T2_S16_C6.25
0.21
MC_T2_S16_C6.75
0.54
MB_T2_S16_C6.25
0.15
MB_T2_S16_C6.75
0.37

Bottom Right of glass pane 5
MC_T2_S16_C6.25
0.33
MC_T2_S16_C6.75
0.34
MB_T2_S16_C6.25
0.01
MB_T2_S16_C6.75
0.33
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Table 9 – Average vertical movements of the frames for MC_T2_16 and MB_T2_16

MC_T2_S16_C6.25
MC_T2_S16_C6.75
MB_T2_S16_C6.25
MB_T2_S16_C6.75

Vertical Movement of Frames [in]
Average
C6.75 + C6.25
Average
0.25
0.68
0.34
0.43
0.06
0.41
0.21
0.35

C6.75 - C6.25
0.17
0.30

3.1) Load vs. Displacement Hysteresis Loop Data Results
A load cell incorporated with the testing facility was used to measure the applied load throughout
the testing. The load data was then combined with two sets of recorded displacement data from
sensors to create the hysteresis loop of the 4SSG system. The first set of recorded displacement is
from the MTS actuator (note that MTS is a brand name and not an acronym). This measures the
Hydraulic Actuator Ram displacement which is programed to obtain the drifts prescribed by AAMA
501.6 (Figure 20). The second set of measurement is from sensors along the upper and lower sliding
steel tubes which recorded the displacement of the sliding tubes (Figure 16). Ideally the value from
the lower sliding tube should equal the value from the MTS actuator and these values should equal
that of the upper sliding tube. However this is not the case due to interfaces between the MTS
actuator and the sliding tube such as the load cell and links, as well as flexibilities from the lower
and upper sliding tubes such as bolted connections. As a result the sum of the displacements of the
upper and lower sliding tubes is always less than twice that recorded from MTS actuator, but it will
give a more accurate representation of what drift the mockup is actually undergoing.

Though this section discusses the load vs. displacement, the curtain wall system should be excluded
from the lateral load resistance system, thus it should be considered as having no stiffness. The
ideal curtain wall system would be infinitely flexible. However, the load vs. displacement hysteresis
loop does still have some value, if failures are compared to the displacement of the mockup and not
the load. As will be discussed at the end of this section, drops in load carrying capacity with respect
to displacement is considered to be an indication of a failure of the curtain wall system such as
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failure of the index clips or failure of significant portions of SS. For the stick-built-with-vertical-slip
and stick-built boundary conditions it will be noted that the drift at which the ultimate load is
reached is after significant amounts of SS failure has occurred, and before glass fallout. Thus the
drifts noted for ultimate load could be used to develop kinematic equations to predict serviceability
and ultimate limit states.

The following discussion will compare the displacement values from the MTS actuator multiplied by
2 to the values of the sum of the displacement of the upper and lower sliding tubes. MC_T1 will be
presented before MB_T1, because MB_T1 had a technical issue with one of the displacement
sensors that will be explained.

The displacement values for MC_T1 from the MTS actuator multiplied by 2 are shown in Figure 34,
while the sum of sliding tubes are shown in Figure 35.

Pullout of index clip
between P5&P6

Pullout of index clip
between P6&P11

Figure 34 – Load vs. MTS displacement multiplied by 2, hysteresis loop for mockup C Test 1. Unitized Sway
boundary condition (Memari and Kremer 2012)
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Figure 35 – Load vs. Sum of sliding tubes displacement hysteresis loop for mockup C Test 1. Unitized Sway
boundary condition. (Memari and Kremer 2012)

Figure 34 shows a positive load of 2.7 k at a displacement of 2” and a negative load of -3.4 k at a
displacement of -2”. So at relatively similar, but opposite displacements, the load in the negative
direction is 26% more than that in the positive direction. The difference between the positive load
value and the negative load value is caused by flexibilities of the testing facility and the effect of the
re-entrant corner and the boundary condition of panel 4. This will be discussed in greater detail
once the data for MB_T1, MB_T2, and MC_T2 are presented, because all four tests clearly show a
difference between the positive and negative load cycles. The maximum envelopes of Figure 34 and
Figure 35 will be presented after all four tests have been discussed.
A comparison of Figure 34 and Figure 35 indicates that the displacement values from the sum of
sliding tubes are indeed less than that recorded from the MTS actuator multiplied by 2. To quantify
this, the percent difference of the sum of the tubes from the MTSx2 was calculated (Equation 16)
and plotted in Figure 36.
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(16)

Figure 36 – Percent difference of the sum of sliding tubes displacement from the MTSx2 displacement for
mockup C Test 1. Unitized Sway boundary condition. (Memari and Kremer 2012)

Figure 36 shows that the data can be represented as asymptote lines with the Y values becoming
very large positive or negative as X approaching zero; and Y approaches 0% for positive values of X,
while it approaches -26% for negative values of X. The Y values are expected to be very large,
because the sliding tubes will lag behind the MTS slightly, and this difference is amplified by the
division of a value approaching zero (Equation 16). The other asymptote lines show that both sets
of data are very similar for the positive direction, but differ by about 26% in the negative direction.
This is can be confirmed by visual inspection of Figure 34 and Figure 35.

The displacement values for MB_T1 from the MTS actuator multiplied by 2 are shown in Figure 37
and those from the sum of sliding tubes are shown in Figure 38. Comparing the plots between
MC_T1 and MB_T1 shows that Figure 34 and Figure 37 have a similar form and the slight differences
will be discussed later; however Figure 35 and Figure 38 are not alike at all. This is because the plot
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shown in Figure 38 is not valid, due to a technical issue with the values recorded by the lower sliding
tube sensor. Figure 39 shows a plot of the lower tube and the upper tube recorded displacements
vs. time. The data up to step 10 for the lower tube for some reason recorded the displacements
with the maximum values at approximately zero instead of having the approximate average at about
zero. The sensor was adjusted after step 10, but was not zeroed out which then lead to the average
value being about that of the recorded displacement of -3.1”.
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Tek screws sheared and
were replaced with bolts

Pullout of index clip
between P5&P6

Figure 37 – Load vs. MTS displacement multiplied by 2, hysteresis loop for mockup B Test 1. Unitized Sway
boundary condition (Memari and Kremer 2012)

Figure 38 – Load vs. Sum of sliding tubes displacement hysteresis loop for mockup B Test 1. Unitized Sway
boundary condition. (Memari and Kremer 2012)
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Upper Sliding Tube

Lower Sliding Tube
Adjustment of sensor

Figure 39 – Tube displacement vs. Time for mockup B Test 1. Unitized Sway boundary condition. (Memari
and Kremer 2012)

The data from the sum of the tubes will be disregarded since it is not valuable to the discussion of
this research study. However, for completeness the percent difference of the sum of the tubes from
the MTSx2 was calculated (Equation 16) and plotted in Figure 40.
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Data after Step 11
and adjustment
Data after Step 11
and adjustment

Data before Step 11
and adjustment

Figure 40 – Percent difference of the sum of sliding tubes displacement from the MTSx2 displacement for
mockup B Test 1. Unitized Sway boundary condition. (Memari and Kremer 2012)

Figure 37 shows a positive load of 2.3 k at a displacement of 2” and a negative load of -3.4 k at a
displacement of -2”. So at relatively similar, but opposite displacements, the load in the negative
direction is 48% more than that in the positive direction. The maximum envelopes of Figure 37 will
be presented after all four tests have been discussed.
Figure 41 combines the MTS displacement hysteresis data for MB_T1 (Figure 41) and MB_T1 (Figure
37) for a direct comparison. The results were expected to be the same, because the boundary
conditions were identical with one slight exception. The upper re-entrant corner-to-upper sliding
steel tube connection was custom fabricated in the PSU lab for mockup B, because the specified
bent plates were not delivered from the curtain wall manufactory at the time of testing. The
specified bent plates were available and used for mockup C.
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Figure 41 – Load vs. MTS displacement multiplied by 2, hysteresis loop for mockup B Test 1 and mockup C
Test 1. Unitized Sway boundary condition (Memari and Kremer 2012)

The two sets of data are similar from the range of -3” to +3” MTS displacement. Beyond +3” the
applied load to MB_T1 drops from 2.7 k to 2 k. At step 12 a tek screw on the channel for panel 4
(Figure 23) corner was heard shearing. At step 13 the other tek screw sheared and this was fixed at
the end of the step with 3 lithium greased head ½” bolts. Both plots in Figure 41 show abnormal
deviations of the hysteresis loop, which corresponds to the index clips (Figure 42) ripping out
between panel 3 and panel 4 or panel 2 and panel 3.
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Figure 42 – Index clips that align panels of the 4SSG curtain wall system (Bagatelos Architectural Glass
Systems Inc.)

The displacement values for MB_T2 from the MTS actuator multiplied by 2 are shown in Figure 43
and from the sum of sliding tubes are shown in Figure 44. The percent difference between them is
shown in Figure 45.

Figure 44 shows the hysteresis data from the physical testing of the mockup B under the pure
racking condition. The maximum positive load is 12.69 k at a displacement of 3.38”. The maximum
negative load is -14.44 k at a displacement of -3.40”. So at relatively similar, but opposite
displacements, the load in the negative direction is 14% more than that in the positive direction.
The 14% difference in stiffness between the cycles is mostly caused by the resistant of the reentrant panel. The interaction of the transom of the re-entrant panel and the channel (Figure 23)
caused a similar difference of 1.1 k (48%) for MB_T1 (Figure 37) and 0.7 k (26%) for MC_T1 (Figure
34). The maximum envelopes of Figure 43 and Figure 44 will be presented after all four tests have
been discussed.

55

P5&P6 Corner Contact
SS tear 1.5” long ½” deep along LL P5
SS tear 3/8” long ¼” deep along LL P6

Figure 43 – Load vs. MTS displacement multiplied by 2, hysteresis loop for mockup B Test 2. Unitized Sway
boundary condition (Memari and Kremer 2012)

Figure 44 – Load vs. Sum of sliding tubes displacement hysteresis loop of mockup B test 2 with the racking
boundary condition (Memari and Kremer 2012)
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Unloading

Negative Loading

Positive Loading

Unloading

Figure 45 – Percent difference of the sum of sliding tubes displacement from the MTSx2 displacement for
mockup B Test 2. Unitized Sway boundary condition. (Memari and Kremer 2012)

Figure 45 shows that the percent difference of the sum of the tubes displacement from the MTS
displacement is about -6% for the majority of the positive loading path, reaches -13% at +6”
displacement, is about -35% for the majority of the negative loading path, and reaches -16% at -6”.
Figure 47 shows the hysteresis data from the physical testing of the mockup C under the racking
with vertical slip condition. The maximum positive load is 13.00 k at a displacement of 4.18”. The
maximum negative load is -14.97 k at a displacement of -4.05”. The negative displacement value is
3% less than the positive displacement, yet the load in the negative direction is 15% more than that
in the positive direction. As previously discussed Figure 44 shows that the mockup is about 14% less
stiff in the positive direction. The 14% difference in stiffness between the cycles is mostly caused by
the resistant of the re-entrant panel. The interaction of the transom of the re-entrant panel and the
channel (Figure 23) caused a similar difference of 1.1 k (48%) for MB_T1 (Figure 37) and 0.7 k (26%)
for MC_T1 (Figure 34).
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Figure 46 – Load vs. MTS displacement multiplied by 2, hysteresis loop for mockup C Test 2. Unitized Sway
boundary condition (Memari and Kremer 2012)

Drop in stiffness

Drop in stiffness

Change in stiffness

Figure 47 – Load vs. Sum of sliding tubes displacement hysteresis loop of mockup C test 2 with the rackwith-vertical-slip boundary condition (Memari and Kremer 2012)
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Unloading

Negative Loading

Positive Loading

Unloading

Figure 48 – Percent difference of the sum of sliding tubes displacement from the MTSx2 displacement for
mockup C Test 2. Unitized Sway boundary condition. (Memari and Kremer 2012)

Figure 48 shows that the percent difference of the sum of the tubes displacement from the MTS
displacement is about -10% for the majority of the positive loading path, reaches -22% at +6”
displacement, is about -34% for the majority of the negative loading path, and reaches -28% at -6”.
For each of the four tests, the values of load and displacement at C4.25, C5.25, C6.25, and C7.25
(the four constant amplitudes for the positive cycle) were average together for each step. Similarly,
the values of load and displacement at C4.75, C5.75, C6.75, and C7.75 (the four constant amplitudes
for the negative cycle) were average together for each step. These values are presented in Table 10
in Table 11 with the values sorted from the largest negative values to the largest positive values.
The data is sorted in this manner for a clear correspondence to the plots of the data shown in Figure
49 and Figure 50. These plots represent the envelope of the load vs. displacement hysteresis loops
previously discussed.
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Table 10 – Load vs. displacement, average of the four constant peak values from each step for MB_T1 AND
MC_T1 (Memari and Kremer 2012)

Load [k]

MB_T2
MTS Disp. x2
[in]

Sum of tubes
[in]

18

-4.3016

-4.4750

-3.9610

17

-4.2384

-4.2240

-3.6240

16

-3.9606

-3.9760

-3.3940

Step
No.

MB_T1
MTS Disp. x2
Load [k]
[in]

15

-6.2562

-3.7060

-3.7649

-3.7270

-3.1620

14

-5.6999

-3.4530

-3.5592

-3.4790

-2.9340

13

-4.5574

-3.2250

-3.3591

-3.2330

-2.7030

12

-4.2764

-2.9380

-2.8199

-2.9440

-2.4880

11

-3.9132

-2.6930

-2.6191

-2.6990

-2.2890

10

-3.8984

-2.4490

-2.4408

-2.4550

-2.1060

9

-3.3813

-2.2050

-2.4558

-2.2110

-1.9120

8

-2.9982

-1.9600

-2.6542

-1.9670

-1.6400

7

-2.5499

-1.7140

-2.3851

-1.7200

-1.4460

6

-2.0498

-1.4690

-2.0933

-1.4750

-1.2270

5

-1.5801

-1.2240

-1.8427

-1.2290

-1.0020

4

-1.1940

-0.9830

-1.5483

-0.9840

-0.7820

3

-0.9416

-0.7370

-1.2932

-0.7370

-0.5630

2

-0.8099

-0.4920

-1.0253

-0.4920

-0.3390

1

-0.5737

-0.2450

-0.6961

-0.2450

-0.1230

0.0000

0.0000

0.0000

0.0000

0.0000

1

0.5669

0.2450

0.3897

0.2450

0.1690

2

0.8266

0.4890

0.5419

0.4900

0.4010

3

1.1243

0.7360

0.8699

0.7360

0.6180

4

1.3771

0.9820

1.2681

0.9820

0.8220

5

1.6334

1.2340

1.7240

1.2290

1.0380

6

1.8499

1.4790

2.2038

1.4730

1.2500

7

1.9899

1.7240

2.5801

1.7180

1.4720

8

2.1500

1.9710

3.0584

1.9630

1.6870

9

2.3045

2.2150

3.7227

2.2100

1.9200

10

2.4253

2.4610

4.1648

2.4550

2.1550

11

2.4481

2.7050

4.6365

2.6980

2.3270

12

2.5327

2.9490

5.1004

2.9420

2.6080

13

2.6495

3.2380

5.9459

3.2280

2.8250

14

1.8001

3.5050

6.3803

3.4790

3.0500

15

1.9245

3.7510

6.8300

3.7280

3.2720

16

7.2863

3.9770

3.4950

17

7.7668

4.2250

3.7260

60
18

8.2058

4.4700

3.9720

Table 11 – Load vs. displacement, average of the four constant peak values from each step for MB_T2 and
MC_T2 (Memari and Kremer 2012)

Load [k]

MB_T2
MTS Disp.
x2 [in]

Sum of tubes
[in]

Load [k]

MC_T2
MTS Disp.
x2 [in]

Sum of tubes
[in]

24

-9.2420

-5.9630

-5.3070

-11.5463

-5.9480

-4.4570

23

-9.3590

-5.7090

-4.9170

-12.7773

-5.7050

-4.1070

22

-11.7311

-5.4580

-4.1170

-12.2678

-5.4610

-3.9390

21

-12.5455

-5.2180

-3.7980

-11.7563

-5.2140

-3.5770

20

-14.1845

-4.9680

-3.4980

-11.2128

-4.9710

-3.4120

19

-13.8290

-4.7180

-3.2780

-10.6535

-4.7210

-3.2400

18

-13.2622

-4.4690

-3.0880

-10.1128

-4.4690

-3.0730

17

-12.6469

-4.2250

-2.9050

-9.5390

-4.2250

-2.9050

16

-12.0130

-3.9720

-2.7290

-8.9885

-3.9730

-2.7430

15

-11.3380

-3.7260

-2.5490

-8.4844

-3.7260

-2.5730

14

-10.6535

-3.4810

-2.3650

-7.9340

-3.4770

-2.3940

13

-9.9293

-3.2320

-2.1840

-7.3543

-3.2320

-2.2180

12

-8.8814

-2.9410

-1.9860

-6.5789

-2.9410

-2.0180

11

-8.2563

-2.6960

-1.8240

-6.0661

-2.6970

-1.8340

10

-7.6615

-2.4550

-1.6570

-5.5470

-2.4540

-1.6680

9

-7.0541

-2.2100

-1.4820

-5.1116

-2.2100

-1.5390

8

-6.4702

-1.9650

-1.2960

-4.6437

-1.9640

-1.3930

7

-2.5499

-1.7140

-2.3100

-4.0752

-1.7190

-1.2170

6

-5.0826

-1.4750

-0.9370

-3.5805

-1.4730

-1.0530

5

-4.6042

-1.2280

-0.7720

-3.0992

-1.2290

-0.8490

4

-3.9686

-0.9840

-0.5960

-2.6012

-0.9830

-0.6600

3

-3.1454

-0.7350

-0.4480

-2.1672

-0.7370

-0.4600

2

-2.2223

-0.4920

-0.2910

-1.6356

-0.4910

-0.2750

1

-1.1915

-0.2450

-0.1800

-1.0218

-0.2450

-0.0930

0.0000

0.0000

0.0000

0.0000

0.0000

0.0000

1

0.9614

0.2450

0.1290

0.6211

0.2460

0.1250

2

1.5764

0.4900

0.1750

1.2686

0.4910

0.2810

3

2.0688

0.7360

0.3130

2.0628

0.7370

0.3960

4

2.5751

0.9820

0.4830

2.8266

0.9820

0.5500

Step
No.
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5

3.1068

1.2280

0.6430

3.5431

1.2280

0.7280

6

3.7141

1.4740

0.8300

4.1318

1.4730

0.9260

7

1.9899

1.7240

0.6170

4.6231

1.7170

1.1240

8

5.0953

1.9630

1.2250

5.2367

1.9620

1.3170

9

5.6279

2.2090

1.4030

5.8317

2.2080

1.5190

10

6.1524

2.4540

1.5870

6.4759

2.4530

1.7210

11

6.7428

2.6950

1.7650

7.0964

2.6960

1.8940

12

7.2838

2.9370

1.9540

7.8131

2.9390

2.0670

13

8.3187

3.2280

2.1460

8.7293

3.2290

2.2670

14

8.9483

3.4760

2.3250

9.3764

3.4790

2.4520

15

9.5929

3.7270

2.4980

9.9952

3.7280

2.6510

16

10.2065

3.9750

2.6680

10.6169

3.9760

2.8530

17

10.8160

4.2200

2.8600

11.4241

4.2210

3.0370

18

11.4369

4.4720

3.0320

12.0143

4.4730

3.2480

19

11.9686

4.7190

3.2300

12.6543

4.7180

3.4620

20

12.2776

4.9630

3.4620

13.2573

4.9640

3.6980

21

11.7622

5.2080

3.8910

13.7897

5.2120

4.0170

22

11.4759

5.4630

4.2540

14.3528

5.4600

4.0660

23

7.2490

5.7120

4.7630

14.7708

5.7010

4.2880

24

6.2558

5.9550

5.0980

13.5338

5.9470

4.8230

Figure 49 shows a plot the envelope values for all four test. MC_T1 remained relatively linear in the
positive direction, but not as much as in the negative direction. This appears to be somewhat true
for MB_T1 as well. This suggests that the effect of the re-entrant panel is different depending on
the direction of the load. MB_T1 and MC_T1 both show about the same slopes small displacements.
At a displacement of +1.5” the slope of MB_T1 drops which most likely relates to a failure of an
index clip. MB_T2 and MC_T2 both show about the same slopes in the positive direction. MB_T2 is
a steeper in slope then MC_T2 in the negative direction initially, but after about -1” MTS
displacement they generally have about the same slope.
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Figure 49 – Load vs. MTS displacement multiplied by 2, maximum values for MB_T1, MB_T2, MC_T1, and
MC_T2 (Memari and Kremer 2012)

Figure 50 – Load vs. Sum of sliding tubes displacement maximum values for MB_T2, MC_T1, and MC_T2
(Memari and Kremer 2012)
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The data for MB_T2 shows an unusually drop in the value at about -1.75” and +1.75” MTS
displacement. This corresponds to step 7 at which the fulcrum arm support was noted to be loose.
It is assumed this was the cause for the drop in force applied to the mockup. Figure 50 shows at this
point that the recorded sum of the upper and lower tube displaces were significantly affected. The
fulcrum arm support was tightened before the next step and the following data plots appear to be
unaffected by the abnormal values of step 7. Thus there the data points for MB_T2 at step 7 have
been disregarded.
The key values previously noted from each of the four tests are summarized in Table 12. The two
most likely sources causing the negative load values to be larger than the positive load values are
the effect of the re-entrant panel and the flexibilities of testing facility. The interaction of the lower
transom of the re-entrant panel and the channel (Figure 23) has been discussed previously as the
primary cause of the percent difference between the positive and negative loads for MB_T1 and
MC_T1. However for MB_T2 and MC_T2 at higher load values the testing facility deformation was
higher in magnitude such that it was noticeable during testing. The deformation of the testing
facility is assumed to have an impact on the difference between the positive and negative loading
values; however, the extent of its influence is unknown.
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Table 12 – Summary of key values from Table 10 and Table 11 (Memari and Kremer 2012)

Unitized Unitized
C6.25
+ Load [k]
+ MTS Displacement [in]
+ Sum of tubes [in]
D% Tubes from MTS
C6.75
- Load [k]
- MTS Displacement [in]
- Sum of tubes [in]
D% Tubes from MTS
D abs (-Load) - (+Load)
D% of + Load

Stick

Vert.
slip

MB_T1

MC_T1

2.30
2.22
n/a

3.72
2.21
1.92
-13%

7.28
2.94
1.95
-33%

7.81
2.94
2.07
-30%

-3.38
-2.21
n/a

-2.46
-2.21
-1.91
-14%
-1.27
-34%

-8.88
-2.94
-1.99
-32%
1.60
22%

-6.58
-2.94
-2.02
-31%
-1.23
-16%

1.08
47%

MB_T2 MC_T2

As previously stated all four tests (MB_T1, MB_T2, MC_T1, and MC_T2) did not have a weatherseal
in place for the testing. The inclusion of the weather-seal would have had an effect on the results
from the testing. The weather-seal would transfer compression and possibly tension forces from
one glass pane directly to another. As previously stated, the unitized sway condition without the
weather-seal led to forces primarily being transferred through the index clips. With the weatherseal installed it would attract some of the load away from the index clips. This would cause some
addition rotation of the glass panes and the frames of panels 1 and 2. Thus the inclusion of the
weather-seal would lead to behavior of the unitized sway condition that would move somewhat
towards the behavior of the stick-built-with-vertical-slip boundary condition. This would lead to the
bottom of the panels moving more along the direction of the lower sliding tube. This would cause
the glass panes to rotate more and thus the SS would be more strained. It is then predicted that the
mockup should be able to reach higher drift ratio before the index clips fail, since the behavior is
somewhat approaching that of the stick-built-with-vertical-slip which did not have an index clip
failure.
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3.2) Residual Displacement of Mockup (Panels and Glass Panes)
The video footage of the AAMA 501.6 testing of the 4SSG mockups shows that the frame members
and glass panes of the panels are slightly translated and/or rotated at instances when the mockup is
not loaded and thus an un-deformed shape is expected. This difference that can be noted at the
beginning and end of a step will be referred to as residual displacement. The factors that could
contribute to residual displacement include imperfect manufactory of the glass panes and panels,
the inability for the testing apparatus to perfectly return the mockup to a state of zero
displacement, and plastic deformation of the aluminum frame and failure of the structural silicone
(SS) sealant.
The glass panes of the mockup are all 1” thick Insulating Glazing Unit (IGU) vision glass. The IGU is
made up of a ¼” glass lite, a ½” air pocket, and another ¼” glass lite. During assembly of the IGU the
second glass lite is hand placed on top of the spacers separating it from the first glass lite. This
allows for imperfect placement of the second glass lite slightly translated or rotated relative to the
other glass lite. The completed IGU is then later hand placed over the framing system of the panel
and adhered to it with the SS. This allows for imperfect placement of the IGU on to the frame
system as well. Both of these sources of imperfections would contribute to the unsymmetrical
appearance of the glass panes relative to other glass panes and the frame of the panel. This
deviation from a symmetrical appearance could be mistaken for residual deformation of the SS.
Prior to running the first step of every mockup type and test, the distance between glass panes were
measured. The measurements were recorded at a distance 3” from corners of glass panes (Figure
51) and at the center of panes. This measurement also represents the thickness of the weather-seal
if it is installed. The measurements were used as baseline for comparison of the data measured
taken after intermittent steps and the measurements after the final step of every mockup type and
test. The contributions of these imperfections are expected to be minimal relative to the two
sources that will be discussed next.
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Figure 51 – Measurement of weather-seal width or gap between glass panes

The second source of residual displacement is the inability for the testing apparatus to perfectly
return the mockup to a state of zero displacement. The recorded values from the Upper and Lower
Tube sensor are shown in Table 13 for MB_T1, Table 14 for MB_T2, Table 15 for MC_T1, and Table
16 for MC_T2. Table 13 and Table 16 show the calculated difference between the start value and
the end value for every step. Since the end value of any given step does not exactly match the start
value of the next step, the cumulative change of the drift was calculated for a clear comparison. The
cumulative change for the Upper Tube and Lower Tube were summed and plotted in Figure 52.
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Table 13 – Upper and Lower Tube Sensor Drift for Mockup B Test 1 (Memari and Kremer 2012)
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Table 14 – Upper and Lower Tube Sensor Drift for Mockup B Test 2 (Memari and Kremer 2012)
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Table 15 – Upper and Lower Tube Sensor Drift for Mockup C Test 1 (Memari and Kremer 2012)
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Table 16 – Upper and Lower Tube Sensor Drift for Mockup C Test 2 (Memari and Kremer 2012)
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Pullout of index clip
between P5&P6

Adjustment of sensor

Figure 52 – Upper and Lower Tube Sensor Drift for Mockup B & C for Test 1 & 2 (Memari and Kremer 2012)
Table 17 – Summary of key values from the plots of Figure 52 (Memari and Kremer 2012)

Max [in]
Min [in]
Average [in]
Average of
absolute values [in]
Value at step 12

MB_T1 MB_T2 MC_T1 MC_T2
0.000 0.069
0.009
0.046
-1.095 -0.007 -0.799 -0.771
-0.694 0.030 -0.209 -0.234
0.694
-1.095

0.031
0.019

0.212
-0.341

0.243
-0.092

As previously mentioned for MB_T1 the displacement sensor on the lower tube was not adjusted
properly and the values shown in Figure 52 and Table 17 should be disregarded. The Lower Tube
sensor was adjusted at step 10 which is reflected in Figure 52 as a sudden reduction of the slope of
the line. MC_T1 shows a trend of the drift of the sensors towards the negative direction which is
most likely a result of the plastic deformation and damage of panel 4, the aluminum channel (Figure
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23) it interacts with, and the index clips between panel 3 and panel 4 (Figure 53). The plastic
deformation of the mockup would definitely leave a residual resisting force at the end of any step,
which would lead to small residual displacement of the upper and lower tubes as Figure 52
indicates.

Index clip

Figure 53 – Curtain Wall inside Corner Stack Mullion Detail (recreated from drawing provided by Bagatelos
Architectural Glass Systems Inc.)

Figure 52 and Table 17 show that the average of the absolute values of the cumulative change
shown in the sensors is 0.031” (7.87mm) for MB_T2 relatively small compared to the other three
tests. The MB_T2 test experienced much less plastic deformation and damage to panel 4, because
the force transfer on panel 4 is not mostly through the bolted angle connection. This significantly
reduces the force transferred through the transom and channel interaction, and thus plastic
deformation of the channel. There is also an unknown factor to consider, which is the amount of
force traveling through panel 4 via the bolted angle connection and the transom and channel
interaction. The hysteresis data shows the load being applied to all four panels. Thus the FEM was
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used to approximate allocation of forces to the panels, which will be discussed in CHAPTER 5) FINITE
ELEMENT MODELING USING SAP2000. The data from MC_T2 does lie between MB_T2 and MC_T1,
which is to be expected because the boundary condition of MC_T2 generally speaking lies between
MB_T2 and MC_T1. MC_T2 does not have a bolted connection on panel 4 so the forces in panel 4
travel via transom and channel interaction and also somewhat through the index clip attachments to
panel 3. The amount of force traveling through panel 4 is unknown and also will be approximated
with the FEM.
The third source of residual displacement is plastic deformation of the mockup, specifically the
aluminum frame and structural silicone (SS) sealant. The magnitude of the contribution of this
source to the residual displacement is proportional to the level of stress and strain of the SS prior to
the testing of a step. The two previously discussed sources do not affect the stress and strain of the
SS however they do affect the results of the video analysis and the load vs. displacement hysteresis
data. The previous test with the unitized sway condition, MB_T1 and MC_T1 did cause damage to
the mockup, specifically index clips were ripped out from the sides of panels and the bending of the
bottom transom of panel 4. Prior to the start of MB_T2 and MC_T2 tests, the index clips were fixed,
but not the plastic deformation of the aluminum frame. There were no signs of SS damage noted
from the MB_T1 and MC_T1.
3.2.1) Observation from video Analysis of Residual Displacement
The contributions of each of the three sources of residual displacement are unknown. The following
observations are in regards to the total residual displacements and do not attempt to quantity the
contributions of from each possible source. The observations pertain to mockup B under the pure
racking condition (MB_T2). Note that similar observations can be made about mockup C under the
racking with vertical slip condition.
Figure 54 shows a mockup after a unitized sway condition was conducted and immediately prior to a
racking test. Ideally this should represent the un-deformed shape. The solid cyan line approximates
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where the glass edges should be. The dashed grey line approximates where the edges of the
mullions and transoms should be. The lines were drawn according to the drawings specifying the
mockup design by Bagatelos Architectural Glass Systems Inc. The images from the video captures
were centered relative to the lines drawn such that image of the mockup at cycle 0 (approximately
un-deformed) so that midpoint between two corners of the mullion and transom intersection
(either upper-right and lower-left OR upper-left and lower-right) would be centered at the midpoint
between the corners of the mullion edges drawn.
Glass panes 5&8 and the transoms between them all seem to have some residual clockwise rotation
to them since they are higher on the left side then the right side. The vertical joint between glass
panes 2&3, 5&6, and 8&9 is smaller than it should be. This suggests that some residual horizontal
translation of the glass and/or mullions. The transoms between glass panes 1&4 and 4&7 are lower
than they should be. This suggests that there is some residual clockwise rotation to those glass
panes and transoms or that the entire panel has some residual translation vertically. Similarly,
observations can be made about Figure 55 and Figure 56, which respectively shown the mockup
prior to and after AAMA 501.6 step 20. Ideally, these two should also appear to be un-deformed
unless some plastic deformation has occurred.

75

Figure 54 – Un-loaded Mockup B, test 2, prior to the first step.

Figure 55 – Un-loaded Mockup B, test 2, before step 20.
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Figure 56 – Un-loaded Mockup B, test 2 after step 20.

Figure 20 shows the 12 cycles for any given step and highlights the naming of the cycles (C0, C6.25,
C6.75, and C12). Figure 57 and Figure 58 show the maximum deformed shapes of this mockup at
AAMA 501.6 step 20. The observed deformation of the mockup at cycle 6.75 (Figure 58) is different
and is possibly greater than that at cycle 6.25 (Figure 57).
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Figure 57 – Maximum positive deformed shape of Mockup B at step 20.

Figure 57 shows that at cycle 6.25 the horizontal joints between glass panes 1&5, 2&6, and 4&8
have almost closed. The vertical joints between glass panes 2&6 and 5&6 have almost closed. Note
that only glass panes 2&6 have almost closed both the vertical and horizontal joint and thus are
close to making contact with each other.
Figure 58 shows that at cycle 6.75 the horizontal joints between glass panes 2&4, 3&5, 5&7 and 6&8
have gone beyond closing are now overlapped. However, none of the vertical joints between glass
panes are very close to closing. Note that the rotation of the transoms, mullions, and glass panes
are all clockwise. This closely matches what is perceived in the un-deformed shapes (Figure 54 to
Figure 56). The shape and magnitude at cycles 6.25 and 6.75 would be more similar if the residual
translation and/or rotation of the glass panes did not exist. The main cause of the difference is the
interaction of the transom of panel 4 with the channel (Figure 23). This will be further discussed
later in CHAPTER 4) VIDEO ANALYSIS (Figure 99 and Figure 116). However, since the shape of the
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residual translation and/or rotation appears to match that of the deformation at cycle 6.75, this
would contribute to cycle 6.75 having a larger magnitude deformation then cycle 6.25.

Figure 58 – Maximum negative deformed shape of Mockup B at step 20.

3.3) Discussion, Conclusions, and Recommendations of the Physical Testing
As predicted, the load vs. displacement of the unitized sway condition had a smaller slope then the
other boundary conditions. This resulted in the lowest strain levels of the structural silicone (SS).
However, the strain of panel 4, and the index clips between panels 4 & 3 and panels 3 & 2 was
significant due to the resistance of the channel on the re-entrant corner and along panel 4. From
visual inspection the drift experience by panels 4 and 3 were greater than that of panels 2 and 1.
Both tests of the unitized sway condition experienced failure of the index clips.
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The racking-with-vertical-slip boundary condition caused panels 1, 2, and 3 to experience about the
same amount of drift. It is assumed that panel 4 would have experienced a slightly smaller drift due
to the plastic deformation of the channel. It is unknown how much load is being transferred
through the transom of pane 4 and the channel, because the restraints in the X-direction at R1 to R5
are now attracting some of the load applied by the testing facility. As expected, this resulted in
greater rotation of the glass panes and strain of the SS, which caused failure of the SS in some
locations.
The pure-racking boundary condition caused all four panels to experience about the same amount
of drift. It is assumed that the influence of the transom of panel 4 and the channel interaction was
minimized due to the bolted connections restricting the X-direction at R6 to R8. This boundary
condition experienced the highest levels of strain of the SS. As a result, SS failure was noted at step
16, which is at a smaller drift of the mockup compared to the rack-with-vertical-slip boundary
condition, which noted SS failure closer to step 24. Significant SS failure occurred at the higher
drifts, and a complete fallout of glass pane 5 (center) occurred during the last testing step.
Future physical testing of glazing curtain wall systems, should study the effect of two rows of panels
without a corner panel, to determine the likelihood of the corners of panels locking up and causing
conditions like the rack-with-vertical-slip or pure-rack boundary conditions of this study.
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CHAPTER 4) VIDEO ANALYSIS OF RELATIVE MOVEMENT
The use of video analysis of glazing curtain wall systems is relatively new and was undeveloped prior
to this research. A video capture analysis was executed by Memari et al. (2011b) for a glazing
curtain wall system. However, the analysis was limited to a few images and the technique was not
discussed. This chapter of this research presents the work done to further develop the techniques
and then expand upon the results to develop kinematic equation. The sections pertaining to the
development of the video analysis techniques goes into great detail and shows print screens of the
process so that it may serve as a guide to others. This chapter will discuss first, the generalized
relative movement of the mockup, then the failure criteria of the structural silicone (SS), the
development of the video analysis techniques, and the results.

The video analysis was performed for the racking test of mockup B (MB_T2) and the racking with
vertical slip testing of mockup C (MC_T2). The focus of the video analysis was the four corners of
glass pane 5. Some analysis was also performed on the video footage of the corners of the panes
forming the re-entrant corner (glass panes 6 and 11).

Each mockup specimen is tested according to AAMA 501.6. The experiment consists of 24 steps.
Each step has a maximum nominal displacement of ¼” greater than the previous step. The last step
is step 24 which has a nominal displacement of 6”. Each step has 12 cycles. There are 4 ramping up
cycles, 4 constant amplitude cycles, and 4 ramping down cycles. Figure 20 shows these 12 cycles for
step 12. Note that for step 12 the nominal displacement is 3” and that is shown as the maximum
value of the constant amplitude cycles. Figure 20 also highlights the three cycles (C0, C6.25, and
C6.75) that are the focus of the video analysis.
Figure 59 shows the labeling of the glass panes, camera locations, and the regions of SS that had the
highest deformation. These regions are the focus of the video analysis and are labeled according to
glass pane number and then the corner.
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P4_top-right

P5_top-left

P6_top-left

P5_top-right

P5_bot-right
P4_bot-right

P5_bot-left

P6_bot-left

Figure 59 – Labeling of glass panes, camera locations for Mockup B, and Structural Silicone to be focused on
through video analysis

4.1) Glass Corner Movement Relative to Frame as a result of Mockup
Displacement
This section will cover the typical movement behavior of the glass corners relative to the frame.
Figure 60 and Figure 61 show the nomenclature for a glass pane rotating isolated from the frame, in
which; wn is the width of glass pane n; hn is the height of glass pane n; fn is the horizontal movement
of glass pane n at each corner due to rotation, n; and en is the vertical movement of glass pane n at
each corner due to rotation, n.
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See Figure 61

Figure 60 – Exaggerated geometric rotation of a glass pane about its center

Figure 61 – Close-up of exaggerated geometric rotation of a glass pane about its center
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The relationships between these parameters are as follows:
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Simultaneous with the rotation, , of the glass pane, the maximum strain of the SS occurs at the
corners and is represented as “g” as defined by the Pythagorean Theorem as shown Figure 61 in and
represented by Equation 23.
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4.2) Failure Criteria for the Structural Silicone
The two distinct types of failure are cohesive and adhesive (Figure 62). Cohesion failure is defined
as the SS tearing apart. The SS can be visibly seen still attached to both surfaces which are
separating (left side of Figure 62). This occurs when the SS reaches its ultimate stress/strain.
Adhesive failure is defined as the separation between the SS and one of the surfaces it is attached to
(right side of Figure 62). The SS is visibly attached to the other surface and it does not appear to be
torn. In some circumstances, a cohesion failure may run continuously into what would be defined
as an adhesion failure (middle section of Figure 6). Sometimes at this transition, a thin film of SS is
left on the surface of which the adhesion failure occurs further along. This has been noted as a “thin
film failure” which is assumed to behave just as a cohesion failure.
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Cohesion Failure

Adhesion Failure

Thin Film Failure

Glass

Structural Silicone (SS)

Horizontal transom (or vertical mullion)
Figure 62 – Failure types of the structural silicone

The resultant shear is reported from two slightly different calculations. The first method determines
the resulting shear t# as the addition of the transverse shear and longitudinal shear absolute values
(Equation 24). This linear addition method is based on the findings of Shisler and Klosowski (1990)
which resulted in Equation 11. r# is the longitudinal shear displacement of the SS along the
transom. s# is the transverse shear displacement of the SS along the transom.

|

|

|

|

(24)

The second method determines the resulting shear as the square root of the sum of the squared
transverse shear and longitudinal shear (Equation 25). This method is more intuitive. This method
yields lower results than the first method. It is yet unknown if the first method overestimates or if
the second method underestimates the effective strain on the SS.

√

(25)
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The second method is supported by expanding on Equations 1, 3, and 4 from Klosowski and Wong
(1992) to include the 3rd dimension. Figure 63 shows the longitudinal shear movement as r# and
the transverse shear as s# and the relationship is given by Equation 26.

(26)

Dt#

Ds#
C

Z

A

Dr#
B

X

Figure 63 – Sealant Movement in combined longitudinal shear and transverse shear

The effective tension movement of the SS is assumed to have the same form as Equation 3 given by
Equation 27

(27)
Substituting Equation 27 into Equation 26 then forms Equations 28 and 29.

(28)
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(29)
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4.2) Video Analysis Techniques
Two techniques were used to measure the movement of the glass corners relative to the mullions
and transom. The first technique was to view the video recordings frame-by-frame, take screen
shots of the maximum deformed position for selected steps, and import the images into AutoCAD
(Autodesk 2011) to scale and take measurements. Capturing, preparing, and measuring the images
can be tedious and time consuming. As a result, it was only executed for two amplitudes for any
given AAMA 501.6 step (C6.25 and C6.75 of Figure 20). The second technique uses a point tracking
feature from the computer software CMA Coach 6 Studio MV’s application Data Video with point
tracking feature (CMA 2010). It allows the user to select the range and intervals of video frames to
be automatically analyzed. The program does have a fast rate of analysis, however the video files
are about 450 frames (15 seconds) long for steps 1 to 12 which takes about 10 minutes to run.
Steps 13 to 24 have about twice as many frames and take about twice as long to run. In addition the
analyses are often run multiple times to attempt to reduce the error of the point tracking. Mockup
B and mockup C were analyzed by both techniques.
4.2.1) Measurements from Captured Still Images Technique Development
Hand-held video camcorders were mounted on supports suspended from the laboratory ceiling for
locations L1, L2, and L3. Hand-held video camcorders were also mounted on tripods for locations
L4, L5, L6, L7, L8, and L9. The camcorders were focused on the intersection of mullions with
transoms. Efforts were made to set all the camcorders level using a digital level. The camcorders at
locations L1, L2, L4, and L5 were adjusted until the scales that appeared on the display showed
about the same length left & right, as well as top & bottom. This indicated that the focus of the
camera was centered on the intersection of the mullion and transom and is approximately
perpendicular to the panels.
The video analysis was performed for Mockup B at steps 6, 12, 16, 20, and 21. These selections
were made for various reasons. Step 21 was chosen because it is apparent that at this step the SS
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has failed in some areas. The movement of the glass panes and thus the SS deformation becomes
abnormal once some of the SS has failed. Steps 22, 23, and 24 show increasingly unusual behavior
and are difficult to predict. Step 20 was selected as the upper limit since the objective of this thesis
is to describe the behavior prior to SS failure or prior to glass pane to glass pane contact.
Each video file must be inspected to account for all 12 cycles of any given step (Figure 20). This aids
to ensure that cycles 6.25 and 6.75 are always being selected. The video is advanced frame by
frame to capture the image that shows the maximum deformed shape at cycle 6.25 and then 6.75
(Figure 64 to Figure 66).

Figure 64 – Screen capture of taking a screen capture of Mockup B, Test 2, Step 12, L2 (Cycle 6.25)
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Figure 65 – Screen capture of taking a screen capture of Mockup B, Test 2, Step 12, L2, 7 frames later (C6.5)

Figure 66 – Screen capture of taking a screen capture of Mockup B, Test 2, Step 12, L2, 10 frames later (Cycle
6.75)
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Most media players, including Microsoft Media Player, do have a frame-by-frame feature. Once the
desired frame for either cycle 0, 6.25, or 6.75 is displayed, then an image may be created using a
screen capture program. It is important to maintain consistency in the process of capturing the
images. Each image was captured by viewing the selected frame in full screen mode using a monitor
consistently with the same resolution setting (i.e., 1024 by 768 pixels). The screen capture program
built into the Microsoft Windows 7 operating system was used. Note that the image from the video
may not be captured using a screen capture program built into the Windows XP operating system.
The image was then pasted into the program Microsoft Paint and saved (Figure 67). Microsoft Paint
offers several suitable file types such as 24-bit bitmap, JPEG, TIFF, and PNG. The quality of each file
type is visually indistinguishable from each other. The JPEG file was selected because it has the
smallest file size. This is helpful in minimizing the processing time for AutoCAD to open and navigate
a drawing which has about 76 of images.

Size of the image in pixels. Care is
given to make sure this is consistent
for all images, by using the same
Screen Resolution settings.

Figure 67 – Screen capture of pasting a screen capture into Microsoft Paint

The image file was then brought into AutoCAD as an xref “Raster Image”, by selecting the file in the
folder directory, copying it, and pasting it into the drawing on top of a block drawing of the mockup,
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at the appropriate location (Figure 68). The AutoCAD block was created to represents the edges of
the mullions, transoms, and glass panes of the mockup. This block was replicated for each of the
steps analyzed.

Figure 68 – Screen capture of importing the screen capture into AutoCAD

The images of the mockup at cycle 6.25 were assigned to a layer named “C6.25”; similarly the
images of cycle 6.75 were assigned to layer “C6.75”. This is useful for turning off the layers of one
cycle to view the other cycle, since the images are overlapped on top of each other for organization
and to allow for the movement of any point to be measured from its position in C6.25 to C6.75.
This process was repeated for steps 4, 6, 8, 12, 16, 20, 21, and 24; locations L1, L2, L4, and L5; and
cycles C0, 6.25, and 6.75. An approximate total of 64 images for mockup B and 76 images for
mockup C were imported.
The images for each of the steps for a given camera location were then compared to determine an
appropriate scale factor. The “distance” command in AutoCAD was used to take a measurement
along one of the displayed horizontal scales in each of the images (Figure 69). A ratio of the
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measurement according to the physical scale to the AutoCAD measurement was calculated and
recorded. If the ratio of several images were relatively close, then the average of those ratios was
calculated and applied to each of those images.

3.8857” distance. The image
would then be scaled by a
factor of 6”/ 3.8857” = 1.544

1st point selected at the 7” mark
on the ruler adhered to the glass

2nd point selected at the 1” mark
on the ruler adhered to the glass

Figure 69 – Screen capture of measuring the screen capture into AutoCAD prior to scaling to determine the
appropriate scale factor.

Some images or sets of images had a ratio significantly different from those of lower step numbers
due to adjustments to the camcorder zoom or location. After scaling an image, the distance
command was used again as a quality control check for the horizontal scale. The assigned scale for
the image would be re-evaluated if the ratio was more than 1.02 or less than 0.98.
The distance command is then used to take a measurement along one of the displayed vertical
scales. If the ratio was more than 1.02 or less than 0.98, then the image file would need to be
stretched. AutoCAD does not allow for a “Raster Image” to be stretched. The image was then
stretched in the program Microsoft Paint. The file is opened by Microsoft Paint, the entire image is
selected using “Crtl + A” keyboard buttons, under the home tab the button “resize” is selected,
“maintain aspect ratio” is unchecked, a value less than 100 is entered for either the vertical or
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horizontal value, while the other value remains 100 (Figure 70). The value entered is based on the
ratio of what the dimension should be to what AutoCAD reports it as. For example, if the start point
is selected at the 1” mark, the end point is selected at the 3” mark, and AutoCAD reports the
distance as 2.67”, then the scaling factor is 100*(3-1)/2.67 =75. The vertical value is then entered in
as 75 (as shown in Figure 70). Figure 71 shows that the size of the image file is still 1024x768 pixels,
the image has been stretched, and a white strip now exists at the bottom.
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1024x768 size

Figure 70 – Screen capture prior to stretching an image

100
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White space
from stretch
1024x768 size

Figure 71 – Screen capture after to stretching an image

The file was saved again and the xref was then reloaded in AutoCAD so that the stretched imaged
would then replace the original image. It was noted that some of the camcorders had a feature to
record the video in “HD”, which then ensured that this vertical stretching would not be required.
However, some of the camcorders did not have such a feature.
Maintaining the same resolution size of the image file is important so that sets of three images (C0,
C6.25, and C6.75) at each camera location for a given step could be overlapped and placed perfectly
on top of the AutoCAD block of the edges of the mullions, transoms, and glass panes of the mockup.
Each set of overlapped images was placed such that the midway point between the intersection
corners of the mullion and transoms as shown in the image of the un-deformed shape (C0) was
positioned at that of the AutoCAD block (Figure 72).
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Figure 72 – Screen capture of the screen capture of MB_T2_L2_C0 aligned on top of the AutoCAD Block

Figure 73 shows a screen capture of the model space view of a complete set of images from camera
locations L1, L2, L4, and L5. Each set of images is from the same step and cycle. Figure 74 shows the
same set of camera locations as Figure 73, except this is a screen capture of the paper space view,
which condenses the empty spaces between the images and enlarges them.

Figure 73 – Screen capture of the completed set of locations for MB_T2_L2_C0 in model space
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Figure 74 – Screen capture of the completed set of locations for MB_T2_L2_C0 in paper space

Figure 74 shows the lines of the AutoCAD block created from the dimensions of the design drawings.
The solid light blue line represents the glass edges and the dashed grey lines represent the edges of
the mullions and transoms. Appendix B contains Figure 170 to Figure 180 which are additional sets
for each of the steps and cycles. AutoCAD was used to add dimension annotations to quantify the
movement of the glass pane corners relative to the frame. The start point of the dimension was
selected as the corner of glass pane. The end point of the dimension was selected as the corner of
the mullion and transom. The end point is sometimes difficult to identify due to the blurriness of
images. This is especially true for when the camcorder was more zoomed out to show more of the
mockup. Another difficultly in selecting the end point was for deformed shapes at cycle 6.25 and
6.75. In these cases, the depth of the mullion or transom is visible, which reduces the contrast
surrounding the edges forming the corner. Yet, another difficulty was at the higher racking steps,
which caused the glass panes to move so far that they obscured the end point. The first noted case
of this was from the lower-right corner of glass pane 5 at step 20 of Mockup B. Other examples are
the top-left corner and lower-right corner of glass pane 5 at step 21 of Mockup B. The perimeters of
all the glass panes are opaque due to the IGU seal and spacer.
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IGU spacer
occasionally
obstructs the
view of the
frame corner

Frame corner

SS
IGU seal
Corner of glass
Transom
Typical view from
video cameras

Figure 75 – Curtain wall intermediate horizontal detail. (recreated from drawing provided by Bagatelos
Architectural Glass Systems Inc.)

The location of the end point was approximated by tracing the vertical edge of the mullion on the
opposite side. This was then overlaid on the concerned side as best as possible. The projected
intersection of the edge of the transom with the traced edge of the mullion was selected as the
location of the end point. If possible, this was then checked by tracing the distance from the end
point to any kind of marker (i.e., a nearby contour, sticker, black smudge, etc. on the aluminum
frame). The measurements from AutoCAD dimensions were recorded and used to calculate strain
values. The strain values were calculated as the change in the measured distance divided by the
thickness of the SS along the transom.
4.2.2) Point Tracking feature of CMA Coach 6 Studio MV Technique Development
A key feature of this software is that it allows the user to specify the range and interval of frames to
be analyzed. The range has been set to analysis the entire length of the video. This does take longer
than if a smaller range of frames is selected. The maximum and minimum values of relative
movement are the most important to this thesis. Thus the range could be set to analyze the frames
near the middle, which would include cycles 4 to 8. The interval could be set to analyze every nth
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frame. This would reduce the analysis time. However, the frames skipped could be of the maximum
deformed shape. Another drawback is that skipping frames then increases the likelihood that the
tracking points may move outside of the search area. This causes the tracking to diverge and the
resulting data to be no longer valuable. The interval was set to not skip frames, to ensure that the
maximum values are found and to avoid divergence. This also provided a dense amount of data,
which allowed for outliers to be easily identified and disregarded. The outliers are generated by an
error in determining the location of the tracking point. Care must be taken in selecting the location
of the tracking point, radius of the tacking point, and the dimensions of the search area.
The following is an overview of how the properties of the tracking points and analysis are defined.
Figure 76 shows the first frame of the video selected (MB_T2_S12_L5), the default location of the
origin, and the horizontal scale that is by default drawn as shown and is defined as 1 meter.

X scale set to
default 1 meter

Default location and
rotation of origin

Figure 76 – Default settings when video for MB_T2_S12_L5 is first opened
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Figure 77 shows that the origin has been relocated. The location of the origin does affect the
recorded values from the data points. However, it does not affect the final calculated values of
movement of the glass pane relative to the frame. The origin is move to the center just to serve as a
visual reference point for the deformed shapes. The x scale was drawn on the ruler shown with one
point at the ½” marker and the other at the 3 ½” marker, and the measurement was defined as 3”.
The y scale was defined independent of the x scale, because the particular video file was not
recorded with a 1 to 1 aspect ratio. The y scale was drawn on the ruler shown with one point at the
3/8” marker and the other at the 1 ¾” marker, and the measurement was defined as 1 3/8”.

New location
of the origin

X scale set to with
3” distance

Y scale set to with
1 3/8” distance

Figure 77 – Origin and scares are defined for video of MB_T2_S12_L5
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Figure 78 shows the labeling of the glass panes and that four tracking points have been defined. It
was assumed that the movement of the glass panes 4, 5, and 6 (row 2) will be larger than the
movements of the glass panes in row 1 or 3. This is why the tracking points are focused on glass
panes 5 and 6 and not glass panes 2 and 3. The tracking point is shown as a circle and each tracking
point’s search area is the square that includes the circle. The tracking point can be set to any
location and the size of the tracking point and the search area are defined by the user. The tracking
points #1 and #3 are set to the glass panes, specifically at the letters “Co” which is printed on the
ruler. It is not effective to set the tracking point at the tip of the corner of the glass, because the
existing black lines (tic marks on the ruler) and the adjacent black space (lack of light in the cavity)
will thus cause the tracking point to tend to diverge to points all along the ruler. The tracking points
#2 and #4 are set to the corner of the intersection of the mullion with the transom. For this first trial
the sizes of the tracking points and the size of the search area were left at the default values to
illustrate the importance of carefully defining them.

100

Glass Pane 5

Glass Pane 6

#2
#1

#4
#3

Search
area of P1

Glass Pane 2

Glass Pane 3

Figure 78 – First trial of tracking points are set with default sizes for video of MB_T2_S12_L5_C0

The software records the set of pixels that are enclosed by the initially defined tracking point. This
definition will be referred to as the “target”. The default size of the tracking point and target has a
radius of 8 pixels. When the second frame is analyzed, the program searches within the search area
(based on the initial location) for the set of pixels that represent the initially defined set, the target,
as closely as possible. The program then adjusts the search area to be centered at the recently
determined tracking point location. These steps are then repeated until all of the frames of the
defined interval have been analyzed.
Figure 79 shows the video at frame 128 which relates to the mockup at about cycle 2.25. The
constant amplitude has not been reached yet, yet tracking points #2 has shifted to the left and #4
has shifted significantly up and to the left from the intersection of the mullion and transom. These
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points are so far off that the intended target is no longer within the current search area. Thus the
tracking point will continue to diverge from its intended target. The other two tracking points
appear to be on target.

#4

#2
#1

#3

Frame 128

Figure 79 – Divergence of tracking point #2 and #4 for video of MB_T2_S12_L5_C2.25

Figure 80 shows the video at frame 239 which relates to the mockup at about cycle 4.25. Now
tracking point #3 has shifted right and is no longer even on the ruler. The tracking point #1 still
appears to be on target. Note that the search area shown does move with the tracking point, but it
lags behind by 1 frame. Thus the distance from the center of the square to the center of the circle is
the distance that the tracking point has moved from the last frame. This distance should be
relatively large at cycles such as C4.0, C4.5, C5.0, C5.5, etc., because rate of change in drift of the
mockup is the highest as the mockup is passing through its un-deformed shape. This distance
should be relatively small at cycles such as C4.25, C4.75, C5.25, C5.75, etc., because the mockup is
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approaching its maximum deformed shape, and the rate of change in drift of the mockup should be
minimal. Figure 80 shows that the tracking points (circles) are noticeably not at the center of the
search area (squares). Since this image is taken at C4.25 the distance should be minimal, which
means that the tracking point is franticly jumping around. This is due to the lack of unique
characteristics of the set of pixels that make up the target. This tends to cause divergence of the
point tracking. The next figures will show how these problems can be mitigated.

#2
#1

#3
#4

Frame 239

Figure 80 – Divergence of tracking points #2, #3, and #4 for video of MB_T2_S12_L5_C4.25
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Figure 81 shows that tracking points #2, #3, and #4 were moved to new locations. Tracking point #3
was moved to the set of characters printed on the ruler that are closer to the glass pane’s corner.
Tracking points #2 and #4 were moved off the intersection of the mullion with transom to some
black residue left on the frame. Also the size of the tracking point #4 was increased from a radius of
6 pixels to 10 pixels to better capture the contrast of the grey frame background that the black
smudge sets on top of.

#4
#2
#1
#3

Figure 81 – Second trial of tracking point locations and size definitions for video of MB_T2_S12_L5
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Figure 82 shows the video at approximately cycle 2.25 and all four tracking points are still on target.

#4
#2
#1
#3

Figure 82 – Second trial of tracking points on target for of MB_T2_S12_L5_C2.25

Figure 83 shows the video at approximately cycle 6.75 and that tracking point #4 has shifted slightly
upwards and to the right. The intended target cannot be seen in this image, because it is obscured
by the IGU spacer and seal (Figure 75) of glass pane 6 which can be seen in Figure 83 as an opaque
black area just above and to the right of the ruler. The only solution to this problem is to set the
tracking point to another target. However, due to the lack of patterns or text printed on the frame
it is difficult to select a target that can be tracked, is not obscured at any frame by the IGU spacer, or
moves off camera as tracking point #4 almost does as shown in Figure 84
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IGU seal is obscuring the intended
target of tracking point #4.

#2
#4
#1

#3

Figure 83 – Second trial of tracking points divergence of tracking point #4 for of MB_T2_S12_L5_C6.75

Future testing of glazing curtain wall systems could improve the accuracy of using CMA Coach to
track points by varies means. For example, a better target for tracking the movement of the frame
could be achieved by taping a piece of white cardboard to the back side of the mullion and transom
intersection, such that at least a 2" by 2" square is visible to the camera. Adding a black dot in the
center of that 2" by 2" white square should lead to much better results. If the dot is too far away from
the corner this increases the chances that it may move off camera during testing, especially if the
camera is zoomed in very closely.
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Tracking point #4 almost moves off camera.

#2

#1

#4
#3

Figure 84 – Second trial of tracking points on target for of MB_T2_S12_L5_C8.25

4.3.1) Mockup B Test 1 Observation Notes
The video files for this test was not available at the time of this writing, however the following are
the general notes that were taken about the test. The index clips between glass panes 5 and 6
pulled out at step 15. The parts of the broken index clips became wedged at the bottom of the
mockup, so the test was not continued to further steps. The mullions had visible signs of racking
residual deformation.

4.3.2) Mockup B Test 2 Observation Notes
This section will describe the observations made from reviewing the video files for the various
camera locations. The results from the first analysis technique are discussed in the following
section. The results from the second analysis technique are discussed in the section after that. This
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section and the following two sections are only about Mockup B test 2 that had the pure-racking
boundary condition. This boundary condition was expected to generate the highest strain in the SS
and thus the highest magnitude of damage. The following observations support this as well. The
movement of the glass relative to the frame was the focus of the observations noted and the
subsequent analysis. This behavior appears to be very consistent for the steps 1 to 20 with the
exception that the magnitude was increasing proportional to the step number. Figure 85 and Figure
86 show deformed shapes of Mockup B during Test 2 at step 12, respectively, at cycles 6.25 and
6.75. The solid cyan line approximates where the glass edges should be. The dashed grey line
approximates where the edges of the mullions and transoms should be. The lines were drawn
according to the drawings by Bagatelos Architectural Glass Systems Inc. specifying the mockup
design. The images from the video captured were centered relative to the lines draw such that
image of the mockup at cycle 0 (approximately un-deformed) so that midpoint between two corners
of the mullion and transom intersection (either upper-right and lower-left OR upper-left and lowerright) would be centered at the midpoint between the corners of the mullion edges drawn.
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Figure 85 – Mockup B, Test 2, Step 12, Cycle 6.25

Figure 86 – Mockup B, Test 2, Step 12, Cycle 6.75
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A sequencing of the observed behaviors of MB_T2 is presented in Figure 87 and Table 18. See
Figure 22 for a full labeling of the restraints and index clips.

P7 6
P8
5

2

P6
4

P2 8

P12

7

5
9
P5

P4

P1

P9

1

P11

3
P3

P10

Figure 87 – 3D perspective of mockup with sequencing of the behaviors observed during Mockup B Test 2
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Table 18 – Sequencing of the behaviors observed during Mockup B Test 2

Sequence
#
Step
1

16

2
3

19
21

4

21

5

21

6

21

7

21

8

21

9

24

Cycle

Description

3.75

SS failure of length 0.375” and depth ¼” at the lower
left corner of glass pane 6
SS failure of length 1.5” and depth ½” at the lower left
corner of glass pane 5
glass pane 6 suddenly changed in behavior (Figure 88)

4.25, 5.25, 6.25,
7.25, 8.25, 9.25,
10.25

4.75
4.75, 5.75, 6.75,
7.75, 8.75
5.25, 6.25, 7.25,
8.25, 9.25, 10.25
4.25, 5.25, 6.25,
7.25, 8.25

lower-left side of glass pane 6 made contact with the
bottom-right side of glass pane 5
SS tore along glass pane 5 at its top-left corner and at
the top-right corner
top-left corner of glass pane 5 appears to be
contacting the bottom-right corner of glass pane 7
(Figure 89 and Figure 90)
the upper-right side of glass pane 5 makes contact
with the upper-left side of glass pane 6 (Figure 92)
bottom-left corner of glass pane 6 appears to almost
make contact with the top-right side of glass pane 2
all of the SS around glass pane 5 failed and led to glass
pane to fall from the mockup

(1) The notes from visual inspection indicated that the SS on the lower left corner of glass
pane 6 had a failure of length 0.375” and depth ¼” by step 16.
(2) The notes from visual inspection indicated that the SS on the lower left corner of glass
pane 5 had a failure of length 1.5” and depth ½” by step 19.
(3) It was observed for mockup B during test2 step 21 that the system was acting nonlinearly. At cycle 3.75 of step 21, the bottom-left corner and the bottom-right corner of glass pane 6
suddenly changed in behavior and simultaneously a relatively quiet creaking sound was produced.
This suggests that the SS at these two corners and possibly along the bottom edge had just failed.
Figure 88 shows the SS that has failed along the bottom-right corner of glass pane 6. It also shows
how glass pane 6 now slides past glass pane 11 without making contact with it.
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Glass Pane 6

Right edge of Glass Pane 6
passing by Glass Pane 11

Glass Pane 11

Failed
SS

Glass Pane 3

Glass Pane 10

Figure 88 – Mockup B, Test 2, Step 21, Camera Location 6, Cycle 6.75

(4) Then at cycle 4.25 the lower-left side of glass pane 6 made contact with the bottom-right
side of glass pane 5. At about the same time, the mockup made a single popping sound. This
popping sound was heard earlier in the testing such as during step 20 at cycle 4.25. The cause of the
sound is unknown, but it could have been an index clip slipping out of its tongue and groove fit or
the index clips attachment pulling out from the mullion.
(5) Then at cycle 4.75 the SS tore along glass pane 5 at its top-left corner and at the top-right
corner. This is determined because the top-left and top-right corner of glass pane 5 movement
behavior changes drastically. Figure 89a and Figure 90a show the movement of the glass panes at
about 10 frames (approximately 0.345 seconds) before cycle 4.75. These images approximately
represent the movement seen in previous steps. Figure 89b and Figure 90b were then taken at cycle
4.75 and show how glass pane 5 suddenly translated to the left.
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Glass Pane 7

Glass Pane 8

Glass Pane 7

Glass Pane 8

Glass Pane 4

Glass Pane 5

Glass Pane 4

Glass Pane 5

a) Before tearing occurs and before cycle 4.75

b) After tearing occurs, at Cycle 4.75

Figure 89 – Mockup B, Test 2, Step 21, Camera Location 1, just before Cycle 4.75

Glass Pane 8

Glass Pane 9

Glass Pane 8

Glass Pane 9

Glass Pane 5

Glass Pane 6

Glass Pane 5

Glass Pane 6

a) Before tearing occurs and before cycle 4.75

b) After tearing occurs, at Cycle 4.75

Figure 90 – Mockup B, Test 2, Step 21, Camera Location 2, just before Cycle 4.75

Figure 90b shows part of the aluminum mullion now that the SS has torn completely. The video
footage shows eight frames (approximately 0.276 seconds) from when the tearing first began until
the tear propagated beyond the view of the camera. Figure 91 shows the 7th of the 8 frames and
highlights where the SS has definitely torn and the SS that is then torn in the next frame.
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Glass Pane 8

SS that is
about to tear
Glass Pane 5

Glass Pane 9

SS that
has torn
Glass Pane 6

Figure 91 – Mockup B, Test 2, Step 21, Camera Location 2, after tearing occurs, but just before Cycle 4.75

(6) At cycles 4.75, 5.75, 6.75, 7.75, and 8.75 the top-left corner of glass pane 5 appears to be
contacting the bottom-right corner of glass pane 7. However, it does not appear to be altering the
behavior of glass pane 7. So the corners of each glass pane must be crushing each other, which
would minimize the force transferred between glass panes.
(7) At cycles 5.25, 6.25, 7.25, 8.25, 9.25, and 10.25 the upper-right side of glass pane 5
makes contact with the upper-left side of glass pane 6 (Figure 92). The video footages show that
glass pane 5 is being restricted by the contact and is applying a pushing force to glass pane 6.
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Figure 92 – Mockup B, Test 2, Step 21, Camera Location 2, after tearing occurs, Cycle 5.25

(8) The lower-left side of glass pane 6 continues to make contact with the lower-right side of
glass pane 5 for cycles 4.25, 5.25, 6.25, 7.25, 8.25, 9.25, and 10.25. The bottom-right corner of glass
pane 5 does not show any noticeable change in behavior, other than the extra push given from the
contact of glass pane 6. This suggests that the SS has not failed yet in this location. (8) In addition,
the bottom-left corner of glass pane 6 appears to almost make contact with the top-right side of
glass pane 2 for cycles 4.25, 5.25, 6.25, 7.25, and 8.25. There does not appear to be any changes in
the behavior of glass pane 2, so the force being transferred must be minimal or contact has not
quite yet occurred. The bottom-left corner of glass pane 5 does not show any change in behavior.
This suggests that the SS has not failed yet.
A summary of the observations is that the SS failed first, which then altered the movement behavior
of glass pane 6. This then caused glass pane 6 to contact glass pane 5 which further caused SS in
other locations to fail. This chain reaction continued on and propagated the failure of the SS.
During step 24 all of the SS around glass pane 5 failed and led to glass pane to fall from the mockup.
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4.3.2.1) Mockup B Test 2 Discussion of Results
As discussed in Section 4.2) Failure Criteria for the Structural Silicone, the resultant shear was
calculated by both method 1 (Equation 24) and method 2 (Equation 25). Figure 93 to Figure 96 are
plots of calculated strain values from the Video Capture Technique. The results of CMA Coach 6
Studio MV (CMA 2010) will be discussed later. See the legend on the figures and Figure 59 to
identify all six of the locations. The calculated effective shear strain by each method is presented in
Figure 93 and Figure 94 for cycle 6.25, and presented in Figure 95 and Figure 96 for cycle 6.75. The
x-axis of Figure 93 to Figure 100 is the sum of the upper tube and lower tube displacements. These
displacements are always less than the nominal displacement of any given AAMA 501.6 test. Figure
93 to Figure 100 are repeated in Appendix D with the nominal displacement on the x-axis.

Figure 93 – Calculated SS strain vs. displacement of Mockup B Test 2 Cycle 6.25 (Method 1)
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Figure 94 – Calculated SS strain vs. displacement of Mockup B Test 2 Cycle 6.25 (Method 2)

Figure 95 – Calculated SS strain vs. displacement of Mockup B Test 2 Cycle 6.75 (Method 1)
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Figure 96 – Calculated SS strain vs. displacement of Mockup B Test 2 Cycle 6.75 (Method 2)

Sample Calculation for MB_T2_S12_L1 at P5_top-left for C6.25
The measured distance of the mockup prior to the start of test 2 (Figure 97) is 1.02” in the horizontal
direction and 1.28” in the vertical direction. The measured distance of step 12 at cycle 6.25 (Figure
98) is 0.93” in the horizontal direction and 1.09” in the vertical direction. The change in distance is
thus 0.93” – 1.02” = -0.09” for the horizontal direction and is 1.09” – 1.28” = -0.19” for the vertical
direction. Since the SS along the transom has a thickness of 5/16”, this value controls over the 9/16”
thickness of the SS along the mullion. The calculated strain from the first method is then,
|

| |

|

|

| |

|

⁄

The calculated strain from the second method is as follows:

√

√
⁄
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Sets of images from all of the steps and cycles analyzed are presented in Appendix B.

Figure 97 – Mockup B, Test 2, Step 1, Cycle 0
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Figure 98 – Mockup B, Test 2, Step 12, Cycle 6.25

Figure 93 to Figure 96 also show that the calculated strains are greater at a negative drift (C6.75)
than at a positive drift of the mockup (C6.25). To quantify this difference, the calculated strains for
each step were averaged and plotted in Figure 99 to compare the difference between the two
cycles.
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Figure 99 – Plot of average calculated SS strains for cycle 6.25 compared to cycle 6.75 vs. displacement of
Mockup B during Test 2

The data points are relatively linear up to step 20; however they do not intercept at the 0”, 0%
origin. The x-axis-intercept is about 7/16” for C6.25 data and 3/16” for C6.75 data. This implies that
the mockup must be displaced about +7/16” or -3/16” before the SS sees any deformation. This
could be a result of flexibilities in the connection angles from the testing apparatus to the mockup.
In addition, the mockup itself may have some flexibility, which allows for the transoms and mullions
to deform without any significant strains of the SS.
Figure 100 shows the maximum values of the calculated strains for each step. It is more important
to consider the maximum values than the averages, since the first failure of the SS will most likely
occur at the location of maximum strain. The maximum values calculated for method 1 were not
always at the same location as the maximum values calculated by method 2 shown in Table 19.
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Figure 100 – Plot of maximum calculated SS strains for cycle 6.25 compared to cycle 6.75 vs. displacement of
Mockup B during Test 2

Step

Location

Cycle 6.25

6
12
16
20

P5 Top Left
P5 Top Left
P6 Bottom Left
P6 Bottom Left

Cycle 6.75

Table 19 – Location and values of maximum calculated strain for Mockup B Test 2

6
12
16
20

P5 Bottom Left
P5 Top Left
P5 Bottom Left
P5 Bottom Left

Max Values
Method
2

Location

Method
1

33%
67%
120%
152%

P5 Top Left
P5 Bottom Left
P5 Bottom Right
P6 Bottom Left

47%
91%
144%
215%

53%
104%
130%
170%

P5 Bottom Left
P5 Top Left
P5 Bottom Left
P5 Bottom Left

61%
133%
173%
226%

SS failure was first noted by the lab technical after step 16 at the lower left corner of glass pane 6.
The failure was described as a 3/8” long tear which was ¼” deep. From the video analysis at step 16,
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the calculated strains for cycle 6.75 were at P6_BL with values of 167% from method 1 (Figure 95) or
122% from method 2 (Figure 96). The material’s ultimate shear strain limit is around 190% to 200%.
This shows that method 1 is making a closer prediction then method 2. However, note that at step
the maximum strain occurred at P5_BL with values of 173% from method 1 (Figure 95) or 130% from
method 2 (Figure 96). It is assumed that a defect in the SS bead near the lower left corner of P6_BL
lead to a premature failure, since failure was noted at P6_BL, but not P5_BL, and the failure
occurred below the ultimate shear strain limit. Note that for the FEM of this study the ultimate
shear strain of the SS was modeled as 200% which was recorded from physical testing of a coupon
of SS. In future studies it may be more accurate for the SS’s ultimate shear strain to be modeled
based on the 167% or 122%, which would represent the behavior of a strip of SS, which is
significantly longer then the length of the coupon. An adjustment would need to be made to the
167% or 122% values, because they represent a combination of transverse shear and longitudinal
shear; whereas the value inputted into the FEM is for the ultimate shear in either transverse shear
or longitudinal shear, not a combination of the two.
In Figure 93 to Figure 96 the data points for step 21 of series P5_TL, P5_TR, and P6_BL are not
shown, because the SS at these locations have failed according to the previously stated observations
(sequencing number 3 and 5 for Figure 86 and Table 18). The relative distance of the glass corner to
the frame was measured and the pseudo-strain was calculated to confirm that the SS had failed.
The calculated pseudo-strain changed from step 20 to step 21 on average by 33% for method 1 and
35% for method 2 for cycle 6.25. Whereas the calculated strain at the other three locations (P6_TL,
P5_BL, and P5_LR) changed from step 20 to step 21 on average by 2% for method 1 and -2% for
method 2 for cycle 6.25. These values for C6.25 and the values of C67.25 are presented in Table 20.
The relatively small percent effective shear strain for C6.25 and the decrease for C6.75 of the
calculated strain for the other three locations may be interpreted as the SS has not failed yet.
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Table 20 – Location and values of maximum calculated strain for Mockup B Test 2

C6.25
C6.75
Average

Failed P5_TL, P5_TR, and P6_BL
Method 1
Method 2
33%
35%
52%
55%
42%
45%

C6.25
C6.75
Average

P6_TL, P5_BL, and P5_LR
Method 1
Method 2
2%
-2%
-21%
-21%
-10%
-11%

Data series P5_BR at cycle 6.75 (Figure 95 and Figure 96) is the only series that dropped in the
calculated strain from step 16 to 20. The notes from visual inspection indicated that the SS on the
lower left corner of glass pane 6 had a 0.375” cohesive failure by step 16 and that the SS on the
lower left corner of glass pane 5 had a 1.5” cohesive failure by step 19 (Memari and Kremer 2012).
Failures of the SS could be the explanation for the drop in calculated strains in a specific location.
4.3.2.2) Mockup B Test 2 Comparisons of CMA Coach 6 Studio MV results to video capture
results
The CMA Coach 6 Studio MV software (CMA 2010) was used to analyze the same six locations as
discussed for the previous method. CMA Coach 6 Studio MV is used to set tracking points that are
based on a user defined location and radius. It tracks the point within a search area of dimensions
defined by the user. These inputs must be carefully selected to maximize the performance of the
tracking. The software records the position in pixels of the point for each frame. The distance of
the point from the user defined origin is then calculated. A user defined distance scale and time
scale allows for the distance from origin vs. time to be calculated. This data is exported to Microsoft
Excel for post-processing. The distance of a tracking point (glass corner) relative to another tracking
point (frame) is then calculated. The horizontal distance of the frame to the origin is subtracted
from the horizontal distance of the glass to the origin. The location of the user defined origin does
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not matter in this subtraction calculation. The data is then normalized such that the first data
records are zero. This converts the relative distances into relative displacements of the tracking
points. Similarly, these steps are repeated for the vertical distances, and for all other locations.
Figure 101 and Figure 102 show the relative movement of the glass pane 5 top right corner in the
horizontal and vertical direction respectively. The results for the six locations during AAMA 501.6
testing step 12 and step 20 are presented in Appendix C.

Figure 101 – Calculated horizontal movement of glass pane 5 top right corner relative to the frame
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Figure 102 – Calculated vertical movement of glass pane 5 top right corner relative to the frame

Figure 101 and Figure 102 clearly show the 4 ramping up cycles, 4 constant cycles, and 4 ramping
down cycles. Cycles 6.25 and 6.75 are highlighted, since those are the values that will be compared
between the pervious technique and CMA Coach 6 Studio MV. Table 21 to Table 26 shows that the
outcomes of the two methods can be similar or very different. It is believed that the first technique
is more precise since it focuses on the single frames of interest. CMA Coach 6 Studio MV must
analyze all of the frames up to the one of interest.
Table 21 – Video Capture Technique vs. CMA Coach 6 Studio MV for Pane 5 top right MB_T2_S12

Relative Displacement of glass corner relative to frame [in.]
S12_C6.75
S12_C6.25
Video Capture
CMA Coach 6
Studio MV
%

Horizontal
-0.079

Vertical
-0.137

-0.139
76%

-0.209
52%

Horizontal Vertical
0.103
0.211
0.122
19%

0.192
-9%
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Table 22 – Video Capture Technique vs. CMA Coach 6 Studio MV for Pane 6 top left MB_T2_S12

Relative Displacement of glass corner relative to frame [in.]
S12_C6.75
S12_C6.25
Video Capture
CMA Coach 6
Studio MV
%

Horizontal
-0.103

Vertical
0.123

-0.104
1%

0.157
27%

Horizontal Vertical
0.024
-0.139
0.087
261%

-0.139
-0%

Table 23 – Video Capture Technique vs. CMA Coach 6 Studio MV for Pane 5 bottom left MB_T2_S12

Relative Displacement of glass corner relative to frame [in.]
S12_C6.75
S12_C6.25
Video Capture
CMA Coach 6
Studio MV
%

Horizontal
0.135

Vertical
0.149

0.134
-1%

0.169
14%

Horizontal Vertical
-0.050
-0.222
-0.148
196%

-0.246
11%

Table 24 – Video Capture Technique vs. CMA Coach 6 Studio MV for Pane 5 top right MB_T2_S20

Relative Displacement of glass corner relative to frame [in.]
S12_C6.75
S12_C6.25
Video Capture
CMA Coach 6
Studio MV
%

Horizontal
-0.208

Vertical
-0.335

-0.286
37%

-0.430
28%

Horizontal Vertical
0.295
0.394
n/a
n/a

0.286
-27%

Table 25 – Video Capture Technique vs. CMA Coach 6 Studio MV for Pane 6 top left MB_T2_S20

Relative Displacement of glass corner relative to frame [in.]
S12_C6.75
S12_C6.25
Video Capture
CMA Coach 6
Studio MV
%

Horizontal
-0.214

Vertical
0.295

-0.179
-16%

0.304
3%

Horizontal Vertical
0.092
-0.261
0.179
95%

-0.251
-4%
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Table 26 – Video Capture Technique vs. CMA Coach 6 Studio MV for Pane 5 bottom left MB_T2_S20

Relative Displacement of glass corner relative to frame [in.]
S12_C6.75
S12_C6.25
Video Capture
CMA Coach 6
Studio MV
%

Horizontal
0.134

Vertical
0.329

0.222
67%

0.320
-3%

Horizontal Vertical
-0.224
-0.483
-0.237
6%

-0.434
-10%

4.3.2.3) Mockup B Test 2 measurement of glass panes and frame rotations
This section will discuss the measurements taken from the video capture technique to determine
the rotation of the transoms, mullions and glass panes. These quantities are important, because
they are directly related to when SS shear deformation and the glass-to-glass contact limit state.
Thus these values will used to develop coefficients for the kinematic equations for SS failure and
glass-to-glass contact limit states. The kinematic equations will be discussed later in CHAPTER 6)
FORMULATION OF KINEMATIC-BASED EQUATIONS.
The angles of the glass panes and the frames were not measured during the physical specimen
during the racking tests. Since data about the rotations of the glass and frame were not available,
two methods were developed to approximate them using the video capture analysis. Both methods
used the distance command in AutoCAD to measure points along the edges of the glass and frame.
Thus both methods are subjected to human error in selecting measurement points. The first
method was to select the first point at the corner of the glass or frame, and the second point where
the edge of the glass or frame intersects with the edge of the photo image. The main sources of
error for this method are how accurately the images were rotated for the video analysis such that
direction of gravity would be precisely down. The other main issue with this method is that the
distance along the glass or frame is very small. Some of the zoomed in views show about 1 ½” of
glass ½” of the mullion. The second method was to select the first point at the corner of the glass or
frame shown in one photo image from a particular camera location, and the second point at the
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corner of the glass or frame shown in another photo image from another adjacent camera location.
Since this method is measuring along a larger distance, it is not as sensitive to the correction
rotation of the images as the first method. However, it introduces additional sources of error due to
the accruacary of scaling of the images and the in the orientation of X and Y coordinates and the
location of the origin of the images on the AutoCAD block representing the edges of the glass and
frame. As a result of these sources of errors, both of these methods are considered to not be very
percise. However, they will serve as an approximation for determing the rotations of the glass
panes. It is reccomended that future studies should strive to improve the following methods. Figure
103 shows the nomenclature naming system for the SS that were used for recording notes during
the physical testings. This naming system will also be used to identify the edges of the glass and
frame that are being measured.

L1

L2

L4

L5

Figure 103 – Nomenclature naming of structural silicone

This analysis was limited to the images from camera locations L1, L2, L4, and L5. Thus some edges
such as edge 1S3 could not be measured by either method. Other edges such as 1S1 could be
measured by method 1, but not method 2. Table 27 shows the measured rotations of
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MB_T2_S12_C6.75 with clockwise rotation as negative and counter-clockwise rotation as positive.
The list of edges are grouped by the glass pane that they are a part of.
Table 27 – Measured rotations of the glass and frame edges of MB_T2_S12_C6.75

MB_T2_S12_C6.75
1S2 Transom
1S1 Mullion
P1 Average for

Cameras
L4
L4
method 1

Glass
(deg)

Frame
(deg)
-0.83
-1.06
1.05
0.89
0.11

MB_T2_S12_C6.75
2S3 Mullion
2S2 Transom
2S2 Transom
2S2 Transom
2S1 Mullion
P2 Average for
P2 Average for
P2 Average for

Cameras
L4
L4
L4 & L5
L5
L5
method 1
method 2
both

Glass
Frame
(deg)
(deg)
0.70
-0.05
-0.45
-0.40
-0.43
-0.39
-0.40
-0.12
-0.66
-0.63
-0.20
-0.43
-0.25

MB_T2_S12_C6.75
S32 Transom
3S3 Mullion
P3 Average for

Cameras
L5
L5
method 1

Glass
Frame
(deg)
(deg)
-0.60
-0.13
-0.12
-0.36

MB_T2_S12_C6.75
4S4 Transom
4S1 Mullion
4S1 Mullion
4S1 Mullion
4S2 Transom
P4 Average for
P4 Average for
P4 Average for

Cameras
L4
L4
L4 & L1
L1
L1
method 1
method 2
both

Glass
(deg)
-0.37
-0.13
-0.54
-0.43
-0.44
-0.34
-0.54
-0.38

Frame
(deg)
-0.55
-1.72
-0.71
-1.09
-0.42
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MB_T2_S12_C6.75
5S1 Mullion
5S1 Mullion
5S1 Mullion
5S2 Transom
5S2 Transom
5S2 Transom
5S3 Mullion
5S3 Mullion
5S3 Mullion
5S4 Transom
5S4 Transom
5S4 Transom
P5 Average for
P5 Average for
P5 Average for

MB_T2_S12_C6.75
6S4 Transom
6S3 Mullion
6S3 Mullion
6S3 Mullion
6S2 Transom
P6 Average for
P6 Average for
P6 Average for

MB_T2_S12_C6.75
7S4 Transom
7S1 Mullion
P7 Average for

Cameras
L5
L5 & L2
L2
L2
L2 & L1
L1
L1
L1 & L4
L4
L4
L4 & L5
L5
method 1
method 2
both

Glass
Frame
(deg)
(deg)
-0.46
0.19
-0.82
-1.31
-0.28
-0.47
-0.41
-0.09
-0.86
-0.24
-0.58
-0.19
-0.52
-0.32
-0.56
-0.71
-0.07
0.50
-0.40
1.21
-0.80
-0.39
-0.71
-0.11
-0.43
-0.76
-0.54

Cameras
L5
L5
L5 & L2
L2
L2
method 1
method 2
both

Glass
Frame
(deg)
(deg)
0.36
-0.84
-0.31
-0.54
-0.75
-0.89
-0.52
-0.64
-0.37
-0.22
-0.21
-0.75
-0.32

Cameras
L1
L1
method 1

Glass
(deg)

Frame
(deg)
-0.08
-0.54
-0.25
-1.06
-0.17
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MB_T2_S12_C6.75
8S3 Mullion
8S4 Transom
8S4 Transom
8S4 Transom
8S1 Mullion
P8 Average for
P8 Average for
P8 Average for

Cameras
L1
L1
L1 & L2
L2
L2
method 1
method 2
both

Glass
Frame
(deg)
(deg)
-0.23
-0.28
0.03
0.16
-0.26
-0.30
-0.05
-0.07
-0.01
-0.38
-0.06
-0.26
-0.10

MB_T2_S12_C6.75
9S4 Transom
9S3 Mullion
P9 Average for

Cameras
L2
L2
method 1

Glass
Frame
(deg)
(deg)
-0.40
-0.20
-0.38
-0.67
-0.39

The averages for method 1, method 2, and the combination of both method 1 and method 2, which
are shown in Table 27, were then averaged for each row of glass panes as shown in Table 28. These
values confirm that the central row (P4, P5, and P6) rotate more than the other two rows.
Table 28 – Summary and averages of measured rotations of the glass panes of MB_T2_S12_C6.75

P7, P8, P9
P4, P5, P6
P1, P2, P3
P7, P8, P9
P4, P5, P6
P1, P2, P3

Method 1 (deg)
Method 2 (deg) Both (deg)
-0.21
-0.26
-0.10
-0.33
-0.68
-0.41
-0.15
-0.43
-0.25
Method 1 (rad)
Method 2 (rad)
Both (rad)
-0.00362
-0.00454
-0.00179
-0.00570
-0.01193
-0.00721
-0.00263
-0.00754
-0.00432

Table 29 summarizes the averages of the rotations of the frame. Theoretically, the mullion rotations
should be

where bm is the rotation of the mullion, d is the
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drift of the mockup over the distance H, and H is the vertical distance between the boundary
conditions of the test. The values from Table 29 for method 1 are about half of the theoretical
value. This actually seems reasonable, because method 1 is measured at two points that are
relatively close to each other, and the mullion runs continuous through the intersection of the
transoms. The rotation of the mullions at the transoms should be less, as method 1 indicates, since
the internal moment of mullion would reduce its curvature at the intersections. Method 2 could
only be measured for row two, which was -0.01577 rad. This is 14% less than the theoretical value,
which is a pretty good approximation considering all of the potential sources of error previously
discussed for each method.
Table 29 – Summary of averages of measured rotations of the frame of MB_T2_S12_C6.75

MB_T2_S12_C6.75 Mullions
Row 1
Average of 1S1, 2S3, 2S1, 3S3
Row 2
Average of 4S1, 5S3, 5S1, 6S3
Row 3
Average of 7S1, 8S3, 8S1, 9S3

Method 1
(deg)
0.072
-0.510
-0.598

Method 2
(deg)
n/a
-0.904
n/a

Weighted
average
(deg)
n/a
-0.641
n/a

MB_T2_S12_C6.75 Mullions
Row 1
Average of 1S1, 2S3, 2S1, 3S3
Row 2
Average of 4S1, 5S3, 5S1, 6S3
Row 3
Average of 7S1, 8S3, 8S1, 9S3

Method 1
(rad)
0.00125
-0.00891
-0.01044

Method 2
(rad)
n/a
-0.01577
n/a

Weighted
average
(rad)
n/a
-0.01119
n/a

MB_T2_S12_C6.75 Transoms
Panel 1 Average of 1S2, 4S4, 4S2, 7S4
Panel 2 Average of 2S2, 5S4, 5S2, 8S4
Panel 3 Average of 3S2, 6S4, 6S2, 9S4

Method 1
(deg)
-0.644
0.062
-0.345

Method 2
(deg)
n/a
-0.330
n/a

MB_T2_S12_C6.75 Transoms
Panel 1 Average of 1S2, 4S4, 4S2, 7S4
Panel 2 Average of 2S2, 5S4, 5S2, 8S4
Panel 3 Average of 3S2, 6S4, 6S2, 9S4

Method 1
(rad)
-0.01124
0.00107
-0.00602

Method 2
(rad)
n/a
-0.00575
n/a

Weighted
average
(deg)
n/a
-0.077
n/a
Weighted
average
(rad)
n/a
-0.00134
n/a
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The rotations of the transoms are about 1/3 to 1/8 of that of the mullions with the exception for the
panel 1. It would not seem unreasonable to just assume the rotation of the transoms is zero for the
pure-racking boundary condition. This assumption will help to simplify the derivation of the
kinematic equations in CHAPTER 6) FORMULATION OF KINEMATIC-BASED EQUATIONS.

4.3.3) Mockup C Test 1 Observation Notes
The lower index clips between panel 2 and panel 3 failed at step 9 cycle 4.25. The location of the
index clips is approximately mid-height of glass panes 2 and 3. Figure 104 shows the corners of glass
panes 2, 3, 5, and 6 at step 8 cycle 6.25, which is before the index clip failed. At any cycle #.25 the
frame of panel 2 (which is supporting glass pane 2 and 5) is being pulled apart from the frame of
panel 3 (which is supporting glass panes 3 and 6). At any #.75 cycle the mullions of the panels are
butted up against each other and transfer compressive forces (Figure 105).

Glass Pane 5

Glass Pane 6

Glass Pane 2

Glass Pane 3

Figure 104 – MC_T1_S8_L5_C6.25
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Glass Pane 5

Glass Pane 6

Glass Pane 2

Glass Pane 3

Figure 105 – MC_T1_S8_L5_C6.75

Figure 106 shows the same location, but at step 9 cycle 6.25, which is after the index clip failure
occurred. Note that the panels are shown with visible gap between them. Figure 107 shows an
overall view of the mockup at the same step and cycle. The middle index clips located
approximately at the mid-height of glass panes 5 and 6 appears to be still intact.

Glass Pane 5

Glass Pane 6

Glass Pane 2

Glass Pane 3

Figure 106 – MC_T1_S9_L5_C6.25
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No indications of the
mullions are being
pulled apart.

Mullions are being
pulled apart.

Figure 107 – MC_T1_S9_LO_C6.25 overall view of mockup

At step 18 cycle 8.25, the lower index clip between panel 3 and panel 4 ripped out. Figure 108 and
Figure 109 show the behavior at step 18 respectively at cycles 6.25 and 6.75, before the index clips
between panel 3 and 4 ripped out. Figure 110 shows the same location and step, but at cycle 8.25,
which is just as the index clips were ripped out.

Figure 108 – MC_T1_S18_L6_C6.25
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Figure 109 – MC_T1_S18_L6_C6.75

Figure 110 – MC_T1_S18_L6_C8.25

4.3.4) Mockup C Test 2 Observation Notes
In this section the observations noted from the videos of Mockup C during its racking with vertical
slip testing (MB_T2) are discussed. There was some contact between the corners of glass panes 2,
3, 5, and 6. There were no sudden changes in behavior, which indicated SS failure for any of the 24
steps of MB_T2. The transoms do appear to rotate and appear to remain perpendicular to the
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mullion. Previously for Mockup B the transoms appeared to rotate relatively little compare to the
mullion. For both Mockups B and C a “clunking” noise is produced each time the mockup passes
through approximately at its un-deformed shape (C#.00). At the same time, the mullions and
transoms appear to slip vertically suddenly. This effect could be caused by a few things. One
possibility is the interface of the index clips. As the index clips are sliding past each other they could
be getting hung-up on each other.
The noise produced in Mockup C seems to be louder than that of Mockup B. Also the clunking noise
from Mockup C sounds different depending on if the mockup is coming from C#.25 to C#.75 or from
C#.75 to C#.25. A video of the overall view of Mockup C during testing shows that the mockup
forms gaps from the steel angles, which impose the boundary conditions. As the mockup
approximately reaches its un-deformed shape (C#.00), the gap between the steel angles close
suddenly. This could be another possible source for the load clunking noise.
The magnitude of the sudden movement of the panels and the loudness of the noise produced is
more pronounced in Mockup C since this configuration allows the vertical slippage to occur. Though
Mockup B restrained the vertical slip at the top and bottom, some vertical slippage still occurred in
between the restraints.
4.3.4.1) Mockup C Test 2 Discussion of Results
As discussed in Section 4.2) Failure Criteria for the Structural Silicone, the resultant shear was
calculated by both method 1 (Equation 24) and method 2 (Equation 25). Figure 111 to Figure 114
are plots of calculated strain values from the Video Capture Technique. The results of CMA Coach 6
Studio MV will be discussed later. See the legend on the figures and Figure 59 to identify all eight of
the locations. The calculated effective shear strain from each method is presented in Figure 111 and
Figure 112 for cycle 6.25, and presented in Figure 113 and Figure 114 for cycle 6.75.
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Figure 111 – Calculated SS strain vs. displacement of Mockup C Test 2 Cycle 6.25 (Method 1)

Figure 112 – Calculated SS strain vs. displacement of Mockup C Test 2 Cycle 6.25 (Method 2)
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Figure 113 – Calculated SS strain vs. displacement of Mockup C Test 2 Cycle 6.75 (Method 1)

Figure 114 – Calculated SS strain vs. displacement of Mockup C Test 2 Cycle 6.75 (Method 2)
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The data points shown in Figure 111 to Figure 114 generally show a linear trend. One exception
occurs at step 12 for the calculated strain at P5 top-right and P6 top-left. These two locations are
seen by the same camera. Steps 11, 13, and 14 were then analyzed for only those two locations to
isolate where the deviation from the linear trend occurs. The data from those addition steps does
fit well with the linear trend of the remaining data if step 12 is ignored. This suggests that either an
error was made in calculating the strain values at step 12 or an unusual event occurred during step
12, which did not have much influence of the rest of the steps. The calculation of the strain values
for this step and other steps were double checked for accuracy. Thus the deviation may have been
caused by a malfunction or calibration issue of the MTS actuator and displacement sensors of the
sliding tubes.
Figure 111 to Figure 114 also show that the calculated strains are greater at a negative drift (C6.75)
then at a positive drift of the mockup (C6.25). To quantify this difference, the calculated strains for
each step were averaged and plotted in Figure 115 and Figure 116 to compare the difference
between the two cycles and the two calculation methods. Figure 116 is a repeat of Figure 115
except the data for step 24 was excluded, to show that the data for step 24 is only slightly non-linear
from the other data points.
The data points fit the linear plotted trend lines with the exception of those at step 12 which may be
a result of the unusually low values of P5 top-right and P6 top-left as previously discussed. The
linear trend lines do not intercept at the 0”, 0% origin. Figure 116 indicates that the x-axis-intercept
is about 1/16” from the C6.25 data and 3/16” from the C6.75 data. Figure 115 shows slightly
different values, but this comparison is focused on Figure 116, because the influence of step 24 may
be misleading due to it becoming slightly non-linear.
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Figure 115 – Plot of average calculated SS strains for cycle 6.25 compared to cycle 6.75 vs. displacement of
Mockup C during Test 2

Figure 116 – Plot of average calculated SS strains for cycle 6.25 compared to cycle 6.75 vs. displacement of
Mockup C during Test 2 (Step 24 data points excluded for better linear fit)
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This implies that the mockup must be displaced about +1/16” or -3/16” before the SS sees any
deformation. This could be a result of flexibilities in the connection of the testing apparatus to the
mockup. In addition, the mockup itself may have some flexibility, which allows for the transoms and
mullions to deform without any significant strains of the SS.
Figure 117 shows the maximum values of the calculated strains for each step. It is more important
to consider the maximum values than the averages, since the first failure of the SS will most likely
occur at the location of maximum strain. The maximum values for each series were not always at
the same location as shown in Table 30.

Figure 117 – Plot of maximum calculated SS strains for cycle 6.25 compared to cycle 6.75 vs. displacement of
Mockup C during Test 2
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Table 30 – Location and values of maximum calculated strain for Mockup C Test 2

Step
4
8
12
16
20
24

Max Values for C6.25
Location
SQRT Linear
P5 Bottom Left
22%
31%
P5 Bottom Right
46%
61%
P5 Bottom Right
60%
80%
P5 Bottom Right
81% 109%
P5 Bottom Right
112% 147%
P5 Bottom Right
141% 192%

Max Values for C6.75
Location
SQRT
P5 Bottom Right
31%
P5 Top Right
65%
P5 Bottom Right
88%
P5 Top Right
145%
P5 Top Right
173%
P5 Top Right
198%

Linear
41%
89%
119%
204%
240%
270%

4.4) Comparisons of Mockup B Test 2 to Mockup C Test 2
The following are the main observed differences between the two mockups during test 2. Mockup B
became very nonlinear at step 21 which indicates a large amount of SS failure. Mockup B had a
fallout of the entire glass pane 5 during step 24. Mockup C remained very linear for all 24 steps.
This suggests that any SS damage would have been minimal if any. Figure 118 shows the average
calculated strain values of both mockups for steps up to and including step 20. The R2 values for
each trend line are shown to indicate that the data is very linear. Note that the R2 values for
mockup C are slightly higher thus more linear then mockup B.
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Figure 118 – Plot of average calculated SS strains for MB_T2 and MC_T2 from method 2

Figure 119 shows the maximum calculated strain values for steps up to and including step 20 for
mockup B and step 24 for mockup C. The R2 values show that the maximum values also behavior
linearly, but not as much as the averages do.

Figure 119 – Plot of maximum calculated SS strains for MB_T2 and MC_T2 from method 2

Figure 118 and Figure 119 both show similar trends for MB_T2_C6.25, MB_T2_C6.75, and
MB_T2_C6.75. The trend for MC_T2_C6.25 is linear, but quite different from the other three. This
implies that the allowance of the vertical slip for mockup C is only having an effect on the strains of
the SS for cycle 6.25 and not cycle 6.75. This may be a result of the unusual boundary condition that
is created with the re-entrant corner condition and the interaction of the bottom of the re-entrant
corner panel with the guidance channel of the testing facility.
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Figure 120 – Plot of average calculated SS strains for MB_T2 and MC_T2 from method 1

Figure 121 – Plot of maximum calculated SS strains for MB_T2 and MC_T2 from method 1
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4.5) Discussion, Conclusions, and Recommendations for Video Analysis of
Glazing Curtain Wall Systems
The video analysis was useful to confirm the assumed movements of the glass relative to the frame.
The effective shear strain was successfully calculated from the displacements measured from the
video analysis. SS failure was first noted for MB_T2 at step 1s. At this step the calculated effective
shear strain by method 1 was 173% and by method 2 was 130%. Since the ultimate shear strain of
the SS is around 200%, it seems that the video analysis supports the use of method 1 over method 2.
The first technique (screen capture) was the preferred technique since, the user selected the exact
frames desired and could select the target points for measurements. The drawback to this
technique is that the accuracy of the results depends upon user’s ability to be precise in capture
images, importing them, rotating, scaling, stretching, and selection of the target points. All of these
steps were repeated for about 150 images for MB_T2 and MC_T2. The second technique (point
tracking with CMA Coach 6) offers advantages of quickly analyzing frames and having a convenience
feature to export data to Microsoft Excel for further post-processing. The accuracy of the results
depends on only the scaling defined and the ability for the tracking points to stay on target. The
results between the two techniques between the two methods did show percent differences
ranging from 1% to 261%. A cause for the extreme percent differences may have been due to
divergence of the tracking points for some targets. It is recommended that for future testing of
glazing curtain wall systems that a target is attached to the frame such that it is visible to the camera.
A target could be achieved by taping a piece of white cardboard to the back side of the mullion and
transom intersection, such that at least a 2" by 2" square with a black dot in the center is visible to the
camera. This would improve the results of both techniques and eliminate some of the difficulties of
the screen capture technique.

The video capture technique was also useful in determining the rotation of the glass panes and the
frame. These results will be compared to that of the FEM. The calculated values of rotation of the
glass from the video analysis and FEM will be used to develop the coefficient cangle in CHAPTER 6)
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FORMULATION OF KINEMATIC-BASED EQUATIONS. Once the point tracking technique is further
investigated and produces similar translations results to the video capture technique, it is
recommended to determine the rotation of the glass by method 1 (analysis of individual camera
locations) and method 2 (analysis of 2 adjacent camera locations). The point tracking technique
would eliminate some of the sources of human error (location and rotation of the images) from the
video capture technique for determining glass and frame rotation.
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CHAPTER 5) FINITE ELEMENT MODELING USING SAP2000
The computer software program SAP2000 (CSI 2010) was used to develop the FEM. This software
was chosen because it has the needed finite elements in its library and it is a popular analysis
program among practicing structural engineers. The purpose of developing a FEM technique is to
provide a practical technique such that it will be of use to practicing structural engineers involved in
glazing systems design. The next section will present the development of the modeling technique
through FEM of mockups. The following sections will discuss the details of the mockup of this
research study, the selection of element types, input values, and then the results from the FEM.
Afterwards the FEM results will be compared to the results of the load vs. displacement data from
the physical testing and the movement of the glass pane corners relative to the frame from the
video analysis.

5.1) Development of outline of FEM technique and comparison to
experimental data of previous research for glazing curtain wall systems
This section presents the development of the modeling technique through FEM of mockups from
previous research and makes comparisons to the experimental data reported. The use of frame,
area, solid, and link elements were studied, verified with simple models, and then incorporated into
the overall FEM of glazing curtain wall systems.
Due to the complexity of a glazing curtain wall system, the FEM was put together in stages. First the
individual elements were modeled exclusively, followed by portions of the system, and finally the
entire system. The following is an outline of the steps that were taken:

1. Model only a small strip of the structural silicone as a solid element and then as numerous
link elements.
a. Verify that the element is working according to the kinematic behavior provided and
described in existing literature.
2. Model a single glass pane with aluminum mullions, transoms, and structural silicone.
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a. Verify the output behavior with approximated kinematic behavior.
3. Model the 2SSG mockup of Memari et al. (2006b) (Figure 3) and verify the results.
a. Figure 122 shows a SAP2000 model of the 2SSG mockup. The base of each vertical
mullion is restrained in the X (horizontal) and Z (vertical) directions. The top of each
vertical mullion has a displacement equally applied. The figure shows a 1”
displacement. Other load cases included displacements of 2”, 3”, and 4”.
b. Figure 123 shows a detail elevation of the top of a vertical mullion. The darker lines
represent the aluminum beam elements for the vertical mullion and horizontal
transoms. The lighter lines are the edges of the shell elements that represent the
glass. The springs connecting the aluminum beam elements and the shell area
elements are representing the structural sealant as a multi-linear elastic link.

See Figure 123

Figure 122 – Deformed shape of developed FEM of the 2SSG mockup previously tested by Memari (2006b)

150

Aluminum

Aluminum
Structural Sealant

Glass Pane

Glass
Pane

Figure 123 – Close up of deformed shape of developed FEM of the 2SSG previously tested by Memari
(2006b)

c. Figure 124 shows the physical test results compared to three FEMs. Several
parameters have been modeled, but the only one presented here is the glass
thickness.
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Figure 124 – Comparison of test results from Memari (2006b) to FEM

The plot in Figure 124 shows the FEM is a good approximation of the actual behavior. It also shows
that unknown parameters (e.g., glass thickness, mullion properties, SS properties, etc.) can be
adjusted and the effects on the overall system behavior may be compared. If there is only one
unknown parameter, then this may be a sufficient method to determine its value. However, if more
than one unknown parameter exists, then more information will be needed. This process resembles
that of solving a set of simultaneous equations for the unknowns. To simplify this process, a
parameter may be assumed as a constant value if comparisons show that the parameter has little
influence.
4. Model the 4SSG system of Memari et al. (2011b) (Figure 4) and verify the results.
a. Figure 125 shows a SAP2000 model of the 2SSG mockup. The base of each vertical
mullion is restrained in the X (horizontal) and Z (vertical) direction. The top of each
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vertical mullion has a displacement equally applied. The figure shows a 1”
displacement. Other load cases included displacements of 2”, 3”, and 4”.
b. Figure 126 shows a detail elevation of a typical intersection of a vertical mullion with
a horizontal transom. The darker lines represent the aluminum beam elements for
the vertical mullion and horizontal transoms. The lighter lines are the edges of the
shell elements that represent the glass. The springs connecting the aluminum beam
elements and the shell area elements are representing the structural sealant as a
multi-linear elastic link.
c. Figure 127 shows the physical test results compared to three FEMs. Several
parameters have been modeled, but the only one presented here is the rotational
stiffness of the horizontal transom connection to the vertical mullion. The plot in
Figure 127 shows the developed FEM is a good approximation of the actual
behavior. It also shows the comparison of another parameter, the rotational rigidity
of the transom connection to the mullion.
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See Figure
126

Figure 125 – Deformed shape of developed FEM of the 4SSG mockup previously tested by Memari (2011b)
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Glass Pane

Glass Pane

Aluminum

Structural
Glass Pane

Aluminum
Glass Pane

Figure 126 – 4SSG FEM model of Memari (2011b) close up showing link elements representing sealant

Figure 127 – Comparison of test results from Memari et al. (2011b) to FEM
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5.2) Development outline of FEM technique for the mockup of this research
study
This section presents the development of the modeling technique through FEM of the 4SSG mockup
of this research study. The use of frame, area, and link elements were studied, verified with simple
models, and then incorporated into the overall FEM. This section only provides an overview of the
steps that were taken. The selection of element types and techniques are discussed with greater
detail in later sections.
Due to the complexity of the 4SSG glazing curtain wall system, the FEM was put together in stages.
First the individual elements were modeled exclusively, followed by portions of the system, and
finally the entire system. The following is an outline of the steps that were taken:

1. Model only one curtain wall panel from the mockup design for this research study. This
panel consists of three glass panes (Figure 128). Only the stick-built support condition will
be modeled.
a. Verify the stiffness of the system is reasonably compared to Memari et al. (2011b).
In this context, stiffness refers to the required applied load to achieve a lateral
displacement (Figure 127). The stiffness should differ between the models because
of the different mockup properties such as geometry, size, mullion cross section, SS
properties, SS size, etc. In addition, the stiffness of this model should be about a
third of a model that features 3 panels.
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Figure 128 – Elevation view of a panel of a 4SSG curtain wall system (recreated from drawing provided by
Bagatelos Architectural Glass Systems Inc.)

2. Model three curtain wall panels from the mockup design for this research study. Each panel
has three glass panes that are in the plane of the racking (Figure 129). This mockup is made
up of three panels exactly like the one shown in Figure 128. So the vertical mullions are all
continuous, but the horizontal transoms are not. The transoms may be modeled as having a
pin connection or parity fixity if possible to approximate it. The three panels interlock with
another using index clips (Figure 42).f
a. First model a stick-built support condition (Figure 30).
a. Verify the stiffness of the system is reasonably compared to Memari et al.
(2011b) (Figure 127).
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b. Verify the stiffness of the system is reasonably close to the hysteresis data
from the physical testing.
c. Modify as needed
b. Model the stick-built with vertical slip support condition (Figure 26).
a. Verify the stiffness of the system is reasonably close to the hysteresis data
from the physical testing.
b. Modify as needed

13’-6”

11’

Figure 129 – Elevation view of three panels of a 4SSG curtain wall system (recreated from drawing provided
by Bagatelos Architectural Glass Systems Inc.)
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3. Model the entire 4SSG system of the mockup design for this research study. It consists of
three planar panels and one perpendicular panel creating a corner condition (Figure 17 and
Figure 18).
a. Model the unitized sway support condition (Figure 24).
a. Verify the stiffness of the system with the hysteresis data from the physical
testing.
b. Verify the movement of the glass pane corners relative to the frame from
the video analysis.
c. Modify as needed
b. Model the stick-built support condition (Figure 30).
a. Verify the stiffness of the system with the hysteresis data from the physical
testing.
b. Verify the movement of the glass pane corners relative to the frame from
the video analysis.
c. Modify as needed
d. Compare results to see if they are reasonably related to the previous model
without the re-entrant corner.
c. Model the stick-built with vertical slip support condition (Figure 26).
a. Verify the stiffness of the system with the hysteresis data from the physical
testing.
b. Verify the movement of the glass pane corners relative to the frame from
the video analysis.
c. Modify as needed
d. Compare results to see if they are reasonably related to the previous model
without the re-entrant corner.
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Figure 130 – Elevation view of three panels and a perpendicular panel of a 4SSG curtain wall system
(recreated from drawing provided by Bagatelos Architectural Glass Systems Inc.)

Figure 131 – Plan view of three panels and a perpendicular panel of a 4SSG curtain wall system (recreated
from drawing provided by Bagatelos Architectural Glass Systems Inc.)

The following parameters were varied to understand their effects:


Assigning partial fixity connections of the aluminum transoms to the mullions



If structural sealant is modeled as links, then the rotational stiffness of the links could be
none, partial, or fixed
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Varying the stiffness of the aluminum, glass, and/or structural silicone



Incorporating the resistance of a weather-seal sealant

A 2D model is sufficient when the SS are link elements and all the panels are in plane with the
racking. Otherwise, a 3D model is needed if the SS are solid object and/or the re-entrant corner is
included. Both a 2D and 3D model allow for the elements to be offset in the out-of-plane direction
for better representation of overall behavior. For example the plane of the glass elements should
be offset from the plane of the aluminum elements by about half the mullion or transom depth.

Data Recorded from each FEM:


Applied load



Horizontal, vertical, and out-of-plane displacement and rotation at the frame corner where
the load is applied



Horizontal, vertical, and out-of-plane displacement and rotation at the glass corner closest
to where the load is applied



Deformation and shear load or shear stress of the structural silicone at its most critical
locations

5.3) Selection of FEM element type to represent the structural silicone and
the conversions of SS material data to input values for SAP2000
This section goes into detail about the reasoning for the selecting specific element types, input
values, and sample calculations of converting structural silicone (SS) material data into input values.
This section will first discuss the input for the shell element representing the SS. It will then briefly
discuss input that was developed for the alternative of using a link element to represent the SS.
Then the input will be discussed for the frame elements representing aluminum transoms and
mullions. Finally the input for the shell element representing the glass is discussed.
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5.3.1) Material properties of the Structural Silicone DOW-983 SGS
The Poisson ratio, u, of the SS is assumed to be 0.495 because of its similarities to rubber, which
also has a high Poisson ratio. Figure 132 shows the stress-strain data for the specific type of
structural silicone (SS), DOW-983 SGS, which was used for the mockup of this research. Five plots
are of tension data (ASTM C 1135) and three plots are of shear data (AC45). Each line is labeled with
a number to indicate the type of curing that specimen experienced prior to testing. The number is
then followed by a “T” to indicate a tension test or a “S” to indicate a shear test. The interest of this
research is not concerned about the effects of curing on the performance of the SS. The plots
labeled “21T” and “21S” represent specimens that received a 21 day cure. They were selected to
represent the material data of the FEM, because the SS of the physical mockup was applied in the
manufactory environment and thus received a standard of care which would include a normal 21
day cure. The plots in Figure 132 are difficult to read so the key values were recorded in Table 31
and re-plotted in Figure 133.

Figure 132 – Tension and Shear data for the structural silicone of the mockup of this research (Memari et al.
(2011c))
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Table 31 – Key values of tension and shear values of stress-strain read off of plot

Tension

Strain (%)

Stress
(psi)

0

0

Stress @ 10% Strain

10

Stress @ 25% Strain

25

Stress @ 50% Strain

50

Stress @ 100% Strain

100

peak

106

failure

116

last value

116

40
68
100
160
167
167
40

Shear

Strain (%)

Stress
(psi)

0

0

Stress @ 10% Strain

10

Stress @ 25% Strain

25

8
20
35
66
107
137
137
4

Stress @ 50% Strain

50

Stress @ 100% Strain

100

Stress @ 150% Strain

150

peak

190

failure

200

last value

202

Figure 133 – Re-plot of the Tension and Shear data for the structural silicone of the mockup of this research
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Figure 133 shows that the tension modulus of elasticity, E, is very non-linear. The initial E value
from the data is about 400 psi. However, the same sealant type, DOW-983 SGS was described in
one conference paper as having a E of 358psi (Broker et al. 2011) and in another conference paper
as having an E of 486psi (Memari et al. 2011c). The shear modulus of elasticity, G, is very linear up
to the point of ultimate failure. The shear data (Figure 133) of DOW-983 SGS shows that G=71psi
and this is also reported in Broker et al. (2011) and Memari et al. (2011c).
The known data of the SS was first converted into values that can be inputted into the FEM.
Typically, the data obtained from tension tests (ASTM C1135) and shear tests (ASTM C961 or ICBO
AC45) presents plots of strain [%] vs. stress [psi]. The interface of SAP2000 requires slightly different
input depending on the exact type of element to be used.
5.3.2) Area Element:
The area element has stiffness in various directions such as flexure, shear, and axially. The type of
area element (membrane, plate, shell, etc.) determines if deformation of the element occurs in
specific directions. In addition, coefficients called “Property Modifiers” may be used to alter the
stiffness in specific directions. The following will discuss each of the specific directions and identify
which represent the shear deformations of the SS. Figure 6 shows the orientation of the SS along
the transom and Figure 7 shows the location and direction of the transverse shear and longitudinal
shear. Figure 134 to Figure 137 show the same segment of SS in comparison to the orientation and
behavior of the FEM area element. The area element is drawn based on its thickness as shown in
Figure 134 and the width of the SS is input as a property of the element.
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3
Thickness
(drawn)

glass

2

Width
(input)

1
Surface in contact
with transom
Length (drawn)
Figure 134 – 3D representation segment of SS along a horizontal transom

The axial forces f11 and f22 and shear force f12 of the area element are shown in Figure 135. If the
area element is defined as the type “membrane”, then the element will only deform due to the
forces shown in Figure 135. If a force is applied in another direction, then the element will transfer
the force if its boundary condition will allow it, but the force will not cause deformation.
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f11

f12

f11

f22
Figure 135 – Forces of a SAP2000 membrane element

Figure 136 shows the bending forces m11, m22, and m12 and Figure 137 shear forces v13 and v23 of an
area element. If the area element is defined as the type “plate - thin” then the element will only
deform due to the forces shown in Figure 136. If the area element is defined as the type “plate thick”, then the element will only deform due to the forces shown in Figure 136 and Figure 137. If a
force is applied in another direction, then the element will transfer the force if its boundary
condition will allow it, but the force will not cause deformation.

m11

m12
m22

Figure 136 – Bending forces of a SAP2000 plate element

m11
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v13
v23

v13
Figure 137 – Shear forces of a SAP2000 plate element

If the area element is defined as “shell-thin”, then this element combines the behavior of a
“membrane” element and a “plate-thick” element. Thus the forces shown in Figure 135 and Figure
136 will cause deformation, but not the forces shown in Figure 137. If the area element is defined
as “shell-thick”. This means that it combines the behavior of a “membrane” element and a “platethick” element. Thus the forces shown in Figure 135 to Figure 137 will cause deformation.
Comparison of Figure 7, Figure 135, Figure 137 shows that the longitudinal shear is represented by
membrane shear f12 and transverse shear is represented by plate shear v23. Thus the only area
element type discussed so far that will properly deform is the type shell-thick.
5.3.3) Area Element: Shell-thick
Materials are defined in SAP2000 separately from area elements. A material must have linear
properties assigned and the input for non-linear behavior is optional. Every area element in
SAP2000 must have a material property assigned to it. All of the area elements discussed so far
calculate the stiffness based on linear properties, regardless of any non-linear data that is inputted.
A non-linear area element will be discussed in the next section.
The physical properties of SS is classified as isotropic, thus it makes sense to define the FEM material
for the SS as isotropic as well. The shear behavior of the area element with an isotropic material is
calculated by SAP2000 from the value of E using Equation 30.
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(30)

Figure 133 shows that the SS does not behavior linearly in tension, but its shear behavior can be
approximated linearly. The primary deformation of the SS under the AAMA 501.6 testing is
transverse shear and longitudinal shear. Thus it is more important to have the shear behavior
correct rather than the tension behavior. It was considered appropriate to calculate an effective
modulus of elasticity, Eeffective, which would lead to SAP2000 to calculate the correction value of the
shear modulus of elasticity, G =71 psi. Eeffective was calculated using Equation 31 which is simply
Equation 30 rearranged.
(31)
The main drawback to modeling the SS with the shell-thick element is that only the linear material
data can be used. Since the shear behavior is linear, the user must check the shear strains of the SS
elements to ensure that the maximum shear strain of 190% has not been exceeded. If the shear
behavior was modeled as non-linear, then sudden loss of stiffness (Figure 133) of the SS could be
defined. The user would clearly know that at least one of the area elements representing the SS had
reached the ultimate shear strain limit, because the FEM will become unstable or at least show a
noticeable re-distribution of stress.
5.3.4) Property Modifiers of area elements
Property modifiers are coefficients that are multiplied with the gross stiffness to obtain the effective
stiffness. For an area element there are a total of eight property modifiers, one for each of the
deformation directions shown in Figure 135 to Figure 137. The following is a simple example of how
the property modifier values were determined for the FEM of the 4SSG curtain wall system. The
material representing the SS was set to “other” since the other choices (Steel, Concrete, Aluminum,
ColdFormed, Rebar, and Tendon) did not seem appropriate. The calculation of the effective shear
stiffness is shown as Equation 32 for an area element of material type “concrete” or “other”. This is
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based on the classic equation for shear stiffness of a concrete where the shear area is taken as the
gross shear area divided by a 1.2 factor.

SAP2000: Shear stiffness is

(32)

It does not seem necessary for the shear stiffness of the SS to include this 1.2 factor. The 1.2 factor
is internal calculation of SAP2000 which cannot be changed. If the material property was changed
to “Steel” this 1.2 factor would not exist. However, material property was left as “other” and the
1.2 factor was counteracted with a property modifier. This was achieved by modeling a coupon of
the SS with dimensions thickness = joint width = length = 1”. The theoretical shear stiffness would
be according to Equation 32 without the 1.2 factor.

Theoretical: Shear stiffness is

So the theoretical model should displace 1” when a 119.7lb load is applied to it in shear. It is
important to test the element for both transverse shear and longitudinal shear, which theoretically
should have the same stiffness. A “shell-thick” element is selected, because it combines membrane
shear (Figure 135) to represent the longitudinal shear and plate shear (Figure 137) to represent the
transverse shear. However, this element also incorporates deformation due to plate bending
(Figure 136) which is not incorporated into Equation 32. The deformation due to plate bending can
be mitigated by changing the property modifier for plate bending, m22, from 1 to 1e6. Without
changing any of the other property modifiers the results from SAP2000 is 1.2001” due to transverse
shear and 0.9091” due to longitudinal shear. Notice that transverse shear is approximately the
same as the 1” theoretical times the 1.2 factor from Equation 32 used by SAP2000. Thus changing
the property modifier for plate shear, v23 from 1 to 1.2 will lead to SAP2000 resulting in the 1”
theoretical displacement in transverse shear. However, this is not also the case for the longitudinal
shear, which implies that a slightly different factor such as 0.9 instead of 1.2. Alternatively, another
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coefficient such as 0.75 could be incorporated which would result in 0.75*1.2=0.9. To achieve the
theoretical solution with SAP2000, the property modifier for membrane shear (f12) is changed from 1
to 0.9091. Table 32 summarizes the property modifiers determined for the shell elements. The
modifiers m11 & m22 and the modifiers v13 & v23 swap due to the rotation orientation of the elements
along the mullion and transoms. The FEM of entire 4SSG curtain wall system of this research with
these property modifiers was 4.2% less stiff than the FEM with these property modifiers all set to 1.
Table 32 –Property modifiers assigned to the area elements representing the SS

Membrane f11
Membrane f22
Membrane Shear f12
Plate Bending m11
Plate Bending m22
Plate Bending m12
Plate Shear v13
Plate Shear v23

SS along
Mullion
1
1
0.9091
1
1
1
1.2
1

SS along
Transom
1
1
0.9091
1
1
1
1
1.2

5.3.5) Area Element: Shell – Layered/Nonlinear
SAP2000 does offer non-linear behavior with area elements through the type “Shell –
Layered/Nonlinear”. The advantage of a non-linear area element is that the tension data may be
properly modeled. Though the SS of panels 1, 2, and 3 are not expected to experience significant
tension, the SS of panel 4 could possibly be deformed along the tension-compression direction. The
advantage to modeling the shear behavior as non-linear is that the sudden loss of stiffness (Figure
133) of the SS could be defined. This would cause the FEM to become unstable or at least show a
noticeable re-distribution of stresses when the area elements representing the SS reach the ultimate
shear strain limit. This serves as a clear sign to the user that the SS has failed. Otherwise, with a
linear area element, the user must check the shear strains of the SS elements to ensure that the
maximum shear strain of 190% has not been exceeded.
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The non-linear behavior of the area element type Shell-Layered/Nonlinear was investigated to
confirm that the advantages listed above could be utilized in the FEM of the 4SSG curtain wall
system. However, the non-linear behavior of the element can only be activated for the S11, S22,
and S12 direction. The longitudinal shear is represented by the S12 direction (Figure 135), but the
transverse shear is represented by the S23 direction (Figure 137). Since the failure of the SS will be
due to a combination of longitudinal shear and transverse shear, it does not make sense to model
one as non-linear and the other as linear. The area element type Shell-Layered/Nonlinear was
investigated to determine if it could model the shear behavior as the area element type Shell-thick
did and also the non-linear tension behavior. The element was set to be non-linear for directions
S11 and S22, while linear in direction S12. The linear value of E of the material representing the SS
was inputted by the value calculated from Equation 31. The non-linear values of E were defined
based on the tension data as shown in Table 31 and reproduced here as Table 33.
Table 33 –Tension Data from Memari et al. (2011c) and non-linear input for SAP2000 area elements

Tension

Strain

Stress
(psi)

Stress @ 10% Strain

0.100
0.250
0.500
1.000
1.060
1.160
1.161

40
68
100
160
167
167
40

Stress @ 25% Strain
Stress @ 50% Strain
Stress @ 100% Strain
peak
failure
last value

The same simple FEM from Section 5.3.4) Property Modifiers of area elements, of a coupon of
dimensions: thickness = joint width = length = 1”, was then analyzed. The results indicated that S12
(representing longitudinal shear) behaved exactly the same between the area element type ShellLayered/Nonlinear and the area element type Shell-Thick. However, the Shell-Layered/Nonlinear
type calculates the S23 (representing transverse shear) with a ½ factor. Further trials revealed that
the property modifiers did not have an effect on the “Shell-Layered/Nonlinear” element. Thus the
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stiffness of the S23 direction could not be changed independently of the stiffness of the S12
direction. In conclusion, this element is not a good selection for an isotropic material. If the
material was changed from isotropic to orthotropic, then the material would be defined based on
three sets of E and G with each set representing each of the three principle directions. The values of
E and G for a particular direction could be double in one direction to counteract the ½ factor.
However, this may not be the correct element type to counteract the ½ factor either. What is
certain is that the FEM will be more complicated, which likely will result in a longer run time for the
analysis and increases the possibility for user error. This model has not been tested and is not
recommended due to these issues.
The drawbacks of the area element type Shell – Layered/Nonlinear make it a poor choice for the
FEM of the 4SSG of this research. The simplest suitable area type would be the “shell-thick”
element which has input of E, u, and thickness. The value of E would be as defined by Equation 31,
u is assumed to be 0.495, and the thickness will 9/16”, which actually represents what has been
defined in Chapter 2 as the SS joint width or bite (Figure 6).
5.3.6) Link Element representing SS
The other SAP2000 element, a link, which could represent the SS in the FEM, has a few suitable
types. A linear link has input of only translation stiffness [lb/in] and rotation stiffness [lb-in/rad]. A
multi-linear-elastic link has input of force [lb] vs. displacement [in] for each translation direction and
input of moment [lb-in] vs. rotation [rad] for each rotational direction. The simplest way to present
the conversion of material data into input for a link element is first to show the steps to obtain the
input for the multi-linear-elastic link. For the SS along the horizontal transoms the thickness is 5/16”
and the width is 9/16”. For the SS along the vertical mullions both the thickness and width are
9/16”. The shear displacement is equal to the shear strain times the thickness. The ultimate shear
strain for the SS is 195% (Table 31) then the ultimate displacement is 1.9*5/16”=0.59” for the SS
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along the horizontal transoms and 1.9*9/16”=1.07” for the SS along the vertical mullions. The shear
force is equal to the shear stress times the shear area. The ultimate shear stress is 135 psi (Table
31). The shear area is the width times the spacing of the links chosen to represent the SS in the
FEM. A 2” spacing would thus calculate a shear force of 135 psi*9/16”*2”= 152 lb. Dividing the
shear force by the shear displacement calculates the shear stiffness which may serve as input for the
linear link. Thus the stiffness is 152 lb / 0.61”=256 lb/in for the SS along the horizontal transoms and
152 lb/1.10”=142lb/in for the SS along the vertical mullions. These values may also have been
calculated directly from knowing the shear modulus.

Shear stiffness along transom is

Shear stiffness along mullion is

⁄
⁄

⁄

⁄

⁄

⁄

The calculation of the tension stiffness of the SS is similar to that of shear.

Tension stiffness along transom is

Tension stiffness along mullion is

⁄
⁄

⁄
⁄

Since the SS behavior is non-linear due to tension (Figure 133), the values shown in Table 31 were
used instead of a single value of E. The results of the calculations of the input are shown in Table 34.
Since there is more than one input value for the tension properties, a linear link cannot be used.
Instead a MulitiLinear link is used with the U1 direction activated with the Non-linear option on and
the properties defined with the results shown in Table 34. Also, the U2 and U3 directions are
activated and the stiffness property is inputted as shear stiffness previously calculated.
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Table 34 –Tension Data from Memari et al. (2011c) and the tension input for SAP2000 link elements

Tension
Stress @ 10%
Strain
Stress @ 25%
Strain
Stress @ 50%
Strain
Stress @ 100%
Strain
peak
failure
last value

½” spacing of links
Links along the mullion
Links along the transom
Displacement
Force
Displacement
Force
[in]
[lb]
[in]
[lb]

Strain

Stress
(psi)

0.10

40

0.056

11.250

0.031

11.250

0.25

68

0.141

19.125

0.078

19.125

0.50

100

0.281

28.125

0.156

28.125

1.00
1.06
1.16
1.161

160
167
167
40

0.563
0.596
0.653
0.653

45.000
46.875
46.875
11.250

0.313
0.331
0.363
0.363

45.000
46.875
46.875
11.250

The rotational stiffness for the multi-linear link was then investigated. A FEM of a small coupon of
the SS suggested that the rotational stiffness should be 87 lb-in/rad for the SS along the horizontal
transoms and 47 lb-in/rad for the SS along the vertical mullions. A linear behavior of the rotation
stiffness to the shear stiffness was assumed. The results of the FEMs of the SS coupon along the
mullion and the SS coupon along the transom were then compared to determine a coefficient for
the linear relationship.

SS along the horizontal transoms

SS along the vertical mullions

Based on the average of the proportions above, the rotational stiffness was then approximated as
0.096 * the shear stiffness. This relationship was then incorporated into the FEM of the entire 4SSG
curtain wall system of this research, and the effect was much less than 1%. In conclusion the effect
of the rotation stiffness was considered negligible in the entire FEM of the entire 4SSG curtain wall
system.
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5.4) Selection of FEM element type to represent the glass pane
The glass panes for the mockup of this research are a 1” IGU which is made up of a ¼” glass pane, ½”
air space, and another ¼” glass pane. The FEM discussed in Memari et al. (2011a) modeled the glass
as an area element type shell with properties of E = 10,400 ksi (72,000,000 kPa) and Poisson ratio of
0.25. The glass was also modeled as a shell element for the FEMs discussed in Section 5.1 and 5.2
about the development of the FEM technique. From these models it was noted that the
deformation of the glass was minimal and that changing the value of E by 1 or 2 orders of magnitude
did not significantly affect the overall stiffness of glazing curtain FEM. Thus the shell element is
behaving closely to that of a rigid membrane.

The SAP2000 library offers several constraint types which are applied to nodes of the FEM. The
“diaphragm” constraint may be defined and assigned to any set of nodes. A Diaphragm Constraint
causes all of its constrained joints to move together as a planar diaphragm that is rigid against
membrane (in-plane) deformation. The result is that the nodes with the diaphragm constraint
assigned to them would then behavior as if they were connected with a rigid plate. Each node
rotates the same amount about the defined axis (X, Y, or Z). The translation in plane perpendicular
to the rotation axis of each node is the same plus an addition translation component caused
explicitly from the rotation of the nodes about the geometric center of the set of nodes.

The shell element in several of the models was deleted and the diaphragm constraint was applied to
nodes that the shell element had previously shared with other elements. The difference in the
required applied load for a 2” displacement of the mockup was less than 4%, so the diaphragm
constraint was considered an equally valid technique for modeling the glass. The main advantage to
using the diaphragm constraint is that it does not use a mesh. This eliminates the step of
determining a mesh size and checking the mesh for compatibility with surrounding elements. In
addition, viewing the post-analysis results is easier, since the lines of the mesh are not present to
clutter up the view of the FEM. The disadvantage is that the diaphragm constraint does not show
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the transfer of forces, and thus stress distributions as does the shell element. However, this is
significant concern for this research, because the focus is on the failure of the SS and the glass is
assumed to not fail. The glass was primarily modeled as a diaphragm constraint and was
occasionally model as a shell element to check that both give similar results.

5.5) Selection of FEM element type to represent the aluminum frame
The first choice for the aluminum frame was a frame element. The FEM model described in Memari
et al. 2011a modeled the aluminum frame as a frame element with properties E = 10,000 ksi
(69,000,000 kPa) and a Poisson ratio of 0.33. The FEM overviewed in Sections 5.1 and 5.2 all used
frame element for the aluminum frame. However, the 4SSG curtain wall system of this research
poses a modeling issue with the intermediate transom. Figure 138 shows the intermediate
horizontal detail of the mockup which includes the transom. Each transom has two strips of SS
attached it, in which one strip is for an upper glass pane and the other is for a lower glass pane.
Thus the representation of the transom must interface with two strips of area elements without the
area elements interacting with each other directly. This issue does not occur with the mullion,
because the intermediate stack joint is a split-mullion design as shown in Figure 139.
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SS

Transom

IGU glass
pane

SS
Figure 138 – Curtain wall intermediate horizontal detail. (recreated from drawing provided by Bagatelos
Architectural Glass Systems Inc.)

Split Mullion

Split Mullion

Index clip

Index clip

IGU glass
pane

SS
SS

Figure 139 – Curtain wall stack mullion detail. (recreated from drawing provided by Bagatelos Architectural
Glass Systems Inc.)

177
Three models were developed to try and overcome the difficulty in modeling the transom and SS
interface properly. All three models were based on Figure 138 and Figure 140 which show how the
SS interaction with the glass and frame.

Transom
Glass

SS

SS

Glass

Figure 140 – Realistic detail of the glass-silicone-transom interface at the intermediate transom
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Model A uses a single frame element to represent the transom, the SS segment is modeled as a shell
element, and the glass is modeled as a diaphragm constraint, which is similar to using a shell
element with an infinite modulus of elasticity. As shown in Figure 141 the one node of the SS is
moved to the centerline of the transom and the other node is at a distance equal to the thickness of
the SS. The directions of the links are drawn in opposite directions so that the area element of one
strip of SS does not directly affect the other area element. The drawback to model A is that the outof-plane forces transferred from the row 2 glass panes may counteract the out-of-plane forces
transferred from the rows 1 and 3 glass panes. The out-of plane forces were determined to be
negligible. However, prior to this discovery, Model B (Figure 142) was developed so that all of the
glass panes could be modeled on the same side offset from the frame element.

Upper glass pane (row 2)
modeled as diaphragm
constraint instead of an
area element
SS as area
element

Transom as frame element

SS as area
element

Lower glass pane (row 1)
modeled as diaphragm
constraint instead of an
area element

Figure 141 – Representation of the FEM of model A
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Figure 142 shows that model B used two frame elements to represent a single transom. The axial,
shear, and flexural stiffness of each frame element was reduced by half so that together the sum of
their properties would represent the single transom. Equal constraints were applied along the
frame element to ensure that both frame elements would have the same deflected shape and
magnitude. The distance between the frame elements was set as ½” which represented the vertical
gap between the glass panes. This distance was selected so that the size of the gap between the
edges of the glass would be the same for they physical mockup and the FEM. Thus glass-to-glass
contact could be determined from the FEM by visual inspection of the deformed shape of the
mockup. This is an advantage over model A, which requires the user to read the displacement
values of the glass pane corners, calculate the relative movement, and compare it to the ½” vertical
gap between the glass panes. The horizontal distance between panels was drawn in the FEM as ¾”
so that the horizontal distance between glass panes was ¾” for the same reason.

Upper glass pane modeled
as diaphragm constraint
SS as area
element

SS as area
element

Upper glass pane modeled
as diaphragm constraint

Transom as a frame
element with half the
stiffness of that in Model A

Transom as a frame
element with half the
stiffness of that in Model A

Figure 142 – Representation of the FEM of model B
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The disadvantage of model B is that the any difference in the axial force from the two frame
elements representing the transom onto the frame elements representing the mullion, would cause
a localized effect similar to a moment connection. Whereas the connection of the transom to the
mullion closely represents a pin connection. Figure 143 shows the axial force diagrams for the
transoms. The diagrams of the mullions were removed in Microsoft paint to help unclutter the
figure. Each transom shows that the axial force varies linearly, which is caused by the interaction of
the frame and the longitudinal shear of the SS. Only one frame and thus one diagram are shown
below the first row of glass panes (P1, P2, and P3) and above the third row of glass panes (P7, P8,
and P9). In between rows 1, 2, and 3 of glass panes model B has two frame elements to represent
the transom and thus there are two diagrams. These diagrams show that at the transom’s end
points the sign of the force (compression or tension) for the upper frame element is opposite from
that of the lower frame element.
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P7

P8

P9

P4

P5

P6

Diagram of upper frame element

P1

P2

P3

Diagram of lower frame element

Figure 143 – Axial force diagram from FEM of model B for only the horizontal members

Figure 144 shows a view of just the two frame elements representing the transom between glass
panes 1 and 4, which appears to be the extreme case. For a displacement of 2” of the mockup the
magnitude of the axial forces at this location is 1.7” tension for the upper frame element and 1.7”
for the lower frame element.
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1.7 k tension

1.7 k compression
Figure 144 – Axial force diagram for transom between glass pane 1 and glass pane 2

The distance between the frame elements is ½”, thus the combination of the two transoms is
transferring an effective moment of ½”*1.7 k=0.85 k-in. The moment on the mullion just above the
transom is 3.8 k-in and below is 4.9 k-in. Thus the effective moment of the transom may be about
20% of the total moment of the mullion at this location, which is significant and undesirable.
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Model C (Figure 145) was created based on the transom modeled as area element instead of a
frame element. The objective of this model was to have the glass elements offset to the same side
of the representation of the transom (as in model B) but to only use one element to represent the
transom (as in model A) for a clearer interpretation of the results.

Upper glass pane modeled
as diaphragm constraint

SS as area
element

Transom as an area with
half the stiffness of that in
Model A

Upper glass pane modeled
as diaphragm constraint

SS as area
element

Figure 145 – Representation of the FEM of model C

One of the more common examples of when a structural member might be modeled as an area
element rather than a frame element, would be a deep beam (length to depth ratio less than 6) or a
shear wall. However, an aluminum tube section of the mullion and transoms does not compare well
to either a deep beam or a shear wall. The problem with the area element is that it cannot have a
hollow section like the tube shape that represents the transom. This results in a behavior of the
element that is dramatically different from the actual transom. Various attempts were made to
determine and assign property modifiers to the area element to obtain similar results as the frame
element. However, these attempts were unsuccessful and thus model will not be discussed any
further in this research.
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The following sections will primarily discuss model A, since it is the most appropriate. There will be
some comparisons made between model A and model B.

5.6) Differences in the thickness of the Structural Silicone along the Mullion
and the Transom
This section discusses the modeling technique to appropriately represent the 9/16” thickness of the
structural silicone (SS) along the mullion (Figure 139) and 5/16” thickness of the SS along the
transom (Figure 138). The previous sections discussed the reasoning for why it would be
appropriate to model the SS as either an area element type shell-thick or as a MultiLinear Link
element. This section will refer to and illustrate the SS as an area element; however, the discussions
are equally applicable to the model with the SS as a link element. The aluminum frame was
modeled as a frame element, and the glass pane will be represented using diaphragm constraints.
Figure 146 and Figure 147 show a 3D perspective view of the un-deformed FEM in SAP2000. Figure
146 is a reproduction of Figure 22, but also provides a reference to the location of Figure 147, which
it is at one of the intersections the transoms with the mullion.
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R11

R12

R14

R15

R16

P7
P8
See Figure 147

4I5

5I6

P4

P9
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P3
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P11
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Figure 146 – 3D perspective view of un-deformed SAP2000 FEM for mockup of this research
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SS along mullion
9/16” thick
Edge in contact
with glass

Edge in contact
with transom

SS along
transom
5/16” thick

Edge in contact
with mullion
Edge in contact
with glass
Portion of mullion not
in contact with SS
Common node

4/16” difference
in thickness

Figure 147 – 3D perspective view of SAP2000 FEM for mockup of this research (close-up of intersection of
transoms with the mullions)

Figure 147 shows the meshing of the area elements which is set to be 2” or less. Note that model B
(Figure 142) is shown, but the following discussion is equally true for model A (Figure 141). The
glass is modeled as a diaphragm constraint instead of as an area element, and thus is neither shown
nor meshed. This helps the FEM run faster and makes viewing the model easier since it is not
cluttered with addition lines to represent the glass and its mesh. The difference in the results from
modeling the glass as diaphragm constraint instead of an area element is minimal, but is discussed
further in Section 5.12) Parametric Modeling. Figure 147 also shows that the mockup of this
research has a different thickness of the SS along the mullion than the SS along the transom. The SS
is meshed such that at each corner the SS along the mullion shares only one node with the SS along
the transom. The SS along the mullion could have been meshed through its thickness so that 2
nodes are shared; however, this is detrimental to the use of the diaphragm constraint representing
the glass. The SS was not meshed through its thickness for the original models. As part of a
parametric study, the SS was meshed through its thickness to determine the effect on the results.
This will be discussed in a later section of this chapter. Note that the common node shared is in the
plane of the frame elements representing the mullions and transoms. In reality, this common node
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is shared in the plane of the glass surface that interfaces with the SS. This switch was made for
convenience of simplifying the model. The diaphragm constraint functions the same way regardless
of the offset (Y-direction) between the nodes. If the configuration was switched so that the
common node was shared at the plane of the glass surface, then one of three alterations would be
necessary. The first option would be to move the transom frame element to share nodes with the
area element. This means that the mullion frame element is no longer connected with the transom
frame element. This could be compensated by drawing another frame element with rigid properties
along the length of the Y-direction offset of ¼”. This has been tried and had varying results. The
second option would be to keep the transom and mullion elements in the same plane. The drawn
thickness of the SS would be increased from 5/16” to 9/16” so that it would then share nodes with
the frame and the glass. However, increasing the drawn thickness of the area element will decrease
its effective stiffness. This could be compensated by using property modifiers of 9/5=(9/16)/(5/16),
defining a material for the SS along the transom which the modulus of elasticity times 9/5 while not
modifying the material value for the SS along the mullion, or changing the user defined thickness
(this represents the joint width as defined in this thesis) by a factor of 9/5.
The downside to all of these remedies, is that the user must back out 9/5 factor for final results such
as the reported stress of the area element representing the SS along the mullion, but not the SS
along the transom. This seems prone to the user misinterpretation of the results. Otherwise, this
seems to be an appropriate solution from the trial exercises checked. The third option would also
keep the transom and mullion elements in the same plane. A frame, area, or link element with rigid
properties could be drawn to connect the nodes of the transom to the nodes of the area element
representing the SS. This option has not been tired, because it most likely will add a moment arm
and thus transfer additional moment between the transom and SS, which does not actually exist.
The first and third option presented above could also be achieved by a combination of varies types
of “constraints” which are applied to nodes. However, constraints are more advanced features of
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FEM and they do not directly show how forces and displacements are transferred. The excessive
use of constraints is not recommended, since the purpose of developing the FEM technique is for its
use by practicing engineers, and thus should be as simplified and user friendly as possible. The
selected representation of the change in SS thickness in the FEM for this research study (as shown in
Figure 147) with the common node in the plane of the frame element, does not encounter any of
this additional problems or require addition elements or constraints. However, this representation
depends on the use of the diaphragm constraint to represent the glass. The constrained nodes
along the transom are not coplanar with the nodes along the mullion. The SAP2000 help
information indicates that the diaphragm constraint is “intended to be used on a set of joints that lie
in a flat plane” (co-planar). It then states that “If the joints are not co-planar, the constraint will
effectively restrain the joints against out-of-plane (plate) bending, which unrealistically stiffens the
structure”. However, this is assumed to not be a problem for modeling the glass, since the glass
may be assumed to act as a rigid shell (combination of rigid membrane and rigid glass) since the
Modulus of Elasticity, E, of glass is about 5,000 times that of the SS. It is recommended for future
research that this be confirmed by two models, in which the glass as a diaphragm constraint in one
model and as a shell-thick element. Both models would require the nodes of the SS shared with the
glass are co-planar.

5.7) Boundary Conditions assigned to FEM
The boundary conditions that are assigned to the FEM are the only distinction between the MB_T1,
MB_T2, MC_T1, and MC_T2. These boundary conditions have been discussed in Chapter 3 and for
continence Figure 22 and Table 7 are repeated here as Figure 148 and Table 35. As shown in Table
40, restraints R9 through R16 are the same for each test and restraints R1 through R8 vary. The
definition of R17 will be discussed in the next section. A uniform displacement is assigned to
restraints R9 through R 16 in the X-direction. It may seem counter intuitive for the restraints R9
through R16 to restrain in the X-direction and have an assigned displacement in the X-displacement.
However, SAP2000 is developed such that an assigned displacement to a node is only considered if
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that node is restrained in the direction of the displacement. The results of the analysis provide the
reactions at each of the restraints for the restrained DOF’s. These reaction forces at restraints R9
through R16 have been considered equally as applied loads to the system rather than the reactions
caused by the applied displacement. Thus the same results are calculated if the reactions at
restraints R9 through R16 are applied as loads at their respective locations and the UX DOF is
released for restraints R9 through R16 such that only such that only UY, and UZ DOF’s are
restrained.
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Figure 148 – 3D perspective view of un-deformed mockup. Created with SAP2000
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Table 35 – Restrained Translation DOF’s as defined in SAP2000 FEM for each test

MB_T1 & MC_T1
Unitized Sway
Restraint #
R1 to R5
R6
R7 to R8
R9 to R16
R17

MC_T2
MB_T2
Rack with
Rack
vertical slip
Restrained DOF direction
Y
X, Y
X, Y, Z
Y
Y
X, Y, Z
None
None
X, Y, Z
X, Y
X, Y
X, Y
MultiLinear Links* attached from frame to a node with
X, Y, Z restrained

* The properties of the MultiLinear links will be discussed in Section 5.8 and are summarized in
Table 43

5.8) Assigned Properties to Materials and Elements
The previous sections went into detail about the determinations of material and element values to
be assigned in the FEM. These values are summarized in Table 36 to Table 38. Many of the values
shown for the aluminum material were the default values set by SAP2000. The dimensions of the
elements were determined by the design drawings of the mockup or from measurements of the
physical mockup.
Table 36 – Properties FEM materials

Properties
Material Type
Modulus of Elasticity, E [ksi]
Poisson ratio,
Shear Modulus, G [ksi]
Aluminum Type
Aluminum Alloy Designation
Compressive Yield Strength,
Fcy [ksi]
Tensile Yield Strength, Fty [ksi]
Tensile Ultimate Strength, Ftu
[ksi]
Shear Ultimate Strength, Fsu

Aluminum
Aluminum
10,000
0.33
3,762
Wrought
6061-T6
35
35
38
24

Glass
Other
1,050
0.25
418

Structural
Silicone
Other
0.212
.0495
6.5e-6
0.071
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Table 37 – Properties assigned to the FEM frame elements

Properties
Frame Section Type
Material
Outside depth (t3) [in]
Outside width (t2) [in]
Flange thickness (tf) [in]
Web thickness (tf) [in]
Property modifiers

Edge
Mullion

Split
Mullion

Transom

Tube
Aluminum
3
5.1875
0.125
0.1875
none

Tube
Aluminum
1
5.1875
0.125
0.1875
None

Tube
Aluminum
3
5.5
0.125
0.125
none

Table 38 – Properties assigned to the FEM shell elements

Properties

SS along
transoms

SS along
mullions

Glass

Element type
Material
Material Angle
Membrane thickness [in]
Bending thickness [in]

Shell-thick
SS
0
0.5625
0.5625

Shell-thick
SS
0
0.5625
0.5625

Shell-thick
Glass
0
0.5
0.5

0.9091
1
1.2
1

0.9091
1.2
1
1

1
1
1
1

Property Modifiers
Membrane f12
Shear v13
Shear v23
All other modifiers

5.9) Approximation of R17 from MB_T1 and MC_T1 hysteresis data: Reentrant Corner and Panel 4 Interaction with channel
The behavior of the re-entrant corner and panel 4 was unknown prior to this research due to a few
unknown variables. The first variable was the resistance of the aluminum channel and the second
was the interface of the two dissimilar materials the gasket and the tape down shown in Figure 23.
This section will first discuss the unknowns and then how the resistance was approximated using
link elements which were calibrated based on the unitized sway condition test data.
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The resistance of the aluminum channel can be assumed to be the flexure resistance of the flange.
However, the height at which transoms makes contact with channel varies throughout the test due
to the lack of vertical restriction (Z-direction) at the bottom of the panels for the unitized sway
condition. The panel may also be making contact with the bottom of the channel and thus possible
pivoting on the channel as well. The other complication is that the deformation of the channel is
significantly greater at the re-entrant corner then anywhere along the panel 4. Figure 149 shows
the re-entrant corner with panel 4 removed, which allows for a view of how panel 3 fits inside the
channel. These panels initially have a small clearance from the bottom of the channel. However
during testing the panels tend to rotate and sometimes make contact at one end and slightly pivot
about it. Figure 150 shows how the re-entrant corner will make contact with the channel and
eventually cause plastic deformation.

Figure 149 – Channel of panel 4 (panel 4 not shown) showing a representation of the initial position of panel
3 (Memari and Kremer 2012)
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Figure 150 – Chanel of panel 4 (panel 4 not shown) showing a representation of the displaced position of
panel 3 during a test of the Unitized Sway boundary condition. (Memari and Kremer 2012)

Figure 151 and Figure 152 show how panel 4 rotates during the unitized sway test. At cycles #.25
(Figure 151) the gasket near the re-entrant corner and the tape down near the edge of panel 4 is in
compression. At cycles #.75 (Figure 152) the tape down near the re-entrant corner and the gasket
near the edge of panel 4 is in compression. A previous FEM, which did not model panel 4, only
needed to analyze DOFs for translation in the X and Z directions and rotation about the Y direction.
Since this rotation is about the Z direction, this DOF must be analyzed as well. It was then assumed
that the most accurate FEM should analyze all six DOFs (X, Y, and Z translation and X, Y, and Z
rotation).
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Tape Down is
Compressed

Gasket is
Compressed

Figure 151 – Re-entrant corner for MB_T2_S12_C6.25

Gasket is
Compressed
Figure 152 – Re-entrant corner for MB_T2_S12_C6.75

As previously discussed during the testing of the mockups with the unitized sway condition, the only
assumed restraint for curtain wall application in the X-direction along the bottom of the mockup is
R17. The load vs. displacement hysteresis data from the sum of the upper and lower tubes from
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MC_T1 (Figure 35) was used to approximate the behavior of R17. As mentioned in Chapter 3, the
sum of the upper and lower tubes data from MB_T1 is not valid due to a technical issue with the
recorded values from the lower tube sensor. A general comparison will at least be made to the MTS
displacement MB_T1 (Figure 37). The sum of the upper and lower tubes is preferred over the MTS
displacement, because it gives a closer approximation of what the mockup is actually experiencing.
The key values from the physically testing (Figure 49 and Figure 50) that will be used for comparison
for the FEM are summarized in Table 39. The MC_T1 sum of tubes displacement closest to 2”values
was first selected. The corresponding value of the MTS displacement was used to select the values
for MB_T1.
Table 39 – Summary of key values from Table 10 and Table 11 (Memari and Kremer 2012)

C6.25
+ Load [k]
+ MTS Displacement [in]
+ Sum of tubes Displacement [in]

Unitized Unitized
MC_T1 MB_T1
2.46
2.30
2.21
2.22
1.92
n/a

D% Tubes from MTS
C6.75
- Load [k]
- MTS Displacement [in]
- Sum of tubes Displacement [in]

-13%

D% Tubes from MTS

-14%

-3.72
-2.21
-1.91

-3.38
-2.21
n/a

D abs (-Load) - (+Load)

1.27

1.08

D% of + Load

34%

47%

The R17 restraint was first modeled as with X-direction restraint applied to the bottom transom of
panel 4 to determine what the upper limit of the effect that could be created. Thus for this first trial
all elements have linear material properties. The FEM required a force of 11.19 k to cause a 1.92”
displacement to represent the C6.25 deformation and a force of -11.15 k to cause a 1.91”
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displacement to represent the C6.75 deformation. The ratio of the forces and the ratio of the
displacements are the same so the model possesses the same stiffness in both directions. The
exaggeratedly deformed shapes of the C6.25 displacement are shown in Figure 153 and Figure 154.
Figure 154 shows that the mullions are being pull apart at the corners of glass panes 1, 2, 4, and 5;
and even more so at the corners of glass panes 2, 3, 5, and 6 which is similarly noted from the video
analysis (Figure 104).

Figure 153 – 3D perspective of exaggeratedly deformed SAP2000 FEM with unitized sway boundary
condition (first trial of R17)
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Figure 154 – Elevation view of exaggeratedly deformed SAP2000 FEM with unitized sway boundary
condition (first trial of R17)
Table 40 – Summary of comparisons of first trial of R17 restraint for FEM

C6.25 + Load [k]
C6.75- Load [k]

FEM
11.19
-11.15

MC_T1 D%
3.72
201%
-2.46 353%

MB_T1
3.38
2.30

D%
231%
385%

The load required for the FEM to deform the same amount as the physical mockup ranges from
201% to 387% (Table 40) of that recorded for the physical mockup. This means that the restraint at
this location is not perfectly rigid. For second trial, the restraints along the transom were removed
and link elements were drawn at a spacing of 2” along the transom with one node of the link
connected to the transom and the other node connected to a specially drawn node. These specially
drawn nodes were not shared with any other elements of the FEM and were restrained in the X
translation direction (Figure 24). Incorporating the link elements allows for the resistance provided
by R17 to be adjusted. If the links were made infinitely rigid, the mockup would approach the
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resistance of trial 1. A similar stiffness would be reached, but would never surpass it. For the
second trial, the link elements will be defined as linear link with a stiffness of 3.72 k divided by 1.92”
divided by 19 links = 0.102 k/in.
Table 41 – Summary of comparisons of second trial of R17 restraint for FEM

C6.25 + Load [k]
C6.75- Load [k]

FEM
4.46
-4.44

MC_T1
3.72
-2.46

D%
20%
80%

MB_T1
3.38
2.30

D%
32%
93%

For the third trial the stiffness of the springs was reduced by 25% to 0.75*0.102 k/in = 0.0765
Table 42 – Summary of comparisons of third trial of R17 restraint for FEM

C6.25 + Load [k]
C6.75- Load [k]

FEM
3.70
-3.72

MC_T1
3.72
-2.46

D%
-1%
51%

MB_T1
3.38
2.30

D%
9%
62%

The difference between the positive loading cycle and the negative loading cycle of 34% and 47%
(Table 39) for MC_T1 and MB_T1, respectively, indicates that non-linearly link must be used in order
to reproduce these results. A “MultiLinear Elastic” link element was selected for the fourth trial,
because it allows for non-linear material properties to be considered. As its name implies, it does
not take into account plastic deformation, which does occur to the aluminum channel, especially at
the re-entrant corner. However, the current load case type is static load, thus a “MultiLinear
Plastic” link would behave the same. If the load case type was to be set to “Multi-step Static”,
“Response Spectrum”, “Time History”, etc. then the MultiLinear Plastic links would behave with
plastic deformation. Unfortunately, since the R17 links will not be accounting for plastic
deformation this will cause the FEM results to deviate from the load vs. displacement results from
the physical testing significantly for the unitized sway and rack-with-vertical-slip boundary condition,
and somewhat also for the pure-rack boundary condition. The pure-rack boundary condition is
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expected to be influence less, because the bolted connection will attract force away from the
transom interaction with the channel.
The hysteresis data of MC_T1 (Table 10) is reproduced for steps 1 to 8 in Table 43, because the
behavior was influenced at steps 9 through 18 due to the index clips having ripped out from the
sides of the panels. The focus was to recreate the behavior before the index clips failed. The input
for a MultiLinear Elastic link element is displacement vs. force. For the fourth trial, the displacement
values were taken exactly as those of MC_T1 as shown in Table 43, the force value was calculated as
the values from MC_T1 as shown in Table 43 divided by 19 links and multiplied by 0.75. The 0.75
factor is representing the same 0.75 factor that was used in for the third trial.
Table 43 – SAP2000 FEM trial 4 input for R17 MultiLinear Elastic links taken directly from the MC_T1 data

Load measured by
MTS [k]
-2.4558
-2.6542
-2.3851
-2.0933
-1.8427
-1.5483
-1.2932
-1.0253
-0.6961
0.0000
0.3897
0.5419
0.8699
1.2681
1.7240
2.2038
2.5801
3.0584
3.7227

Sum of Upper and Lower
Tubes Displacement [in]
-1.9120
-1.6400
-1.4460
-1.2270
-1.0020
-0.7820
-0.5630
-0.3390
-0.1230
0.0000
0.1690
0.4010
0.6180
0.8220
1.0380
1.2500
1.4720
1.6870
1.9200

FEM –Load for displacement of -1.912”
FEM / MTS Ratio
FEM +Load for displacement of 1.920”
FEM / MTS Ratio

Force [k] of 1 out
of 19 links
-0.0969
-0.1048
-0.0941
-0.0826
-0.0727
-0.0611
-0.0510
-0.0405
-0.0275
0.0000
0.0154
0.0214
0.0343
0.0501
0.0681
0.0870
0.1018
0.1207
0.1469
1.166
0.475
1.182
0.616
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The results from the fourth trial are presented in Table 43, which shows that the ratio of the FEM
results to the physical testing differed for cycles 6.25 and 6.75. It was then discovered that the
rotate of panel 4 was causing some of the links to be in tension and others to be in compression.
This seems appropriate as Figure 151 and Figure 152 show that during the physical testing the points
of contact and transfer of compression forces occurs at diagonal corners and alternates as the test
cycles. It did seem appropriate to modify trial 4’s the negative force values by the 0.495 ratio and
the positive force values by the 0.616 ratio, since neither cycle 6.25 or 6.75 caused all of the links to
deform in the same direction. The definition of the link element was then simplified to just three
values. A few trials and adjustment to the definition was required to achieve results that were
within 2% of the physical testing. The definitions obtain from the final trial and used for all of the
following FEM discussions is presented in Table 44.
Table 44 – SAP2000 FEM input for R17 MultiLinear Elastic links Finalized
Displacement [in]
-0.344
0.000
1.250

Load [k]
-0.158
0.000
0.218

Stiffness [k/in]
0.46
0.17

5.10) Discussion of SAP2000 FEM with pure-racking boundary condition
MB_T2
5.10.1) FEM compared to Hysteresis data for load vs. displacement results
The hysteresis data for mockup B test 2 (Figure 44) that had the pure-racking boundary condition
changes in behavior stiffness after step 13, which is due to yielding of the SS and after step 16 the
behavior changes again due to failure of the SS. The SAP2000 FEM developed used non-linear link
elements to represent the restraint R17 as defined in the previous section and linear material
properties for all other elements. Since the FEM using linear material properties for the SS, the FEM
is only expected to be accurate prior to the failure of the SS. Figure 155 shows a plot of both the
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FEM results for the pure-rack boundary condition and the physical test data of MB_T2. This shows
that the FEM is approximating the physical data at small drifts very well. However, the FEM is acting
relatively linear, which means that the influence of the R17 links is not large enough to cause the
non-linear behavior seen in the test data. It is possible that the R17 restraint should be redefined as
a MultiLinear Plastic Link and the load case type be changed from Static from Multi-step Static.

Figure 155 – SAP2000 FEM with pure-rack boundary condition compared to physical test data of MB_T2

The following comparisons are from the step 12 which equated to a displacement of 1.95” for C6.25
and -1.99” for C6.75 (Table 45), because SS failure was not noted until step 16.
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Table 45 – Summary of key values from Table 10 and Table 11 (Memari and Kremer 2012)

Stick
MB_T2
7.28
2.94
1.95

Vert.
slip
MC_T2
7.81
2.94
2.07

-33%

-30%

- Load [k]
- MTS Displacement [in]
- Sum of tubes Displacement [in]

-8.88
-2.94
-1.99

-6.58
-2.94
-2.02

D% Tubes from MTS

-32%

-31%

D abs (-Load) - (+Load)

1.60

-1.23

D% of + Load

22%

-16%

Physical Testing results
C6.25
+ Load [k]
+ MTS Displacement [in]
+ Sum of tubes Displacement [in]
D% Tubes from MTS
C6.75

The SAP2000 FEM results are presented in Table 46 with a comparison to the results from the
physical testing. The FEM predicted a force 47% and 23% larger then what was recorded during the
physical testing of the mockup at approximately the same drift ds, respectively, for the positive and
negative loading cycles. Though differences seem large, they are good approximations considering
that the SAP2000 FEM is using linear material properties for the SS, static loading, and no plastic
deformation of any of the materials. The SAP2000 FEM also does not account for drops in stiffness
of any of the materials due to fatigue or failure of the materials.
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Table 46 – Summary of FEM with and MB_T2

C6.25 + Load [k]
for 1.95” drift
C6.75 - Load [k]
for 1.99” drift
Average

FEM

Physical
testing

D%

10.74

7.28

48%

-10.95

-8.88

23%

10.85

8.08

34%

FEM with
D%
R17 links
deactivated
10.72
-0.2%
-10.94

-0.1%

It is noticeable that the FEM predicts about the same value for the positive and negative loading
cycles. This then prompted interest in the effect of the restraint, R17 which is supposed to be the
primary cause of the FEM to have different stiffness in the positive and negative direction. The
restraint R17 was deactivated and the results were very much the same, which means that the
restraint as it is currently defined is not very influential for the racking boundary condition. This is to
be expected, because of the existence of bolted connections on panel 4. These connections are
much more rigid than the channel and thus should attract most of the force being transferred from
the testing facility to the mockup. This means that the difference in the positive and negative
loading cycles of the physical testing is caused more so by the flexibilities of the testing facility than
the effect of the channel. Then it may be best to just consider the difference between the averages
of the positive and loading diagram in which is the FEM is about 34% more stiff.
5.10.2) FEM compared to video analysis for movement of glass relative to frame
The movement of the glass pane corners relative to the frame was measured in the FEM in a similar
fashion as it was for the video analysis. The video analysis measured a distances of the un-deformed
and deformed mockup. The FEM measured the nodes of the deformed SS at the corner locations.
The displacement values were calculated for the horizontal and vertical direction. Then the
effective shear strain was calculated by both methods. These results are presented in Table 47 from
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the FEM and in Table 48 from the video analysis. The differences of the FEM results from the video
analysis are presented in Table 49.
Table 47 – Summary of movement of glass corners relative to frame, determined from FEM of
MB_T2_S12_6.75

P5 Top Left
P5 Top Right
P6 Top Left
P5 Bottom Left
P5 Bottom Right
P6 Bottom Left

Displacement [in] Displacement [in.]
Horizontal
Vertical
0.29
-0.29
0.29
0.29
0.29
-0.30
-0.28
-0.29
-0.28
0.29
-0.27
-0.27

Stain [%]
Method 2 SQRT
131%
131%
133%
128%
128%
124%

Stain [%]
Method 1 Linear
185%
185%
188%
181%
181%
175%

Table 48 – Summary of movement of glass corners relative to frame, determined from video analysis of
MB_T2_S12_6.75

P5 Top Left
P5 Top Right
P6 Top Left
P5 Bottom Left
P5 Bottom Right
P6 Bottom Left

Displacement [in] Displacement [in.]
Horizontal
Vertical
0.11
-0.30
0.10
0.21
0.02
-0.14
-0.05
-0.22
-0.11
0.14
-0.20
-0.12

Stain [%]
Method 2 SQRT
104%
75%
45%
73%
59%
74%

Stain [%]
Method 1 Linear
133%
100%
52%
87%
82%
103%

Table 49 – Differences between the calculated strain values of the FEM from the video analysis of
MB_T2_S12_6.75

P5 Top Left
P5 Top Right
P6 Top Left
P5 Bottom Left
P5 Bottom Right
P6 Bottom Left
Averages

Displacement [%]
Horizontal
164%
184%
1104%
456%
146%
40%
349%

Displacement [%]
Vertical
-6%
36%
114%
30%
99%
120%
66%

Stain [%]
Method 2 SQRT
27%
75%
195%
76%
118%
67%
93%

Stain [%]
Method 1 Linear
40%
85%
260%
108%
120%
71%
114%

These values from the FEM (Table 47) are very consistent for each of the six locations. This is to be
expected from the FEM since the SS is modeled as a linear element and does not take into
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consideration the effects of plastic deformations of the channel or fatigue of the frame of the
mockup. While the values from the video analysis (Table 48) show some significant variances
among the six locations. The majority of this variance is most likely caused by the FEM’s lack of nonlinear representation of the plastic deformation of the frame and channel at higher drifts or the
failure of the SS before a shear strain of 200% due to workmanship and/or the effects of an actual
strip of SS which is significantly longer then the length of coupon of SS which reached the 200%
shear strain. A small portion of the variance is most likely caused by the human error of selecting
the correct frame from the video, scaling and rotating the image, and measuring it.
Unfortunately, the average differences of 349% for the horizontal direction and 66% for the vertical
direction (Table 49) of the FEM results from the video analysis are quite large. This is most likely
caused by the modeling choices made to represent the mockup in the FEM. The element types
selected have been justified as discussed in the previous sections. The exception to this is that if the
analysis is changed from a load case type “static” to “Multi-step Static” or “Time history” Load, then
the link for R17 should be changed to MultiLinear Plastic. This would also require determining the
plastic properties by trials similar to how the force vs. displacement data was determined. The
drawn geometry of the FEM may be somewhat unrealistic, since three models were developed
(Figure 141, Figure 142, and Figure 145) and each one had some undesirable side effect. The only
other aspect of the FEM is that if the performance of the SS representation is truly as it should be.
5.10.3) Mockup B Test 2 measurement of glass pane rotations
Table 50 shows the measured values of the rotations of glass panes from the FEM of the mockup
with the pure-racking boundary condition and applied displacement of 1.99” in the C6.75 direction.
These values will be discussed further in Chapter 6 for determining a rotation coefficient cangle.
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Table 50 – Summary of rotations of the glass determined from FEM of MB_T2_S12_6.75

P7 =
P4 =
P1 =

Rotation of glass panes [rad]
-0.00543
P8 =
-0.00455
P9 =
-0.01263
P5 =
-0.0121
P6 =
-0.00475
P2 =
-0.00362
P3 =

Average of P7, P8, P9
Average of P4, P5, P6
Average of P1, P2, P3

-0.00722
-0.0125
-0.00313

-0.00573
-0.01241
-0.00383

5.10.4) FEM of effects of SS failure on mockup behavior
The following is a preliminary study of a FEM 4SSG glazing curtain wall system after SS has occurred.
This study was not fully completed or applied to the entire 4SSG glazing curtain of this research. The
potential interest in a FEM that is accurate beyond failure of the SS, is that it can evaluate the
remaining limit state of glass-to-glass contact. Once developed, this FEM may be useful for
designing a glazing curtain wall system to be able to drift a particular amount without SS failure and
at a higher drift amount to prevent glass-to-glass contact through some SS failure has occurred.

Figure 156 and Figure 157 show three similar FEMs, which display how the aluminum frame deforms
and how glass pane 5 translates and rotates. The three models are shown for comparison of how
the behavior changes as the SS progresses and propagates. Figure 156a and Figure 157a includes
link elements around its entire perimeter to model the SS. This discussion is equally true for it the
SS is modeled with area element type shell-thick. The observations previously noted suggest that
during step 21 the SS had failed along the top edge, but not the bottom edge. There is uncertainty
as how far down from the top edge had the SS failed along the left and right edges. Figure 156b and
Figure 157b show the deformed shape of the same model except the link elements representing the
SS were removed along the top edge. This removal of the link elements is to represent that the SS in
that area no longer provides any resistance. Figure 156c and Figure 157c shows the model once
again, but with almost the entire top half of the SS elements removed. As the region of failed SS
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propagates down the sides of the glass pane, the remaining SS then only serves to hold the selfweight of the glass pane and not resist the seismic forces. The glass would then rotate freely and
translate relatively freely to accommodate the SS so it may have minimal stress level.

Glass

Frame

a) SS modeled
all around perimeter

Glass

Frame

b) SS removed
along top edge

Glass

Frame

c) SS removed halfway
down the sides

Figure 156 – Exaggerated deflected shape of aluminum frame with respect to glass pane 5. Created in
SAP2000

a) SS modeled
all around perimeter

b) SS removed
along top edge

c) SS removed halfway
down the sides

Figure 157 – Close up of the bottom left corner of each model shown in previous figure. Created in SAP2000

FEM (Figure 157) shows that the deformation of SS at the bottom-left corner decreases as the SS
fails in other locations. Similarly, the video analysis of MB_T2 had a failure of the SS along the top
edge of glass pane 5 at step 12. The video analysis determined that the calculated effective shear
strain dropped at the other locations, which did not have the extensive amount of SS failure (Figure
93 to Figure 96). This supports that a FEM could be developed to predict behavior after SS failure
occurs.
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5.11) Discussion of SAP2000 FEM with racking-with-vertical-slip boundary
condition to MC_T2
5.11.1) FEM compared to Hysteresis data for load vs. displacement results
The behavior of MC_T2 from the video analysis was much more linear than that of MB_T2. The
structural silicone (SS) damage to MC_T2 was much less than that of MB_T2. Thus comparisons
between the load vs. displacement hysteresis loop data and the FEM is not limited to Steps 1
through 12 like it is for MB_T2. However, comparison will be made for the results of step 12, so that
comparisons can also be clearly made between MB_T2 and MC_T2. Step 12 equates to a
displacements of 2.07” for C6.25 and -2.02” for C6.75 for MC_T2 (Table 45).
Figure 158 shows a plot of both the FEM results for the rack-with-vertical-slip boundary condition
and the physical test data of MC_T2. This shows that the FEM is approximating the physical data at
small drifts very well. However, the FEM is acting relatively linear, which means that the influence
of the R17 links is not large enough to cause the non-linear behavior seen in the test data.
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Figure 158 – SAP2000 FEM with rack-with-vertical-slip boundary condition compared to physical test data of
MC_T2

The plot of the FEM (Figure 158) is actually almost identical to that of the pure-rack boundary
condition (Figure 155), which means that releasing the constrained Z-direction DOF at R1 through R8
and the X-direction DOF at R6 through R8, had very little influence on the model. The physical data
similarly showed very little in the positive direction and a slight offset in the negative direction
(Figure 159). The cause of this difference between MB_T2 and MC_T2 is unknown, but may be due
to the compression and tension interaction and/or plastic deformation of the index clips at the reentrant corner. Another possible cause could be the plastic deformation of the channel at the reentrant corner. It is recommended for future FEM studies that these elements be systematically
model as MultiLinear Plastic links using trial values for the material properties and the load case
type must be changed from Static from Multi-step Static.
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Figure 159 – Comparison of physical test data of MB_T2 and MC_T2 with the FEM results

The SAP2000 FEM results are presented in Table 51 with a comparison to the results from the
physical testing. The FEM predicted a force 31% and 59% larger than what was recorded during the
physical testing of the mockup at approximately the same drift ds, respectively, for the positive and
negative loading cycles. Though differences seem large, they are good approximations considering
that the SAP2000 FEM is using linear material properties for the SS and static loading. The SAP2000
FEM also does not account for drops in stiffness of any of the materials due to fatigue or failure of
the materials.
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Table 51 – Summary of FEM and MC_T2

C6.25 + Load [k]
for 1.95” drift
C6.75 - Load [k]
for 1.99” drift
Average

FEM

Physical
Testing

D%

10.27

7.81

31%

10.48

-6.58

59%

10.38

7.20

44%

FEM with
D%
R17 links
deactivated
10.24
-0.3%
-10.45

-0.3%

Similar to the FEM of MB_T2, it is noticeable that the FEM of MC_T2 predicts about the same value
for the positive and negative loading cycles. This then prompted interest in the effect of the
restraint R17, which is supposed to be the primary cause of the FEM to have difference stiffness in
the positive and negative direction. The restraint R17 was deactivated and the results were very
much the same, which means that the restraint as it is currently defined is not very influential for
the racking boundary condition. This was not expected as it was for MB_T2, because MC_T2 does
not have the bolted connections on panel 4. Without these connections the force being transferred
from the testing facility to panel 4 is expected to go through the channel. It is possible that the
bolted connections that do exist at the lower parts of panels 1, 2, and 3 are attracting the force
away from the panel 4. This would minimize the force going through the channel of panel 4 and
thus decrease the influence of this boundary condition. If this is the case, then the difference in the
positive and negative loading cycles of the physical testing is caused more so by the flexibilities of
the testing facility then the effect of the channel. Then it may be best to just consider the difference
between the averages of the positive and loading diagram in which is the FEM is about 34% more
stiff.

5.12) Parametric Modeling
This section serves to provide a representation of how influential varies parameters. The objective
of parametric modeling is to determine which parameters have the largest influence for specific
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attribute or result. Table 52 summarizes the variances discussed in previous sections such as model
A compared to model B, the effect of the restraints used, etc. The most common result presented in
Table 52 is the load required to displacement the mockup a specific drift. This is usefully to make a
general statement / comparison to the stiffness of the entire mockup.
Appendix A provides a very detailed walk-through on how to model the mockup used in this
research using SAP2000. The result of completing this walkthrough would be the base model for the
comparisons shown in Table 52.
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Table 52 – SAP2000 FEM: Influence of changing parameter on measured results
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5.13) Discussion, Conclusions, and Recommendations for the Developed
FEM techniques
The focus of this chapter was on the selection and reasoning of element types and the various
material and element inputs. This was discussed thoroughly, so that a relatively new user of a finite
element analysis program would understand the importance and effects of each definition.
A summary of the FEM of the 4SSG curtain wall system of this study is that is composed of transoms
and mullions as frame elements, structural silicone (SS) as area element type shell-thick, glass as
either an area element type shell-thick or as sets of diaphragm constraints applied to the nodes of
the SS that are shared with the glass. The SS was modeled as a shell-thick element. An effective
modulus of elasticity was defined for the SS so that SAP2000 would calculate the correct shear
modulus of 71psi.
It is recommended for future studies that the FEM be further developed to incorporate plastic
deformation of the mockup and the channel of the lower sliding tube. This can be accomplished by
modeling the channel (R17) as MultiLinear Plastic links and changing the load case type from static
to either Multi-step Static or time history load. The both the Multi-step Static load and Time History
analysis should be displacement controlled rather than applied load controlled.
The current FEM with the static load case takes about one to three minutes to run per load case. A
Multi-step Static analysis is expected to take about the same amount of time to run, except at least
three or four steps should be analyzed for each load case. These steps could represent cycles 6.25,
6.75, 7.25, and 7.75 for the desired AAMA step. The definition of the Time History could represent a
portion of an individual AAMA racking step, an entire individual AAMA racking step or a continuous
run though all 24 AAMA racking steps. A portion of an AAMA step such as the 2 constant amplitude
cycles should be sufficient and the analysis would be faster than using an entire step and especially
faster than using all 24 steps. The Time History analysis is expected to take much longer than the
Multi-step Static analysis for the same amount of cycles (2 cycles is recommended). The analysis
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time will depend mostly on the number of steps that are to be calculated per load case and the time
interval used to define the sinusoidal time history applied displacement. The Time History analysis is
expected to give more accurate results, because it can model the displacement as a sinusoidal wave.
The calculated applied load from the Time History analysis divided by a dynamic amplification factor
should be similar to the calculated applied load from the Multi-step Static.
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CHAPTER 6) FORMULATION OF KINEMATIC-BASED EQUATIONS
The last objective of this research study is to establish kinematic-based equations to describe the
seismic behavior of a 4SSG curtain wall system. The purpose of developing kinematic-based
equations is to identify key limit states that would be of interest to a curtain wall design engineer.
The equations would serve as a design guide, which would lead to a curtain wall design to have a
better chance of not reaching the particular limit states during an AAMA 501.6 (AAMA 2009) racking
test. These equations will allow a curtain wall designer to understand how a curtain wall design will
behave without the need for a FEM or physical testing. These equations are based on the pure
racking condition, not the racking with vertical slip or unitized sway condition. Two limiting
conditions were considered for development of the equations. The first condition was based on the
limit at which the SS fails. The second condition was based on the limit at which a glass pane corner
makes contact with the side of an adjacent glass pane. Therefore, two different equations were
developed to predict possible failure conditions. Each derivation assumes that the other condition
has not occurred. No effort was made to describe the behavior after SS failure or glass pane corner
contact to glass pane side.

6.1) Nomenclature and Assumptions
The following discussion is based on the assumption that for the global coordinates the 1-direction
is horizontal, the 2-direction is out of plane, and the 3-direction is vertical. Glass panes 1 through 9
each had distinct translations and rotations with respect to the aluminum frame. For simplicity of
the derivation, each row of glass panes (row 1 is P1, P2, P3; row 2 is P4, P5, P6; and row 3 is P7, P8,
P9) is assumed to translate in the 1-direction, translate in the 3-direction, and rotate about the 2direction the same amount. The rotation of each glass pane with respect to the initial condition is
defined as n, where n refers to the glass pane number. The rotation values of mockup B, test 2,
step 12, cycle 6.75 recorded from the video analysis (Table 27) and the FEM (Table 33) are
summarized in Table 53.
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Table 53 – Measured rotations of the glass panes of MB_T2_S12_C6.75

Average of P7, P8, P9
Average of P4, P5, P6
Average of P1, P2, P3

Method 1 (rad)
-0.00362
-0.00570
-0.00263

Method 2 (rad)
-0.00454
-0.01193
-0.00754

Both (rad)
-0.00179
-0.00721
-0.00432

FEM (rad)
-0.00573
-0.01241
-0.00383

For this derivation the angles of the kinematic model will be assumed to be the average of the
values from the combination of method 1 and 2 of the video analysis and the results from the FEM
as shown in Table 54. The linear behavior seen in the video analysis and the FEM suggest that the
rotation of the glass panes is also linear to the drift of the mockup. Thus the assumed rotation
values of the glass panes was then divided by the drift value of 1.99” to create coefficients that may
be used to approximate the rotation of the glass panes at any drift prior to failure of the SS.
Table 54 – Assumed values of rotations of the glass panes of a mockup with pure-racking boundary
condition
a [rad]

P7, P8, P9
P4, P5, P6
P1, P2, P3

a /ds [rad/in]
-0.00376

0.00189

-0.00981

0.00493

-0.00407

0.00205

The rotation of the mullion is defined as m. The rotation and change in the slope of the transom is
defined as t, which was observed to be relatively small, and therefore it was assumed zero for the
pure racking condition. The horizontal distance from the corner of the glass to the nearest interior
corner of the mullion is “r”. The vertical distance from the corner of the glass to the nearest interior
corner of the mullion is “s”. The designations shown in Figure 161 to Figure 168 follow the form r#_C#
and s #_C#. The first number refers to the glass pane number and identifies the corner with letters B,
T, L, and R, which, respectively, are abbreviations for Bottom, Top, Left, and Right (Figure 165). The
second number refers to the cycle of the step. The step number is 16, unless noted otherwise.

218

Figure 160 – Un-deformed frame [dashed] and the glass panes [solid]

Figure 161 – Un-deformed frame [dashed] and the glass panes [solid]
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Figure 162 – Exaggerated geometric rotation of the frame [dashed] and the glass panes [solid]

Figure 163 – Geometric rotation of the frame [dashed] and the glass panes [solid]
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Figure 164 – Exaggerated Geometric rotation of the frame [dashed] and the glass panes [solid]

Figure 165 – Four corners of glass pane 5 showing geometric rotation of the frame [dashed] and the glass
panes [solid]
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The angle m may be approximated by Equation 33.

(33)

m is largest when  = 6”. For the given mockup, the upper limit of m is

This is considered a relatively small angle since the value may be approximated by 6”/132” =
0.04545 rad. All other angles for the following derivations are expected to be smaller than m. Thus
all equations will be simplified according to the small-angle approximation. Equation 33 may then
be solved for the drift giving Equation 34.

(34)

However, it will be more useful to calculate the drift across the distance between the boundary
condition supports, Hs as shown in Equation 35. The reason for determining the drift across the
distance Hs is for a direct comparison to the load vs. displacement hysteresis data, the video
analysis, and the finite element model in SAP2000.

(35)
In addition,  correlates to the deformation of the SS along the transom. The difference between 
and  correlates to the deformation of the SS along the mullion. However, the relationship between
 and m was not clear prior to this research. It was approximated as a linear relationship using a
coefficient, cangle as shown in Equations 36 to 38.
(36)

(37)
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(38)

Table 55 presents the rotations of the glass panes (Table 54) and calculations the cangle coefficient for
each row of glass panes. Where bm is the theoretical value of the mullion rotations. The rotations
of the glass panes were determined for MB_T2_S12_C6.75, in which the vertical distance between
the boundary conditions of the test, Hs was 109”, and the drift of the mockup d was -1.99”

Table 55 – Assumed values of rotations of the glass panes corresponding values of the coefficient c angle

a [rad]

P7, P8, P9
P4, P5, P6
P1, P2, P3

-0.00376

0.206

-0.00981

0.537

-0.00407

0.223

Substituting Equation 36 into Equation 35 gives Equation 39

(39)

The rotation of the glass panes, , was related to the movements of the glass pane corners relative
to the aluminum frame. Figure 166 and Figure 167 show a kinematic model of glass pane 5,
respectively, for the bottom-left corner and bottom-right corner. Both the un-deformed shape at C0
and the deformed shape at C6.75 are displayed. The solid lines represent the edges of the glass
pane. The dashed lines are the edges of the mullion and transom.
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Figure 166 – Bottom Left Corner of Glass Pane 5 at C0 and C6.75 step 16

Figure 167 – Bottom Right Corner of Glass Pane 5 at C0 and C6.75 step 16
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The transom is assumed to only translate along the 1-direction, while its flexural deformation is
neglected. Thus the global rotation of the glass pane is then equal to the rotation relative to the
transom. This relationship leads to Equation 40 in which, s5BL (Figure 166) and s5BR (Figure 167)
are the changes in vertical measurements from the glass pane corner to the reference point at each
end of the transom.

(40)

Equation 40 shows that s5BL is equal to s5BR. For simplification, both of these will be referred to as
s5# (Equation 41). The character “#” is used throughout this chapter to generalize the subcoefficients, and in this case # = BL = BR.
(41)
The first half of Equation 42 is derived based on the relationship shown in Figure 166 and Figure 167.
The second half is based on a comparison of Figure 60 and Figure 61, which shows the vertical
movement of the glass corner due to rotation, e5#_C6.75. The vertical translation of the glass is not
shown, but is defined as k5#_C6.75 .
(42)
Similarly, the first half of Equation 43 is derived based on the relationship shown in Figure 166 and
Figure 167. The second half is based on a comparison of Figure 60 and Figure 61, which shows the
horizontal movement of the glass corner due to rotation, f5#_C6.75. The horizontal translation of the
glass is not shown, but is defined as j5#_C6.75.
(43)

Figure 165 also shows the assumption that relative measurements are similar at opposite corners of
a given glass pane. This is represented as r5BL_C6.75 = r5TR_C6.75; r5TL_C6.75 = r5BR_C6.75; s5BL_C6.75 = s5TR_C6.75;
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and s5TL_C6.75 = s5BR_C6.75. This also means that the changes in measurement (s# and r#) and thus
strains are similar at opposite corners of a given glass pane. Substituting Equation 40 into Equation
39 leads to Equation 44.

(44)

Now, some general relationships will be derived about the relative movements of the mullion.
However, this is more complicated, since the mullion is expected to rotate and to deform due to
shear and flexure. The kinematic model shown in Figure 166 to Figure 168 represents the
combinations of rotation, shear deformation, and flexural deformation as an equivalent pure
rotation. The equivalent shape is sufficient to portray the deflections at the corners of the glass
panes. The global rotation of the mullion (m) minus the global rotation of the glass pane () is
defined as the relative rotation of the glass pane (m - ). Figure 168 shows a kinematic model of
glass pane 5 for the top-left corner and bottom-left corner, in which gf is the horizontal distance
between the top and bottom corners of a rotated glass pane, and mf is the horizontal distance
between the top and bottom corners of a deflected mullion. Both the un-deformed shape at C0 and
the deformed shape at C6.75 are displayed. The solid lines represent the edge of the glass pane.
The dashed lines are the edges of the mullion and transom.

226

Figure 168 – Top Left and Bottom Left corner of Glass Pane 5 at C0 and C6.75 step 16

gf is the sum of the horizontal movement of the glass pane corner at the bottom, Dr5BL and the
horizontal movement of the glass pane corner at the top, Dr5TL. Substituting Equation 43 into this
relation gives Equation 45.

(

)

(45)

Equation 46 is derived based on the relationship shown in Figure 168.
(46)
Solving Equation 46 for mf and gf leads to Equations 47 and 48.
(47)
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(48)

Equation 46 may be modified to form Equation 49 by subtracting r#_C0 from both sides. r#_C0 = 1.125”
(49)

Substituting Equation 43 into both sides of Equation 49 then gives Equation 50.
(50)
The values of r5TL and r5BL are assumed to be equal, but opposite in sign. Setting r5# = r5TL then
leads to Equation 51.
(51)
Substituting Equation 51 into Equation 50 then gives Equation 52 and 53.
(52)

(53)

Equations 54 and 55 are also derived based on the relationship shown in Figure 168.

(54)

(55)

While, equation 55 is based on the left side of the glass pane, Equation 56 shows the change of signs
to represent the right side of the glass pane.

(56)
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Subtracting Equation 54 from Equation 55 then gives Equation 57.

(57)

Sample Calculations of a kinematic model with a 6” racking drift applied and cangle = 0.537.
The purpose of this example is to show that the relations for the angles developed based off of the
transom and the mullion have similar results. This will show the accuracy of the relationships
derived. The following calculations use the equations derived based on the mockup geometry and
the conditions stated above.

From Equation 34

From Equation 36

The following inputs are measurements from the video analysis of MB_T2_S12_C.6.75.
From Equation 40 based on the transom:

At BL of glass pane 5

At BR of glass pane 5

At TL of glass pane 5

At TR of glass pane 5

|

|

|

|

|

|

|

|

Though the calculated angle at the bottom right of glass pane 5 is much lower than the other
locations and the theoretical value of 0.0098 rad, the average of the four locations is 0.0092 rad,
which is very close to the theoretical value. Thus this equation is a good approximation if the
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average of all four corners is taken. If only one or two corners are available then the deviation may
be too great.
From Equation 54 based on the mullion:

5S3 (left edge of glass pane 5, see Figure 103)

5S1 (right edge of glass pane 5, see Figure 103)

Table 27 shows for method 2, the rotation was recorded as 0.56 degrees (0.0098 rad) at location 5S3
and 0.82 degrees (0.0143 rad) at location 5S1. The distances Dgf and the rotations shown in Table 23
were measured on separate occasions. This shows that the recorded value can vary by -4% to -2%
just by human error of not selecting precisely the same two measuring points. The calculated value
of a for the left side (5S3) is about the same as the theoretical value of 0.0098 rad. However, the
right side (5S1) is 49% more than that of the theoretical value. This shows that the rotation of the
glass should not be determined by just one edge. Preferably the average should be taken from the
measurements along both sides and also averaging the results from the equations based off of the
transom.
From Equation 55 based on the mullion:

5S3

5S1

Table 27 shows for method 2, the rotation was recorded as 0.71 degrees (0.0123 rad) at location 5S3
and 1.31 degrees (0.0228 rad) at location 5S1. The distances r5TL_C6.75, Dgf_5S3, r5BL_C6.75, r5TR_C6.75,
Dgf_5S1, and r5BR_C6.75 and the rotations shown in Table 23 were recorded on separate occasions. This
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shows that the recorded value can vary by -1% to -20% just by human error of not selecting precisely
the same two measuring points. The calculated value of bm for the left side (5S3) is about 33% less
than theoretical value of 0.01823 rad. However, the right side (5S1) is just 1% more than that of the
theoretical value. This shows that the rotation of the glass should not be determined by just one
edge. Preferably the average should be taken from the measurements along both sides.
The deformation of the SS along the transom is related to the angle . The deformation of the SS
along the mullion is related to the angle (m – a). From Equation 57, using the theoretical values, we
obtain:

From Equation 57, using the average of the values calculated using input from the video analysis, we
obtain:

This shows that the differences of a and bm from the theoretical values can lead to even larger
differences in the calculated value of (bm - a). This means that there is more uncertainly in the
calculation of the strain on the mullion than that on the transom. Fortunately, the angle  is much
greater than the angle (bm - a) from both the theoretical and video analysis results. Thus the
displacement of the SS along the transom will be greater than the displacement of the SS along the
mullion. In addition, the thickness of the SS along the transom is also less than the thickness of the
SS along the mullion, for the design of the mockup of this research. Each of these conditions
suggests that the strain of the SS along the transom will control over the strain of the SS along the
mullion. The deviation for the next section will then focus on the limit at which the SS along the
transom reaches its failure state. The two reasons for focusing on the transom is that there is more
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confidence in the angle a than there is in the angle (bm - a); and the strain of the SS is more likely
to be larger along the transom then along the mullion.

6.2) Shear Strain limit prior to corner contact
The objective of the equation that will now be derived is to determine the drift, ds, of the mockup at
which failure of the structure silicone (SS) occurs assuming that no glass pane corner has made
contact with another glass pane. This is considered to be a serviceability limit rather than an
ultimate limit state. When the SS first fails there is not an immediate life safety threat, but the
repair costs to re-glaze the glass panes in-situ can be significant. After this limit state is reached, a
life safety issue becomes significant as higher drifts are imposed and the SS failure propagates to the
entire perimeter of the glass which will lead to the entire glass pane to fallout. First, the relations
described in the previous section for the movement of the glass pane corners relative to the frame
will now be related to when the SS reaches its ultimate shear elongation. In the latter part of this
derivation, the relations will be made to the overall drift, ds, of the mockup at the supports
(Equation 44 is restated here). Once ds is obtained the drift ratio (ds/Hs = d/H) and the drift d over
the entire height of the mockup may be calculated.

(44)

The relationship between the combined longitudinal shear and transverse shear was defined by
method 1 and method 2 that was used for the video analysis. The relationship of method 1
(Equation 24) and method 2 (25) is repeated here.

|

√

|

|

|

for method 1

(24)

for method 1

(25)

232
As shown in Figure 166 and Figure 167, r# is the longitudinal shear displacement of the SS along the
transom (Equation 43), and s# is the transverse shear displacement of the SS along the transom
Equation 42). The character “#” represents any specific glass pane number and location (TL, TR, BL,
and BR). t# is the effective shear displacement of a SS and is equal to the multiplication of the
thickness, X, and the ultimate shear elongation, g, as shown in Equation 58. Substituting Equations
24 and 25 into Equation 58, respectively, gives Equations 59 and 60.
(58)

|

|

|

|

√

for method 1

(59)

for method 2

(60)

The objective now is to take the variables of the movement of the glass relative to the frame (r#
and s#) and relate them to each other. Then the variable s# can be solved for and substituted into
the drift, d equation 44. The relationship of s# to a (Equation 40) is also similar between r# and
a, which leads to Equation 61.

(61)

Solving for r# now gives Equation 62.

(62)

Now that the variables r# and s# are related to each other, Equation 62 is substituting into
Equation 59 and 60. Starting with the first method, substituting Equation 62 into Equation 59 gives
Equation 63, which is the relationship of the ultimate shear strain limit to the vertical movements of
the glass pane corner relative to the frame.
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|

|

|

|

|

|

|

|

|

| (

)

(63)

Solving for s# then gives Equation 64, which is then substituted into Equation 44 to form Equation
65.

|

|

(64)

(65)

Equation 65 is solved for the g, which would now represent the effective shear strain as calculated
by method 1. Equation 66 is useful for determining the shear strain of the SS for any drift and will
be used in CHAPTER 7) COMPARISON OF RESULTS FROM PHYSICAL TESTING, VIDEO ANALYSIS, AND
FINITE ELEMENT MODELING.

(66)

Now the equation of Ds# will be derived using the second method. This process is the same as the
first method, except the algebra is more complicated due to the quadratic equation. Equation 62 is
substituted into Equation 60, which then gives Equation 67.

√

√(

)

√( )

(67)

Solving for s# then gives Equation 68, which is then substituted into Equation 44 to form Equation
69.

(68)
√(

)
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√(

)

√

(69)

Equation 69 is solved for the g, which would now represent the effective shear strain as calculated
by method 2. Equation 70 is useful for determining the shear strain of the SS for any drift and will
be used in CHAPTER 7) COMPARISON OF RESULTS FROM PHYSICAL TESTING, VIDEO ANALYSIS, AND
FINITE ELEMENT MODELING.

√

(70)

Equation 65 and 69 may be used for any of the 9 glass panes that are on panels 1, 2, 3. However,
the 2nd row of glass panes (P4, P5, and P6) are considered to control over rows 1 and 3 of glass
panes, because row 2 experienced the greatest amount of glass rotation and corresponding had the
highest assumed coefficient cangle of 0.537.
Substituting the properties of the SS, which are X=5/16”, g=2 (ultimate shear strain of 200%); and
the dimensions of the mockup (Figure 17, Figure 18, and Figure 160), which are Hs=9.33’, w5=4.5’,
and h5=6’ into Equations 65 and 69, it then yields:

√

The first noted SS failure for MB_T2 occurred at step 16. The sum of the upper and lower tubes
displacements was 2.50” at C6.25 and 2.55” at C6.75 for step 15 and was 2.67” at C6.25 and 2.73” at
C6.75 for step 16. So the failure most likely occurred with the sum of the upper and lower tubes
displacement reached a drift between 2.55” and 2.73”. The average of that range is 2.64”, which is
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28% more than the predicted value of 2.07” from method 1 and 9% less than the predicted value of
2.90” from method 2. It is possible that this failure could have occurred at a lower drift, but was not
detected by inspection until step 16. Another cause for the difference is that the sum of the upper
and lower tubes displacement is slightly higher than the drift imposed on the mockup due to the
flexibilities of the angle connections from the sliding tubes to the mockup. Neither Equation 65 nor
69 takes these two factors into account. Potential sources for a cause in an over-prediction of the
drift could be imperfections of the SS bead or translations of the glass. An imperfection of the SS
bead would lead to failure before the ultimate shear strain of 200% from the coupon testing is
reached. The Equations 65 and 69 were developed based on only rotation and not translation, thus
any translation of the glass panes would cause additional shear strain on the SS, which would cause
failure of the SS at an earlier drift limit. The calculated drift of 2.07” by method 1 is then considered
to be a conservative prediction of the SS failure. The calculated drift of 2.90” was then an overprediction of the drift limit. The results from the example above using the kinematic equations
support both method 1 and 2 as being reasonable.

6.3) Drift ratio causing corner contact
The second limit state of interest to research of this study is when glass panes make contact with
other glass panes. This is considered to be a serviceability limit rather than an ultimate limit state.
When a glass pane first makes contact with other glass panes there is not an immediate life safety
threat, but this will lead to crushing of the corners and/or cracking of the glass pane. The repair
costs to replace and re-glaze the glass panes in-situ can be significant. After this limit state is
reached, a life safety issue becomes significant as higher drifts are imposed and the crushing of the
glass pane corners or the cracking of the glass pane could lead to a piece of glass of size 1 in2 or
larger to fallout from the mockup (ultimate limit state according to AAMA 501.6). The limit is also
important to consider since the behavior of the mockup becomes more complicated. The glass-to-
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glass-contact would cause the mockup to behavior non-linearly, assuming that SS failure and/or
plastic deformation of the frame and/or channel has not yet occurred which would also cause nonlinear behavior. After this limit is reached, the FEM analysis and the kinematic equation for SS
failure become invalid.

The objective of the equation that will now be derived is to determine the drift, ds, of the mockup at
which a glass pane corner or side contacts another glass pane corner or side. For this derivation it is
assumed that the SS will not fail. The movement of one pane’s corner relative to the corner of
another pane is now be derived. Figure 169 shows the exaggerated deformed shape is increased to
approximate the geometry at the instant that glass pane 5 contact glass pane 3. In Figure 169 the
same nomenclature is used as the video analysis in which, wm is the width of the mullion; wt is the
width of the transom; jn is the horizontal movement of glass pane n relative to its center due to
translation; kn is the vertical movement of glass pane n relative to its center due to translation; fn is
the horizontal movement of glass pane n at each corner due to rotation, n; and en is the vertical
movement of glass pane n at each corner due to rotation, n.
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Contact

Figure 169 – Movement glass panes 3 and 5 at contact relative to the un-deformed positions of the glass
panes

Contact will only occur when both Equations 71 and 72 are true
{right is positive}

(71)

{up is positive}

(72)

The weather-seal widths are given from the curtain wall design. From the example given (Figure
169), wm is 0.45” and wt is 0.51”. The measurements from the video analysis of specific example at a
lower drift in which contact has not yet occurred were (f5+j5) = -1.20”; (f3+j3) = -1.48”; (e5+k5) = 0.39”; (e3+k3) = 0.36”. Substituting these values into Equations 71 and 72 leads to:
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Since both statements are not true, this implies that contact has not occurred, which is in fact the
case for this drift. The following derivation steps are required, because of the need to predict the
displaced (translation and rotation) shape of the glass panes relative to each other.
The two conditions necessary for contact to occur (Equations 71 and 72) are next developed
separately so that they may be substituted into Equation 35 to form two separate final equations
(Equations 80 and 84) predicting s, glass-glass contact. Only one of the final equations will control for any
given mockup geometry.
First, the condition of Equation 71 is developed, that will determine the drift at which the glass
panes have closed the horizontal gap between them. Equations 73-75 were developed based on the
geometry of Figure 162 and assuming that the horizontal translation of the glass pane, jn, is the
same as that of the mullions:

̅

(73)

̅

(74)

̅

(

)

(75)

Substituting Equations 20, 74, and 75 into Equation 71 gives Equation 76, which simplifies to
Equation 77.

(

(

)

(

(

)

)

)

(

)

(76)

(77)

Substituting Equation 36 into Equation 77 would allow the derivation to continue with Equations 78
and 79.
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(78)

(79)

Substituting Equation 79 into Equation 35 then gives Equation 80.

(80)

Next, the condition of Equation 72 is developed. This will determine the drift at which the glass
panes have closed the vertical gap between them. Observation of the physical testing and video
capture analysis indicated that the vertical movement of glass panes, kn, was minimal.
Measurements from the video captures were j5 = 0.3406”; k5 = 0.0192”; j3 = 2.0189”; and k3 =
0.0192”. The value of kn is assumed zero for simplicity of the following derivations. Substituting
Equation 18 and kn = 0 into Equation 72 gives Equations 81 to 83.

(



)

(



)







(81)

(82)

(83)

Substituting Equation 83 into Equation 35 then gives Equation 84:
(84)

Substituting the dimensions of the mockup (Figure 17 and Figure 18) that are Hs=9.33’, wm=¾”, wt=
½”, w3=4.5’, and w5=4.5’, h3=2.5’, and h5=6’ into Equation 80 and Equation 84 and using the
assumed value of

, it then yields:
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As previously mentioned both Equations 71 and 72 must be true in order for contact to occur. Thus
the inter-story drift at which contact occurs must be the larger of the two values predicted by
Equations 80 and 84. The controlling value is 3.56” for the dimensions of the mockup being tested
and assuming

. The sum of the upper and lower tubes displacements was 3.46” at

C6.25 and 3.50” at C6.75 for step 20 and was 3.89” at C6.25 and 3.80” at C6.75 for step 21. So the
predicted drift of 3.56 by Equation 80 suggests that glass contact will occur during step 21. This was
in fact the case as noted by the observations of MB_T2_S12. In short, glass pane 6 suddenly
changed in behavior at S21_C3.75 and at S21_C4.25 the lower-left side of glass pane 6 made contact
with the bottom-right side of glass pane 5 (Table 18). This confirms the accuracy of Equations 71
and 72 to predict the drift at which contact makes even through some SS failure did occur at step 16
(approximately ds = 2.64”), and that there was major SS failure at step 21 just before the glass
contact occurred. However, it is possible that if the SS failure had not occurred before, that a higher
drift could have been reached before the glass contact occurred. If this was case then the
predictions of Equations 71 and 72 would have been conservative.
The movement of the glass panes relative to the frame becomes more complicated after either of
the two limits defined in this chapter are reached. For any given mockup, either the failure of the SS
or glass contact limits will control, then the other equation is invalid.

6.4) Discussion, Conclusions, and Recommendations of the KinematicBased Equations
Kinematic-Based Equations were derived for the pure-rack boundary condition for two limit states.
The first was the drift ds at, which the SS fails due to the calculated effective shear strain reaching
the ultimate shear strain (200%). The second limit was the drift ds at, which one glass pane makes
contact with another glass pane.
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The derivation of the first limit state determined that the rotation and subsequently the
displacement was larger along the transom then the mullion (bm–a < a). Thus the thickness of the
SS along the transom should be at least or more the thickness of the SS along the mullions. The
kinematic equation predicted that SS failure would have occurred at a smaller drift based on
method 1 and at a slightly larger drift based on method 2 then the drift at step 16, which is when SS
failure for MB_T2 was first noted.
The kinematic equation predicted glass-to-glass contact at the drift that it did occur at for
MB_T2_S12. However, the observations from the video analysis suggest that glass-to-glass contact
would have occurred at a higher drift if SS failure had not occurred first.
It should be expected that kinematic equations for each limit state should make conservative
predictions. This is because the kinematic equations are based on assumptions such as the glass
acts as a rigid body and the mullions rotate without deforming, while the physical mockup is more
somewhat flexible in these deformations.
For future studies, the rotation coefficients of the glass panes should be characterized with an
equation based on the type and location of the boundary system. This would expand the utility of
the kinematic equations developed in this research. The kinematic equation that determines when
glass contact occurs should be revised to consider the difference of rotations from one row of glass
panes to the next. It may be worthwhile to develop a set of Kinematic-Based Equations for the rackwith-vertical-slip boundary condition. This can be accomplished based on the derivation presented,
but changing some of the assumption such as the rotation of transoms.
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CHAPTER 7) COMPARISON OF RESULTS FROM PHYSICAL TESTING,
VIDEO ANALYSIS, AND FINITE ELEMENT MODELING
This chapter will compare the results from the physical testing, video analysis, and the finite
element modeling for MB_T2. The other tests will not be compared here, because the kinematic
equations were not developed for those boundary conditions. The focus will be on step 12, because
it is assumed that SS failure has not occurred. SS failure was first noted at step 16. Table 56
presents the key values that were calculated or recorded from each of the analyses for
MB_T2_S12_6.75.
Table 56 – Comparisons of results from analyses of MB_T2_S12_C6.75

Physical
Testing
of
MB_T2

Video Analysis:
Screen
Capture
Technique

Finite
Element
Model

Kinematic
Equation for
SS failure

-8.9

n/a

-10.95

n/a

n/a

93%

183%

192%

n/a

72%

129%

137%

Max Strain of SS at
corners [%] Method 1

n/a

133%

188%

n/a

Max Strain of SS at
corners [%] Method 2

n/a

104%

133%

n/a

Rotation of glass
panes of row 3 [rad]

n/a

-0.0045

-0.0057

-0.0038

Rotation of glass
panes of row 2 [rad]

n/a

-0.0119

-0.0124

-0.0098

Rotation of glass
panes of row 1 [rad]

n/a

-0.0075

-0.0038

-0.0041

Step 12 C6.75 -1.986"
drift of mockup
Applied Load [k]
Average Strain of SS
at corners [%]
Method 1
Average Strain of SS
at corners [%]
Method 2
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All of the values shown in Table 56 were calculated and discussed in their respective chapters. The
exception to this is the calculated average strain of the SS by the Kinematic Equations. These values
were calculated as shown below using Equations 66 and 70.

⁄

√

√
⁄

The relations between the analyses results have been thoroughly discussed in the previous chapters.
For convenience they will now be repeated concisely with the addition of some new relationships
and discussion.
The required load to be applied to the FEM was 23% more than the average load value from physical
test data for a drift of -1.986”. The plot of these load values for varies drifts (Figure 155) showed
that the FEM was behaving relatively linear and was a good approximation from the range of -1” to
0.8”. The restraint representing the channel (R17) is not accounting for plastic deformation, which
may be source of non-linear behavior of the physical testing of MB_T2. Plastic deformation of the
index clips or the index clip anchorage pulling out of the panel may cause some of this nonlinear
behavior.
The calculated effective shear strain from the video analysis was assumed to be reasonable. The
values calculated from the FEM and kinematic equations are similar to each other, but are
significantly higher than the video analysis. On average the calculated horizontal and vertical
displacement of the glass relative to the frame from the FEM analysis was 349% and 66% more than
the video analysis, respectively. The majority of this variance is most likely caused by the FEM and
the developed kinematic equations not accounting for the non-linear representation of the plastic
deformation of the frame and channel at higher drifts or the failure of the SS before a shear strain of
200% due to workmanship and/or the effects of an actual strip of SS which is significantly longer
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then the length of coupon of SS which reached the 200% shear strain. A small portion of the
variance is most likely caused by the human error of selecting the correct frame from the video,
scaling and rotating the image, and measuring it.
The kinematic equations have been validated, since they made reasonable predictions of the first
noted SS failure for MB_T2, which occurred at step 16. The sum of the upper and lower tubes
displacements was 2.50” at C6.25 and 2.55” at C6.75 for step 15 and was 2.67” at C6.25 and 2.73” at
C6.75 for step 16. So the failure most likely occurred with the sum of the upper and lower tubes
displacement reached a drift between 2.55” and 2.73”. The average of that range is 2.64”, which is
28% more than the predicted value of 2.07” from method 1 and 9% less than the predicted value of
2.90” from method 2.
This then prompted the re-evaluation of the video analysis method using the screen capture
technique. The standard deviation of the calculated effective shear strain is much larger from the
video analysis then the FEM. This can be somewhat seen by comparing the average strain and max
strain values reported in Table 56. This confirms that the FEM is behaving relatively linear in
comparison to the mockup during physical testing. The FEM and Kinematic Equations presented in
this research are limited to the linear behavior of the mockup, yet they have yielded reasonable
results. The video analysis results are quite valuable, for future work in which the FEM and/or
kinematic equations are developed to incorporate more non-linear behavior such as plastic
deformation.
It is recommended for future testing that targets be applied to the frame of the mockup such that
the target is visible to the camera view, will not move off camera, and will not be obscured by the
spacer and seal of the IGU. This would improve the accuracy of the video analysis results, since it
would eliminate the guesswork of determining the location of the corner of the intersection of the
mullion and transom, which was often blurred or obscured. Targets could also be applied to the
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glass panes, but it is important for them to be close to the corners of the glass pane and relatively
small so that they do not obstruct the view of the targets attached to the frame.
The rotation of the glass panes shows a reasonable difference between the video analysis and the
FEM. The video analysis developed two methods to determine the angles of the glass panes and
mullions. The first method measured the rotation views from a single camera. The second method
measured the rotation from a point in one camera location to a point in another adjacent camera
location. Both methods were sensitive to potential sources in human error such as location of the
images on the AutoCAD block, scaling, stretching, and especially rotation the images. The rotation
values from the FEM are expected to change somewhat if it is modified to incorporate nonlinear
behavior such as plastic deformation. The rotation values from the kinematic equations were
calculated using coefficients that were based on the rotation values recorded from the video
analysis and the FEM. Thus it is to be expected that the kinematic equation would calculate
rotations similar to that of the video analysis and FEM.
In summary, the results from the video analysis, FEM, and Kinematic-Based equations ranged from
very reasonable to somewhat reasonable in comparison to each other and the data from the
physical testing. All three analyses can still be refined for future studies to improve accuracies. The
objective of making these comparisons is to ensure that the analyses are reasonable or to determine
what refinements are needed. Thus future studies of glazing curtain systems should also
incorporate all three analyses.
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CHAPTER 8) SUMMARY, CONCLUSIONS, AND RECOMENDATIONS
8.1) Summary
This thesis formed the analytical component of a project that conducted the physical testing of the
4SSG curtain wall system. The performance of the 4SSG curtain wall system was evaluated based on
the physical data reported, video analysis, and finite element modeling (FEM). The results of the
experimental, video analysis and FEM studies were then used to derive kinematic-based-equations
to determine when specific limit states were reached.
8.1.1) Summary of Physical Testing
As predicted, the load vs. displacement of the unitized sway condition had a smaller slope than the
other boundary conditions. This resulted in the lowest strain levels of the structural silicone (SS).
However, the strain of panel 4, and the index clips between panels 4 & 3 and panels 3 & 2, was
significant due to the resistance of the channel on the re-entrant corner and along panel 4. From
visual inspection the drift experienced by panels 4 and 3 were greater than that of panels 2 and 1.
Both tests of the unitized sway condition experienced failure of the index clips.
The racking-with-vertical-slip boundary condition caused panels 1, 2, and 3 to experience about the
same amount of drift. It is assumed that panel 4 would have experienced a slightly smaller drift due
to the plastic deformation of the channel. It is unknown how much load is being transferred
through the transom of panel 4 and the channel, because the restraints in the X-direction at R1 to
R5 have attracted some of the load applied by the testing facility. As expected, this resulted in
greater rotation of the glass panes and strain of the SS, which caused failure of the SS in some
locations.
The pure-racking boundary condition caused all four panels to experience about the same amount
of drift. It is assumed that the influence of the transom of panel 4 and the channel interaction was
minimized due to the bolted connections restricting the X-direction at R6 to R8. This boundary
condition experienced the highest levels of strain of the SS. As a result, SS failure was noted at
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smaller drift of the mockup compared to the other boundary conditions. Significant SS failure
occurred at the higher drifts, and a complete fallout of glass pane 5 (center) occurred during the last
testing step.
8.1.2) Summary of Video Analysis
The video analysis was useful to confirm the assumed movements of the glass relative to the frame.
The effective shear strain and the rotations of the glass and frame were calculated from the
displacements measured from the video analysis. SS failure was first noted for MB_T2 at step 12.
At this step the calculated effective shear strain by method 1 was 173% and by method 2 was 130%.
Since the ultimate shear strain of the SS is around 200%, it seems that the video analysis supports
the use of method 1 over method 2.
The first technique (video capture) was the preferred technique, since the user selected the exact
frames desired and could select the target points for measurements. The drawback to this
technique is that the accuracy of the results depends upon the user’s ability to be precise in
capturing images, importing them, rotating, scaling, stretching, and selection of the target points.
All of these steps were repeated for about 150 images for MB_T2 and MC_T2. The second
technique (point tracking with CMA Coach 6) offers advantages of quickly analyzing frames and
having a convenience feature to export data to Microsoft Excel for further post-processing. The
accuracy of the results depends on only the scaling defined and the ability for the tracking points to
stay on target. The results between the two techniques did show percent differences ranging from
1% to 261%. A cause for the extreme percent differences may have been due to divergence of the
tracking points for some targets.
8.1.3) Summary of Finite Element Modeling using SAP2000
A summary of the FEM of the 4SSG curtain wall system of this study is that it is composed of
transoms and mullions as frame elements, structural silicone (SS) as area element type shell-thick,
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glass as either an area element type shell-thick or as sets of diaphragm constraints applied to the
nodes of the SS that are shared with the glass. The SS was modeled as a shell-thick element. An
effective modulus of elasticity was defined for the SS so that SAP2000 would calculate the correct
shear modulus of 71psi.
The stiffness of the SAP2000 FEM was on average 34% and 44% of that determined from the
physical testing, respectively for the pure-racking and racking-with-vertical-slip boundary condition.
The SAP2000 FEM results of the movement of the glass panes relative to the frame were 349% more
for horizontal movement (combined translation and rotation) and 66% more for vertical movement
(combined translation and rotation) then what was calculated from the video analysis. These
movement values correspond directly to the deformation of the SS. These larger differences are
most likely caused by the boundary conditions assigned in the FEM not matching the behavior of the
physical boundary conditions from the test. The restraint of the channel on panel 4 (R17) was not
modeled with plastic behavior, because it would require changing the load case type from static to
either Multi-step Static or Time History. Another significant source would be the flexibility of the
testing facility, which was not incorporated into the FEM. It is possible that the structural properties
still need to be refined (e.g., stiffness) to properly represent the area element in the model.
The kinematic equation developed for the limit at which the SS fails due to the combination of
longitudinal shear and transverse shear was supported by the noted SS failure of MB_T2_S12.
However, in this case the prediction was closer with the use of method 2 rather than method 1. The
kinematic equation developed for the limit at which the glass-to-glass contact occurs, predicted the
drift at which contact did occur for MB_T2. However, the equation is based on the assumption that
SS failure does not occur prior to the glass-to-glass contact. For the mockups studied, if the SS failure
had not occurred first, the glass-to-glass contact most likely would have occurred at a higher drift
value.
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8.1.4) Summary of Kinematic-Based Equations
Kinematic-Based Equations were derived for the pure-rack boundary condition for two limit states.
The first was the drift ds at, which the SS fails due to the calculated effective shear strain reaching
the ultimate shear strain (200%). The second limit was the drift ds at, which one glass pane makes
contact with another glass pane. Both of these equations made reasonable predictions for MB_T2,
which had the pure-rack boundary condition.

8.2) Conclusions
The following is a list of conclusions that have been reached as a result of this research.


The re-entrant corner and panel 4 had a greater effect for the unitized system than the
other two boundary conditions. Without panel 4, panels 1, 2, and 3 are expected to slide
along the channel, not experience drift, and SS would not be strained.



The difference between the load vs. displacement hysteresis data of the pure-rack and rackwith-vertical-slip boundary condition were relatively similar in the positive direction and had
similar slopes, but were offset by about 2.5k in the negative direction. .



The shear failure of the SS is most likely to occur along the transom than the mullion,
because the thickness is smaller (5/16” vs. 9/16”) and the displacements are higher (bm–a
< a). The thickness of the SS along the transom should be at least or more than the
thickness of the SS along the mullions.



Both methods of calculating the effective shear strain are supported by the video analysis
and kinematic equations applied to MB_T2 at step 16 which first noted SS failure.
o

From the video analysis both methods predicted effective strains at MB_T2_S16 to
be less than the ultimate shear stain. This under prediction by both methods was
assumed to be attributed to a defect in the SS bead at the location of the failure,
because another corner had a slightly higher calculated effective shear strain and
did not fail.
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o

The kinematic equation predicted that SS failure would have occurred at a smaller
drift based on method 1 and at a slightly larger drift based on method 2.



The calculated effective shear strain was relatively similar from the FEM and the kinematic
equations, but not for the video analysis. This variance is most likely due to the FEM and
kinematic equations not incorporating non-linear behavior such as plastic deformation of
the frame and channel at higher drifts and somewhat due to human error from the video
capture technique (rotating, scaling, location of image, etc.).



The video analysis and FEM calculated similar values of rotation of the glass panes, but very
different values of horizontal translation of the glass pane corner relative to the frame.



The kinematic equation predicted glass-to-glass contact at the drift that it did occur at for
MB_T2_S12. However, the observations from the video analysis suggest that glass-to-glass
contact would have occurred at a higher drift if SS failure had not occurred first.

8.3) Recommendations
8.3.1) Recommendations for Physical Testing
Future physical testing of glazing curtain wall systems should study the effect of two rows of panels
without a corner panel, to determine the likelihood of the corners of panels locking up and causing
conditions like the rack-with-vertical-slip or pure-rack boundary conditions of this study. If a video
analysis is to be performed, then a target should be attached to the frame such that it is visible to
the camera. A target could be achieved by taping a piece of white cardboard to the back side of the
mullion and transom intersection, such that at least a 2" by 2" square with a black dot in the center
is visible to the camera. This would improve the results of both the screen capture and point
tracking techniques.
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8.3.2) Recommendations for Video Analysis
Once the point tracking technique is further investigated and produces similar translations to the
video capture technique, it is recommended to determine the rotation of the glass by method 1
(analysis of individual camera locations) and method 2 (analysis of 2 adjacent camera locations).
The point tracking technique would eliminate some of the sources of human error (location and
rotation of the images) from the video capture technique for determining glass and frame rotation.
A target should be applied to the frame of the mockup such that the target is visible to the camera
view, will not move off camera, and will not be obscured by the spacer and seal of the IGU. This
would improve the accuracy of the results for both techniques, since it would eliminate the
guesswork of determining the location of the corner of the intersection of the mullion and transom,
which was often blurred or obscured. Targets could also be applied to the glass panes, but it is
important for them to be close to the corners of the glass pane and relatively small so that they do
not obstruct the view of the targets attached to the frame.
8.3.3) Recommendations for Finite Element Modeling using SAP2000
It is recommended for future studies using a FEM that the boundary conditions and definitions of
the SS in the FEM be further investigated and refined. A load case type “Multi-step Static” or “Time
History” of two constant amplitude cycles with the channel restraint, R17, modeled as “MultiLinear
Plastic” link elements should be analyzed. A Multi-step Static analysis is recommended over the
Time History analysis, because the analysis time is expected to be much quicker and the results
should be similar.
The properties of the R17 links would need to be re-determined by a series of trial values to obtain
similar load vs. displacement values as the physical results from the unitized sway boundary
condition. Once the R17 links have been calibrated, the restraints R1 through R8 may be changed to
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model the other boundary conditions, and load vs. displacement results of the physical testing
should be compared to the results from the new FEM.
It may then be worthwhile to run the Time History analysis, since it is expected to give more
accurate results, because it can model the displacement as a sinusoidal wave. The calculated
applied load from the Time History analysis divided by a dynamic amplification factor should be
similar to the calculated applied load from the Multi-step Static.
The FEM of this study the ultimate shear strain of the SS was modeled as 200% which was recorded
from physical testing of a coupon of SS. In future studies it may be more accurate for the SS’s
ultimate shear strain to be modeled based on the 167% or 122% which are the calculated shear
strain of the SS by method 1 and 2 respectively for Mockup B Test 2 at which SS failure was first
noted. These shear strain values represent the behavior of a strip of SS, which is significantly longer
then the length of the coupon. An adjustment would need to be made to the 167% or 122% values,
because they represent a combination of transverse shear and longitudinal shear; whereas the value
inputted into the FEM is for the ultimate shear in either transverse shear or longitudinal shear, not a
combination of the two.
Once refined, the SAP2000 FEM should be able to reliably predict the localized movements of the
system, and thus can be used to determine at any drift if the SS has failed or if glass-to-glass contact
has occurred.
8.3.4) Recommendations for Kinematic-Based Equations
The rotation coefficients of the glass panes should be characterized with an equation based on the
type and location of the boundary system. This would expand the utility of the kinematic equations
developed in this research. The kinematic equation that determines when glass contact occurs
should be revised to consider the difference of rotations from one row of glass panes to the next. It
may be worthwhile to develop a set of Kinematic-Based Equations for the rack-with-vertical-slip
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boundary condition. This can be accomplished based on the derivation presented, but changing
some of the assumption such as the rotation of transoms.

8.4) Final Remarks
The information gathered in this thesis is useful in developing a better understanding of the
behavior of 4SSG for seismic design. It will provide a template for how a curtain wall designer may
initialize a FEM and revise it as needed. The objective of the FEM and the kinematic-based
equations is to avoid a trial and error method of designing a 4SSG curtain wall system. This is
significant, since the AAMA 501.6 testing process takes time and consumes resources. The
kinematic equations are especially useful to any engineer or designer without the working
knowledge of FEM software and/or the time to execute a full FEM.
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Appendix A – Step-by-step guide to modeling the 4SSG mockup using
SAP2000 version v14
This guide serves as a guide for a user new to SAP2000 to be able to recreate a portion of the FEM
that was used for the analysis of this thesis. Due to time constraints this guide was not updated to
so that it would model the final complete models for each of the boundary conditions (unitizedsway, stick-built-with-vertical-slip, and stick-built). The model that is created from this guide is close
to final one used for the stick-built condition except the glass panes for each row of glass are all in
the same pane and the restraint R17 is not added. All units are lb., in., or any appropriate
combination of lb. and in unless noted otherwise.
Step 1: Define geometry
File > new model >
Change units to lb, in, F (this is located at the bottom right corner of the workspace window)
Select blank > OK
Right click inside the window > edit grid data > modify/show system
Change units to lb, in, F
Enter X grid data
Grid ID
Ordinate
reentrant
-1.5
CL M1
0
L Glass 1 0.5625
CL M2L
54
R Glass 1 54.5625
L Glass 2 55.3125
CL M2R
55.875
CL M3L
108.75
R Glass 2 109.3125
L Glass 3 110.0625
CL M3R
110.625
R Glass 3 164.0625
CL M4
164.625
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Enter Y Grid Data
Grid ID
Ordinate
Plane
0
IP M's
1.5
L Glass
1.875
R Glass 37.875
OP M
38.25
Enter Z Grid Data
Grid ID
Ordinate
CL T1
0
B Glass 0.25
T Glass
28.25
CL T2
28.5
B Glass 28.75
T Glass
100.75
CL T3
101.
B Glass 101.25
T Glass
129.25
CL T4
129.5
OK > Add Copy of System
Change System Name to “Glass”
Edit the X grid data to be
Grid ID
reentrant
L Glass 1
R Glass 1
L Glass 2
R Glass 2
L Glass 3
R Glass 3

Ordinate
-1.5
0.5625
54.5625
55.3125
109.3125
110.0625
164.0625

Do not edit Y Grid Data or Z Grid Data
File > Save As > “4SSG with SS as area elements”

Step 2: Define material properties
Define > Materials > Add New Material
Name = Aluminum
Material Type = Aluminum
Weight per Unit Volume = 0.0995
Modulus of Elasticity, E = 10,007,603 psi
Poisson’s Ratio, U = 0.33
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Aluminum Type = Wrought
Aluminum Alloy Designation = 6061-T6
Compressive Yield Strength, Fcy =35,000
Tensile Yield Strength, Fty = 35,000
Tensile Ultimate Strength, Ftu = 38,000
Shear Ultimate Strength, Fsu =24,000
OK
Add New Material
Name = SS
Material Type = Other
Weight per Unit Volume = 0.2836
Modulus of Elasticity, E = 358 psi
Poisson’s Ratio, U = 0.495
OK
Add New Material
Name = Glass
Material Type = Other
Weight per Unit Volume = 0.8857
Modulus of Elasticity, E = 1,044,271.6 psi
Poisson’s Ratio, U = 0.25
OK > OK
File > Save
Step 3: Define elements
Frame Elements
Define > section properties > frame sections > add new property > tube
Section name = Transom
Material = Aluminum
Outside depth (t3) = 3”
Outside width (t2) = 5.5”
Flange thickness (tf) = 0.125”
Web thickness (tw) = 0.125”
OK
Add new property > tube
Section name = Split mullion
Material = Aluminum
Outside depth (t3) = 1”
Outside width (t2) = 5.1875”
Flange thickness (tf) = 0.125”
Web thickness (tw) = 0.1875”
OK
Add new property > tube
Section name = Edge mullion
Material = Aluminum
Outside depth (t3) = 3”
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Outside width (t2) = 5.1875”
Flange thickness (tf) = 0.125”
Web thickness (tw) = 0.1875”
OK > OK

Area Elements
Define > section properties > area sections
Select Section Type to add = Shell
Add new section
Section name = Glass
Type = Membrane
Material Name = Glass
Material Angle = 0
Thickness Membrane = 0.5”
Thickness Bending = 0.5”
OK

Select Section Type to add = Shell
Add new section
Section name = SS along transom
Type = Membrane
Material Name = SS
Material Angle = 0
Thickness Membrane = 0.5625”
Thickness Bending = 0.5625”
Stiffness Modifiers > Set Modifiers
Membrane f22 Modifier = 0.277725
All other modifiers = 1
OK > OK
Select Section Type to add = Shell
Add new section
Section name = SS along typical mullion
Type = Membrane
Material Name = SS
Material Angle = 0
Thickness Membrane = 0.5625”
Thickness Bending = 0.5625”
Stiffness Modifiers > Set Modifiers
Membrane f11 Modifier = 0.277725
All other modifiers = 1
OK > OK
Select Section Type to add = Shell
Add new section
Section name = SS along re-entrant mullion
Type = Shell - thin
Material Name = SS
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Material Angle = 0
Thickness Membrane = 0.75”
Thickness Bending = 0.75”
Stiffness Modifiers > Set Modifiers
Membrane f11 Modifier = 0.277725
All other modifiers = 1
OK > OK > OK
Link Elements
Define > section properties > link/support properties > add new property
Link/support type = Linear
Property Name = SS along transom
Mass = 0
Weight = 0
Rotational Inertia 1 = 0
Rotational Inertia 2 = 0
Rotational Inertia 3 = 0
Property is Defined for this length in a line spring = 1
Property is Defined for this area in area and solid springs = 1
Directional Properties
Check the boxes for directions: U1 and U2
Modify/Show for All…
Select Stiffness is Uncoupled
U1 = 431 lb/in
U2 = 431 lb/in
Select Damping is Uncoupled
U1 = 0
U2 = 0
Shear Distance from End J
U2 = 0
U3 = 0
OK > OK
Add new property
Link/support type = Linear
Property Name = SS along typical mullion
Mass = 0
Weight = 0
Rotational Inertia 1 = 0
Rotational Inertia 2 = 0
Rotational Inertia 3 = 0
Property is Defined for this length in a line spring = 1
Property is Defined for this area in area and solid springs = 1
Directional Properties
Check the boxes for directions: U1 and U2
Modify/Show for All…
Select Stiffness is Uncoupled
U1 = 225 lb/in
U2 = 225 lb/in
Select Damping is Uncoupled
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U1 = 0
U2 = 0
Shear Distance from End J
U2 = 0
U3 = 0
OK > OK
Add new property
Link/support type = Linear
Property Name = SS along re-entrant mullion
Mass = 0
Weight = 0
Rotational Inertia 1 = 0
Rotational Inertia 2 = 0
Rotational Inertia 3 = 0
Property is Defined for this length in a line spring = 1
Property is Defined for this area in area and solid springs = 1
Directional Properties
Check the boxes for directions: U1 and U2
Modify/Show for All…
Select Stiffness is Uncoupled
U1 = 225 lb/in
U2 = 225 lb/in
Select Damping is Uncoupled
U1 = 0
U2 = 0
Shear Distance from End J
U2 = 0
U3 = 0
OK > OK > OK

File > Save

To

Draw from

Step 4: Draw elements
Check that drop down list in the bottom right corner that they are set to “GLOBAL” and “lb, in, F”
Aluminum Frame
Draw > Draw Frame/Cable/Tendon
Section = Edge mullion
Moment Releases = Continuous
1st joint
2nd joint
X
Y
Z
X
Y
Z
0
0
0
0
0
129.5
164.63
0
0
164.63 0
129.5
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To

Draw from

Change Section to Split mullion
1st joint
X
Y
Z
54
0
0
55.88
0
0
108.75
0
0
110.63
0
0

2nd joint
X
54
55.88
108.75
110.63

Y
0
0
0
0

Z
129.5
129.5
129.5
129.5

Y
0
0
0
0
0
0
0
0
0
0
0
0

Z
0
0
0
28.5
28.5
28.5
101
101
101
129.5
129.5
129.5

1st joint
X
0
55.88
110.63
0
55.88
110.63
0
55.88
110.63
0
55.88
110.63

Y
0
0
0
0
0
0
0
0
0
0
0
0

Z
0
0
0
28.5
28.5
28.5
101
101
101
129.5
129.5
129.5

To

Draw from

Change Section to Transom
Change Moment Releases to Pinned
2nd joint
X
54
108.75
164.63
54
108.75
164.63
54
108.75
164.63
54
108.75
164.63

Glass Area
Change the drop down list in the bottom right corner from “GLOBAL” to “glass”
Draw > Quick Draw Area
Note: if the task/button is faded out and will not let you select it, then cancel and on the main
toolbar select the “set YZ view”, then select the “set XZ view”. The view should now be the same as
before. Doing this fixes the glitch in the program which sometimes prevents area elements from
being drawn.
Section = Glass
Click once inside each of the 9 large openings.
The end result should be 9 area elements. Below is a list of what the bottom left and top right node
of each element should be.
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Bottom left node
X
Y
Z
0.56
0
0.25
55.31
0
0.25
110.06
0
0.25
0.56
0
28.75
55.31
0
28.75
110.06
0
28.75
0.56
0
101.25
55.31
0
101.25
110.06
0
101.25

Top right node
X
Y
Z
54.56 0
28.25
109.31 0
28.25
164.06 0
28.25
54.56 0
100.75
109.31 0
100.75
164.06 0
100.75
54.56 0
129.25
109.31 0
129.25
164.06 0
129.25

SS Area
Check the drop down list in the bottom right corner is set to “glass”
Draw > Quick Draw Area
Section = SS along transom
Click once in each of the spaces created by the grid below and above each glass area element.
The end result should be 18 area elements. Below is a list of what the bottom left and top right
node of each element should be.
Bottom left node
Top right node
X
Y Z
X
Y Z
0.5625
0 0
54.5625
0 0.25
55.3125
0 0
109.3125 0 0.25
110.0625 0 0
164.0625 0 0.25
0.5625
0 28.25
54.5625
0 28.5
55.3125
0 28.25
109.3125 0 28.5
110.0625 0 28.25
164.0625 0 28.5
0.5625
0 28.5
54.5625
0 28.75
55.3125
0 28.5
109.3125 0 28.75
110.0625 0 28.5
164.0625 0 28.75
0.5625
0 100.75
54.5625
0 101
55.3125
0 100.75
109.3125 0 101
110.0625 0 100.75
164.0625 0 101
0.5625
0 101
54.5625
0 101.25
55.3125
0 101
109.3125 0 101.25
110.0625 0 101
164.0625 0 101.25
0.5625
0 129.25
54.5625
0 129.5
55.3125
0 129.25
109.3125 0 129.5
110.0625 0 129.25
164.0625 0 129.5
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Draw > Quick Draw Area
Section = SS along mullion
Click once in each of the spaces created by the grid left and right of each glass area element.
The end result should be 18 area elements. Below is a list of what the bottom left and top right
node of each element should be.
Bottom left node
Top right node
X
Y Z
X
Y Z
0
0 0.25
0.5625
0 28.25
54
0 0.25
54.5625
0 28.25
55.3125
0 0.25
55.875
0 28.25
108.75
0 0.25
109.3125 0 28.25
110.0625 0 0.25
110.625
0 28.25
164.0625 0 0.25
164.625
0 28.25
0
0 28.75
0.5625
0 100.75
54
0 28.75
54.5625
0 100.75
55.3125
0 28.75
55.875
0 100.75
108.75
0 28.75
109.3125 0 100.75
110.0625 0 28.75
110.625
0 100.75
164.0625 0 28.75
164.625
0 100.75
0
0 101.25
0.5625
0 129.25
54
0 101.25
54.5625
0 129.25
55.3125
0 101.25
55.875
0 129.25
108.75
0 101.25
109.3125 0 129.25
110.0625 0 101.25
110.625
0 129.25
164.0625 0 101.25
164.625
0 129.25
File > Save
Select All
Check the bottom left corner to see if the follow is selected: 120 Points, 18 Frames, 45 Areas, 180
Edges
Edit > Edit Areas
Select “Divide Area Into Objects of This Maximum Size (Quads and Triangles Only)”
Along Edge from Point 1 to 2 = 2”
Along Edge from Point 1 to 3 = 2”
OK
Select All
Check the bottom left corner to see if the follow is selected: 6390 Points, 18 Frames, 6054 Areas,
24216 180 Edges
Clear selection
File > Save
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SS Link
The other goal of the FEM was to show that similar results could be obtained by modeling the SS as
either an area element or a link element. Unfortunately due to time constraints, the later was not
fully completed. The following the previous model could be adjusted by deleting the area elements
and drawing link elements and using the replicate command to quickly create a link element at the
same spacing as the mesh such used for the area element. The following is just a beginning of a
template for the instructions to do so.
File > Save As > “4SSG with SS as link elements”
Select > Select > Properties > Area Sections > “Glass” > OK
Delete

2nd joint
X
Y

Z

To

Draw from

Draw > Draw 2 Joint Link
Property = SS along transom
1st joint
X
Y
Z

File > Save
Step 5: Define load patterns and load cases
Define > Load Patterns
Load Pattern Name = 1” right displacement
Type = LIVE
Self Weight Multiplier = 0
Click “Add New Load Pattern”
Select the Load Pattern “Dead”
Delete
OK
File > Save
Step 6: Assign constraints and loads
Select the following nodes. Each node should align with a frame element.
X
Y
Z
0
0
6.25
54
0
6.25
55.88
0
6.25
108.75
0
6.25
110.63
0
6.25
164.63
0
6.25
Check the bottom left corner to see if the follow is selected: 6 Points
Assign > Joint > Restraints
Checkmark only “Translation 1”
Remove any other checkmarks
OK
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Use the “Get Previous Selection” to highlight the same six points above.
Assign > Joint Loads > Displacements
Load Pattern Name = 1” right displacement
Translation Global X = 1”
OK
Select the following nodes. Each node should align with a frame element.
X
Y
Z
0
0
115.25
54
0
115.25
55.88
0
115.25
108.75
0
115.25
110.63
0
115.25
164.63
0
115.25
Check the bottom left corner to see if the follow is selected: 6 Points
Assign > Joint > Restraints
Checkmark “Translation 1”, “Translation 2”, and “Translation 3”
OK
File > Save
Step 7: Analysis
Analyze > Set Analysis Options
Checkmark “UX”, “UZ”, and “RY”
Remove checkmarks from “UY”, “UZ”, and “RZ”
OK
Analyze > Run Analysis
Set “Dead” and “Modal” to not run
Set ‘1” right displacement’ to run
Run Now

Step 8: Modify the SS nodes
This step is to adjust the thickness of the area elements (or link elements) which represent the SS so
that the thickness is appropriate along the transom and the mullion. Without this step the thickness
would be the same which does not accurately represent the physical mockup.
File > Save As > “4SSG with SS as area elements modified”
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1st joint
X
54.56
55.31
109.31
110.06
54.56
55.31
109.31
110.06

Y
0
0
0
0
0
0
0
0

Z
0
0
0
0
129.5

To

Move from

Draw > Set Reshape Element Mode
2nd joint
X
54
55.88
108.75
110.63
54
55.88
108.75
110.63

Y
0
0
0
0
0
0
0
0

Step 9: Analysis
Analyze > Set Analysis Options
Checkmark “UX”, “UZ”, and “RY”
Remove checkmarks from “UY”, “UZ”, and “RZ”
OK
Analyze > Run Analysis
Set “Dead” and “Modal” to not run
Set ‘1” right displacement’ to run
Run Now

Z
0
0
0
0
0
0
0
0

270

Appendix B – Captured still images with measurements from video
analysis of 4SSG mockup
The following is the composition of the video capture images from video camera 1, 2, 4, and 5 for
Mockup B Test 2 and Mockup C Test 2. The label in the center of each composite of images
indicates the mockup, test, step, and cycle that the images were taken at. The video capture
technique is described and discussed in detail in Section 4.2) Video Analysis Techniques. The
measurements shown in the following images were used to calculate the effective shear strain of
the structural silicone. The results are presented in graphs and discussed in sections 4.3.2.1)
Mockup B Test 2 Discussion of Results and 4.3.4.1) Mockup C Test 2 Discussion of Results.
Mockup B Test 2 (Stick-built boundary condition) Video Analysis Measurements

Figure 170 – Mockup B, Test 2, Step 1, Cycle 0
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Figure 171 – Mockup B, Test 2, Step 6, Cycle 6.25
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Figure 172 – Mockup B, Test 2, Step 6, Cycle 6.75
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Figure 173 – Mockup B, Test 2, Step 12, Cycle 6.25
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Figure 174 – Mockup B, Test 2, Step 12, Cycle 6.75
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Figure 175 – Mockup B, Test 2, Step 16, Cycle 6.25
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Figure 176 – Mockup B, Test 2, Step 16, Cycle 6.75
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Figure 177 – Mockup B, Test 2, Step 20, Cycle 6.25
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Figure 178 – Mockup B, Test 2, Step 20, Cycle 6.75
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Figure 179 – Mockup B, Test 2, Step 21, Cycle 6.25
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Figure 180 – Mockup B, Test 2, Step 21, Cycle 6.75
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Mockup B Test 2 (Stick-built boundary condition) Video Analysis Results

Figure 181 – Calculated SS strain vs. displacement of Mockup B Test 2 Cycle 6.25

Figure 182 – Calculated SS strain vs. displacement of Mockup B Test 2 Cycle 6.25
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Figure 183 – Calculated SS strain vs. displacement of Mockup B Test 2 Cycle 6.75

Figure 184 – Calculated SS strain vs. displacement of Mockup B Test 2 Cycle 6.75
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Figure 185 – Plot of average calculated SS strains for cycle 6.25 compared to cycle 6.75 vs. displacement of
Mockup B during Test 2

Figure 186 – Plot of maximum calculated SS strains for cycle 6.25 compared to cycle 6.75 vs. displacement of
Mockup B during Test 2
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Mockup C Test 2 (Stick-built-with-vertical-slip boundary condition) Video Analysis Measurements

Figure 187 – Mockup B, Test 2, Step 1, Cycle 0
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Figure 188 – Mockup C, Test 2, Step 4, Cycle 6.25
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Figure 189 – Mockup C, Test 2, Step 4, Cycle 6.75
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Figure 190 – Mockup C, Test 2, Step 8, Cycle 6.25
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Figure 191 – Mockup C, Test 2, Step 8, Cycle 6.75
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Figure 192 – Mockup C, Test 2, Step 12, Cycle 6.25
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Figure 193 – Mockup C, Test 2, Step 12, Cycle 6.75
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Figure 194 – Mockup C, Test 2, Step 16, Cycle 6.25
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Figure 195 – Mockup C, Test 2, Step 16, Cycle 6.75
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Figure 196 – Mockup C, Test 2, Step 20, Cycle 6.25
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Figure 197 – Mockup C, Test 2, Step 20, Cycle 6.75
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Figure 198 – Mockup C, Test 2, Step 24, Cycle 6.25
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Figure 199 – Mockup C, Test 2, Step 24, Cycle 6.75
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Mockup C Test 2 (Stick-built-with-vertical-slip boundary condition) Video Analysis Results

Figure 200 – Calculated SS strain vs. displacement of Mockup C Test 2 Cycle 6.25

Figure 201 – Calculated SS strain vs. displacement of Mockup C Test 2 Cycle 6.25

298

Figure 202 – Calculated SS strain vs. displacement of Mockup C Test 2 Cycle 6.75

Figure 203 – Calculated SS strain vs. displacement of Mockup C Test 2 Cycle 6.75
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Figure 204 – Plot of average calculated SS strains for cycle 6.25 compared to cycle 6.75 vs. displacement of
Mockup C during Test 2

Figure 205 – Plot of maximum calculated SS strains for cycle 6.25 compared to cycle 6.75 vs. displacement of
Mockup C during Test 2
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Appendix C – CMA Coach 6 Studio MV point tracking results
The following are the resulting graphs of the calculated effective shear strain of the structural
silicone from the point tracking technique. This technique is described and discussed in detail in
Section 4.2) Video Analysis Techniques. The measurements from the program CMA Coach 6 were
used to calculate the effective shear strain of the structural silicone. The results for each of the
locations are shown next and are somewhat similar to the example that was presented and
discussed in sections 4.3.2.2) Mockup B Test 2 Comparisons of CMA Coach 6 Studio MV results to
video capture results.
Mockup B Test 2

Figure 206 – Calculated horizontal movement of glass pane 6 top left corner relative to the frame
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Figure 207 – Calculated vertical movement of glass pane 6 top left corner relative to the frame

Figure 208 – Calculated horizontal movement of glass pane 5 bottom left corner relative to the frame
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Figure 209 – Calculated vertical movement of glass pane 5 bottom left corner relative to the frame

Figure 210 – Calculated vertical movement of glass pane 5 top right corner relative to the frame
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Figure 211 – Calculated vertical movement of glass pane 5 top right corner relative to the frame

Figure 212 – Calculated horizontal movement of glass pane 6 top left corner relative to the frame
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Figure 213 – Calculated vertical movement of glass pane 6 top left corner relative to the frame

Figure 214 – Calculated horizontal movement of glass pane 4 bottom left corner relative to the frame
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Figure 215 – Calculated vertical movement of glass pane 5 bottom left corner relative to the frame
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