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Abstract: Curtain wall glazing systems are a major part of a building due to the multiple roles
they have, including occupant protection against environmental effects and the transfer of loads
to the structural system. From a structural perspective, limited analytical guidelines and methods
exist to aid designers in their determination of the curtain wall performance without extensive
simulation or laboratory testing. This study takes experimental data from full-scale, “unitized”,
four-sided structural sealant glazing (4SSG) curtain wall system mockups featuring a re-entrant
corner subjected to cyclic racking displacements in accordance with the American Architectural
Manufacturers Association AAMA 501.6 protocol to derive and establish equations that predict the
relative displacements of the glass relative to the glazing frame, based on the amount of inter-story
drift. Through derivation and testing, sealant cohesive failure and glass cracking were identified
as limit states and corresponding drift levels were determined to control many of the equations.
Displacements from the newly derived equations were correlated to the effective shear strain value
experienced by the structural silicone in the mockup concurrently with the curtain wall’s drift
capacity. This paper provides detailed derivation of the kinematic equations for possible use by
glazing design professionals. Such equations can help designers to more easily predict the drifts
that cause damage to such systems by manual calculations without the need for expensive mockup
testing or time-intensive computer models.

Keywords: unitized curtain wall systems; cyclic dynamic racking; kinematic response; four-sided
structural sealant glazing

1. Introduction

In the absence of well-established analytical or numerical models, full-scale mockup
testing is the main option for structural engineers and curtain wall designers, who need to
evaluate the accurate value of system behavior and the response of “unitized” four-sided
structural sealant glazing (4SSG) systems under seismic effects. The industry standard is to
conduct full-scale mockup testing to evaluate the performance of curtain wall systems. For
United States projects, procedures are prescribed in AAMA 501.4 and 501.6 guidelines [1].
AAMA 501.4 prescribes a statically applied in-plane lateral load to evaluate the air and
water leakage rates if the system experiences a serviceability level earthquake loading
and resulting damage. AAMA 501.6, however, is intended to evaluate the life-safe aspect
after an ultimate level design earthquake, which will excite the inertial effect, thus it is
considered a dynamic loading. For practical curtain wall design projects, AAMA 501.6
must be used if analytical or numerical methods are not readily available or feasible.
In addition to AAMA 501.4 and 501.6, a JRC report developed in 2014 [2] prescribes
recommendations for structural glass design with respect to the Eurocode. Several key
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attributes of AAMA and JRC are similar in determining the structural performance of
curtain walls. References [3,4] include some drawings and additional information about
the application of AAMA standard tests.

For this research, large full-scale mockups need to be dynamically tested, which
involves instrumentation and sensors as the standard method for collecting performance
data [5,6]. While extremely beneficial to have experimental data that is precise, the cost
and availability of sensors can lead researchers to collect limited data, along with the
cost of the specimen, which limits the number of tests. This is particularly true when it
comes to full-scale specimens [7,8]. To avoid expensive physical testing, for actual building
design and construction projects, the development of prediction equations is necessary for
designs to utilize. Being able to have prediction equations is significant since the AAMA
501.6 [1] testing process takes time and consumes resources that some firms and clients
may not have at their disposal. These equations are intended to help design professionals
in specifying 4SSG curtain wall systems and can lead to reducing the effort during curtain
wall design stages.

Several studies characterize the seismic performance of curtain wall systems [9–13].
While there are a few contributions to developing prediction models/equations for dry-
glazed curtain wall systems, there are not many published works on kinematic design
of SSG systems. Simmons and Memari [14] and Memari et al. [12] attempted to derive
equations for the design of two-sided structural sealant glazing (2SSG) configurations
for the prediction of failure drifts. This work presents the equivalent of such a study for
4SSG configurations.

Alternative to physical testing is finite element modeling (FEM) of architectural glass
curtain wall systems. While closed-form equations are simple to use for manual calcu-
lations, as the structure and curtain wall system becomes more complex, there exists in
designers a preference to use commercial software packages. There have been multiple
numerical studies using FEM to study architectural glass curtain wall systems, in particular
for point-supported glass systems [15–17] and cantilevered glass systems [18]. In 2016,
ASTM [19] published a document that considers numerical methods using commercially
available finite-element analysis software to determine stresses and deflections in glass
lites. Of course, a study by Soules et al. [20] and Morse [21] points out that numerical
methods discussed in [19] do not provide specific modeling guidance to ensure that the
results from a finite-element analysis match similar results obtained from the chart-based
method [19,21].

This paper presents a portion of a broader study that involved racking testing, finite
element modeling, and video capture techniques of curtain wall systems [14,22–24]. The
objective of the study presented in this paper was to develop closed-form kinematic
equations that help predict failure drift for different limit states for 4SSG curtain wall
systems. This study, as presented here, establishes the development of experimentally
validated derived kinematic equations based on full-scale racking tests with re-entrant
corners. While these kinematic equations can be used in developing codes for ease designer
calculations, the objective of this study was mainly to derive the needed equations, which
can then be used in closed-form scenarios. In the interest of brevity to focus on kinematic
derivation, discussions on numerical methods using FEM and video capture analysis are
only briefly mentioned in Section 2. The overall layout of the paper consists of background
and context, materials and system definitions, formulation of kinematic equations.

Both cohesive failure of the structural sealant (SS) and cracking of glass were chosen
as the critical limit states, with the observed corresponding drifts determined from the
full-scale mockups testing [24]. The derived equations would then permit an enclosure
designer to calculate the effective shear strain in the SS at any drift demand, thus greatly
improving their design process.

The purpose of developing kinematic-based equations is to identify key limit states
that would be of interest to curtain wall design professionals. The equations would serve
as a design guide, which would lead to a curtain wall design to have a better chance of not
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reaching the particular limit states during a racking test based on AAMA 501.6 [1]. These
closed-form equations will allow a curtain wall designer to have an initial understanding of
how a curtain wall design will behave without the need for finite element modeling (FEM)
or physical testing. These equations are derived based on pure racking conditions, not
the racking that would include a vertical slip or unitized sway conditions (also part of the
study). In the derivation of the kinematic equations, failure of SS and contact of glass pane
corners with adjacent glass panes were chosen as limit states. Due to these two different
limiting behaviors, two different and independent prediction equations were developed.
No effort was made to describe the behavior after SS failure or glass pane corner contact to
the glass pane side.

2. Summary Discussion of Physical Testing and Computational Modeling
2.1. Summary of Physical Testing of Curtain Wall Mockups

To establish kinematic equations for designer adoption and use, first a series of
physical tests of curtain wall mockups were performed as part of a larger project. Here,
the overall research goal was to determine the failure limit states of unitized curtain wall
systems, where the glass and sealant are vulnerable to failure under seismic induced
racking. Part of this objective was to determine the glass cracking and fallout limit states
along with cohesive and adhesive failure in the sealant (should it occur). Once the drift
associated with such failures is known, curtain wall designers can detail the systems to
avoid such failures. Memari et al. [24] and Simmons [25] provide details of the physical
testing program with key highlight summaries of constants, variables, and observations
from the physical tests that were used to help validate as well as generate the kinematic
equations in this paper.

The racking facility shown in Figure 1 consists of two steel tubes that slide in opposite
directions creating an inter-story drift that will cause the attached curtain wall system to
rack and with increased amplitudes reveal potential failure modes. The racking protocol
consisted of applying actuator displacements steps including four ramp-up cycles followed
by four constant-amplitude and ending with another four cycles of ramp-down cycles.

Buildings 2021, 11, 593 3 of 23 
 

The purpose of developing kinematic-based equations is to identify key limit states 
that would be of interest to curtain wall design professionals. 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 a racking test based on AAMA 501.6 [1]. 
These closed-form equations will allow a curtain wall designer to have an initial under-
standing of how a curtain wall design will behave without the need for finite element 
modeling (FEM) or physical testing. These equations are derived based on pure racking 
conditions, not the racking that would include a vertical slip or unitized sway conditions 
(also part of the study). In the derivation of the kinematic equations, failure of SS and 
contact of glass pane corners with adjacent glass panes were chosen as limit states. Due to 
these two different limiting behaviors, two different and independent prediction equa-
tions were developed. No effort was made to describe the behavior after SS failure or glass 
pane corner contact to the glass pane side. 

2. Summary Discussion of Physical Testing and Computational Modeling 
2.1. Summary of Physical Testing of Curtain Wall Mockups 

To establish kinematic equations for designer adoption and use, first a series of phys-
ical tests of curtain wall mockups were performed as part of a larger project. Here, the 
overall research goal was to determine the failure limit states of unitized curtain wall sys-
tems, where the glass and sealant are vulnerable to failure under seismic induced racking. 
Part of this objective was to determine the glass cracking and fallout limit states along 
with cohesive and adhesive failure in the sealant (should it occur). Once the drift associ-
ated with such failures is known, curtain wall designers can detail the systems to avoid 
such failures. Memari et al. [24] and Simmons [25] provide details of the physical testing 
program with key highlight summaries of constants, variables, and observations from the 
physical tests that were used to help validate as well as generate the kinematic equations 
in this paper. 

The racking facility shown in Figure 1 consists of two steel tubes that slide in opposite 
directions creating an inter-story drift that will cause the attached curtain wall system to 
rack and with increased amplitudes reveal potential failure modes. The racking protocol 
consisted of applying actuator displacements steps including four ramp-up cycles fol-
lowed by four constant-amplitude and ending with another four cycles of ramp-down 
cycles.  

Two sets of identical mockups referred to here as mockups B and C were built that 
are glazed with Dow Corning 983 Structural Glazing Sealant. The basic dimensions of the 
mockups are shown in Figure 2, while Figure 3a–c show boundary conditions for mockup 
with (1) sway, (2) racking with vertical sway, and (3) pure racking movements. The dif-
ference between mockups B and C are the boundary conditions, with mockup B having 
conventional stick-built boundary condition, while mockup C is similar to mockup B but 
allows vertical slip. Given these slight differences, mockup B resembles a more pure-rack-
ing behavior, whereas mockup C allowed for the panels to slip vertically past each other.  

 
Figure 1. BECRL racking test facility with a mounted mockup. Figure 1. BECRL racking test facility with a mounted mockup.

Two sets of identical mockups referred to here as mockups B and C were built that
are glazed with Dow Corning 983 Structural Glazing Sealant. The basic dimensions of
the mockups are shown in Figure 2, while Figure 3a–c show boundary conditions for
mockup with (1) sway, (2) racking with vertical sway, and (3) pure racking movements.
The difference between mockups B and C are the boundary conditions, with mockup B
having conventional stick-built boundary condition, while mockup C is similar to mockup
B but allows vertical slip. Given these slight differences, mockup B resembles a more
pure-racking behavior, whereas mockup C allowed for the panels to slip vertically past
each other.
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Figure 3. Panel configuration of frame and glass (frame = dashed lines, glass panes = solid lines). (a) 
Mockup with sway boundary conditions; (b) mockup with rack with vertical slip boundary condi-
tion; (c) mockup with pure racking boundary condition. 

Each mockup was tested according to the displacement-controlled racking protocol 
recommended in AAMA 501.6 [1], which characterizes monotonically increasing ampli-
tude sinusoidal drift cycles. AAMA 501.6′s “stepwise” test method requires a series of 
alternating “ramp up”, “constant amplitude”, and “ramp down” intervals, each com-
prised of four sinusoidal cycles where each step increases by 1/4 in. (6.4 mm) increments. 
These loading steps simulate the cyclic, in-plane racking dynamic behavior of earthquakes 
that are to be used in the determination of the serviceability and ultimate drift limits for 
architectural glass components [24]. During each test, the racking movement was stopped 
after each 1/4 in. (6.4 mm) step for inspection of any structural sealant damage. Figure 4 
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Figure 3. Panel configuration of frame and glass (frame = dashed lines, glass panes = solid lines). (a) Mockup with
sway boundary conditions; (b) mockup with rack with vertical slip boundary condition; (c) mockup with pure racking
boundary condition.

Each mockup was tested according to the displacement-controlled racking protocol
recommended in AAMA 501.6 [1], which characterizes monotonically increasing ampli-
tude sinusoidal drift cycles. AAMA 501.6′s “stepwise” test method requires a series of
alternating “ramp up”, “constant amplitude”, and “ramp down” intervals, each comprised
of four sinusoidal cycles where each step increases by 1/4 in. (6.4 mm) increments. These
loading steps simulate the cyclic, in-plane racking dynamic behavior of earthquakes that
are to be used in the determination of the serviceability and ultimate drift limits for ar-
chitectural glass components [24]. During each test, the racking movement was stopped
after each 1/4 in. (6.4 mm) step for inspection of any structural sealant damage. Figure 4
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depicts this drift vs. time for Step 12 (maximum nominal amplitude of 3 in. (76.2 mm)).
Additionally, Figure 4 depicts both the positive and negative drift amplitudes imposed
on the mockup during the sixth cycle (as labeled as C6.25 and C6.75). These two points
indicate the targeted moments to study in the video analysis [26].
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that: 1 in or 1”. = 25.4 mm).

The testing is reported for two identical mockups B and C. The observed failure modes
are similar to those presented in Memari et al. [9,11,26]. Mockups B and C were each tested
twice to study the effect of varying boundary conditions per Table 1′s documented changes.
First, mockups B and C were tested with a unitized sway condition. After assessing the
damage conditions of both, they were determined to be in acceptable condition for further
testing of boundary condition set 2. Changes included mockup B was now tested with
stick-built boundary condition, while mockup C was then tested with the stick-built with
the vertical-slip condition.

Table 1. Physical experiment testing matrix for boundary conditions and connections.

Mockup
Number Test Number Boundary

Condition
Upper

Connection
Lower

Connection

B 1 Sway Two separate
bolts with angles No connection

B 2 Racking Two separate
bolts with angles

One bolt with
two angles (one

each side)

C 1 Sway Two separate
bolts with angles No connection

C 2 Racking with
vert slip

Two separate
bolts with angles

Two angles (one
each side no bolt

Note: All boundary conditions for mockups B and C have no weather seals.

The testing of mockup B and C provided the necessary numerical data for validation
of other performance methods that were studied such as video capture, finite element
modeling, and kinematic approach that this paper focuses on. While this paper is focused
only on the kinematic relations derivation, a brief explanation of the video capture and
finite element modeling is provided.
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2.2. Summary of Video Capture Technique

Concurrent with the physical testing, video recordings of the tests were taken. The
video capture method [26] was developed as an alternative to using extensive sensors
and instrumentation to determine drifts corresponding to failure conditions for 4SSG
systems. The video capture method was established using video capture framed stills
(e.g., Figure 5) to determine relative movement between glass edge and framing. Using
the frames, the effective shear strain of the structural silicone was able to be calculated.
Nine hand-held video camcorders were aimed at the intersections of each panel (Figure 6).
Focal area locations L1, L2, and L3 were mounted to the ceiling, while locations L4 to L9
were mounted on tripods at the respected height away from the test. To ensure straight-on
views, all the camcorders were leveled using a digital level. After the tests were completed,
two different video capture and image measurement techniques were implemented. Each
technique sought to measure the movement of the glass corners relative to the mullions and
transom. The first technique took frame-by-frame shots of the intersection of joints (L1–L9)
that completed measurements looking for the maximum and minimum movements. These
isolated frames were then properly scaled and measure in AutoCAD. The second technique
used CMA Coach 6 Studio MV’s application Data Video that point tracked key joint
locations over a series of frame intervals. Videos consisted of 450–900 frames that there
were analyzed.
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2.3. Summary of Finite Element Modeling

The most relied upon approach to determine the stress distribution within a given
structure in practice is through FEM, which was also used in this study [23] to establish a
modeling approach suitable for 4SSG systems. Based on the displacements obtained from
FEM, the effective shear strain of the structural silicone was determined, which would help
define the failure conditions.

For this study, SAP2000 was used to develop the FEM similar to what curtain wall
designers might utilize. Due to the complexity of curtain wall systems, including 4SSG
configurations, the FEM was created in multiple steps. These steps included: (1) exclusively
model individual elements, (2) model other portions of the system, and finally (3) model
the entire system in great detail. For this research study, the FEM was created using a
combination of frame, area, and link elements within SAP 2000 that follows simplified
assumptions to more accurate modeling for three distinct models.

Three models were created [25]: (1) a single-panel curtain wall consisting of three glass
panes, modeling only the stick-built support condition, (2) a three-panel curtain wall where
each panel has three glass panes that are in the racking plane with vertical mullions being
treated as continuous whereas the horizontal transoms are modeled as non-continuous,
and lastly, (3) a complete 4SSG system of the mockup consisting of three planar panels
and one perpendicular panel to form a 3D model with the reentrant corner. To have non-
continuous horizontal transoms, ends were modeled as having a pin connection or partial
fixity (depending on the model). To create this model, first, the unitized sway support
condition was modeled, considering two verifications: (1) comparing system stiffness with
the hysteresis data from physical testing, and (2) comparing glass pane corners movement
relative to the frame from the video analysis data.

The assigned FEM boundary conditions (Figure 7) are the only distinction between the
mockups that needed special consideration across the models. Table 2 details the assumed
restraints (R1 through R17). R9 to17 remain consistent for each FEM, while R1 to R8 vary
(Figure 7). A uniform displacement was modeled at restraints R9 through R 16 in the
X-direction. From the analysis, reactions at each of the restraints are able to be pulled.
Restraints R9 to R17 reaction forces were considered equal then applied as loads to the
system. The directionality of the respective loads as the locations are as follows: the UX
DOF is released for R9 to R17 so that only UY and UZ are restrained from movement.
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Table 2. Restrained translation DOF’s as defined in SAP2000 FEM for each test [25].

Restraint #

Direction of the Restrained DOFs *

Mockup: MB_T1
and MC_T1 Mockup: MC_T2 Mockup: MB_T2

Unitized Sway Rack with Vertical
Slip Rack

R1 to R5 Y X, Y X, Y, Z

R6 Y Y X, Y, Z

R7 to R8 None None X, Y, Z

R9 to R16 X, Y, Z X, Y, Z X, Y, Z

R17 X, Y, Z are all restrained
* See Figure 3 for definition of X, Y, and Z directions.

3. Materials and Methods for Kinematic Equation Derivation

As part of the kinematic equation derivation, two limit states were considered in the
development based on observed behaviors. Condition one was based on the structural
sealant (SS) failure limits. Condition two was based on corner contact between two adjacent
glass panes. Because these are distinctly different limiting conditions, prediction equations
were developed consistent with these failure conditions.

3.1. Definition of Parameters and Assumptions for Derivation of Equations

From the physical testing and resulting video analysis conducted by Mema-
ri et al. [24,26,27], data revealed that there were distinct translations and rotations of the
glass panes with respect to the adjacent aluminum mullions. An example detail of the
connection of the transom to mullion is shown in Figure 8. To establish the equations,
global coordinates of the X-direction are horizontal, the Y-direction is out of the plane,
and the Z-direction is vertical were proposed. To simplify derivation, individual glass
panes were designated at each row of the mockup (Figure 2). The bottom-most row in the
plane was Row 1 with panes P1, P2, and P3; The middle in the plane row was Row 2 with
panes P4, P5, and P6; and the top row was labeled as Row 3 with panes P7, P8, and P9.
These nine panes were assumed to have three features: (1) panes were free to translate
in the horizontal direction, (2) panes were free to translate in the vertical direction, and
lastly, (3) panes were free to rotate approximately the same amount based on their size and
gaps between panels (Figure 9). In the equation development, the mockup’s perpendicular
re-entrant corner (Figure 9) was ignored in the derivation of the equation to simplify the
geometry, while the out-of-plane connections stayed flexible.
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Figure 9. Panel configuration of frame and glass (frame = dashed lines, glass panes = solid lines). (a) Un-deformed shape;
(b) deformed shape.

Each glass pane has a rotation (α) of with respect to an initial condition (represented
as αn, with n referring to the glass pane number). βm is defined as the mullion rotation.
Transom rotation and the transom change in slope is designated as βt, but it was observed
to be relatively small, and therefore, in this study taken as zero for the stick-built condition
equations. Curtain wall inter-story drift (δ) is considered over the full height of the mockup
(H). The applied mockup drift (δs) was placed along a height (Hs) that correspond to the
distance from the upper and lower sliding tubes of the experimental facility. Rotation
values βt, βm, and α were determined from both video analysis [22,24] and FEM [21]
of each mockup with an applied inter-story drift of 1.99 in. (50.55 mm). Simmons [25]
and Memari et al. [24] detail the results of the investigations with key summary findings
provided in Table 3. Another variable is the coefficient cangle, which represents the glass
pane rotation divided by the theoretical mullion rotation (δm). From the mockup geometry,
βm is the applied drift of the mockup (δs = −1.99 in. (50.55 mm)) divided by the vertical
distance between the boundary conditions of the test (Hs the tests is = 109 in. (2769 mm)).

Table 3. Measured glass pane rotations in stick-built mockup at S12_C6.75 (adapted from [23]).

Pane Location
(Pane Number

and Row)

Video Analysis
Results FEM Results

Average of
Video

Analysis and
FEM Results

cangle Value

P7, P8, P9 in
Row 3 −0.00179 rad −0.00573 rad −0.00376 rad 0.206

P4, P5, P6 in
Row 2 −0.00721 rad −0.01241 rad −0.00981 rad 0.537

P1, P2, P3 in
Row 1 −0.00432 rad −0.00383 rad −0.00407 rad 0.223

3.2. Mullion and Glass Pane Rotation and Movement Derivation

Figures 10 and 11 show the horizontal distance (r) and vertical distance (s) measured
from the nearest interior mullion corner over to the glass corner. The designations shown
in Figure 5 follow the following notation of r#_C# and s#_C# where the first number refers
to the glass pane number and identifies the corner with letters B = bottom, T = top, L = left,
and R = right (Figure 11). The second number indicated with C refers to the cycle of the step
in the experimental procedure of AAMA 501.6. To easily describe the relative movement of
the glass corners with respect to the mullions and transoms, step number is 16 data, and
configuration of the structural sealant deformation of the was used unless noted otherwise.
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drift giving Equation (2) where the distance between the boundary condition supports is 
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In addition, α correlates to the deformation of the SS along the transom. The differ-
ence between α and β correlates to the deformation of the SS along the mullion. The rela-
tionship between α and βm was approximated as a linear relationship using a coefficient, 
cangle as shown in Equation (3). Substituting Equation (3) into Equation (2) gives Equation 
(4).  α = cୟ୬୪୥ୣβ୫ (3)

Figure 10. Movement and rotation notation for the frame and the glass pane at a corner; (a) un-deformed corner;
(b) deformed corner.
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βm may be approximated by Equation (1). Here, βm is largest when δ = 6 in.
(152.4 mm). For the given mockups, the upper limit of βm was found to be 0.04542 rads.
Given the side of the curtain wall, βm is considered a relatively small angle since the value
may be approximated as 6/132 in. (50.55/3353 mm). All other angles for the derivations
are expected to be smaller than βm. Thus, all equations will be simplified according to the
small-angle approximation in the calculations. Equation (1) may then be solved for the
drift giving Equation (2) where the distance between the boundary condition supports
is Hs.

tanβm =
δ

H
(1)

δs = βmHs (2)

In addition, α correlates to the deformation of the SS along the transom. The difference
between α and β correlates to the deformation of the SS along the mullion. The relationship
between α and βm was approximated as a linear relationship using a coefficient, cangle as
shown in Equation (3). Substituting Equation (3) into Equation (2) gives Equation (4).

α = canlgeβm (3)
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δs =
α

canlge
Hs (4)

Another assumption taken is that the transom only translates along the X-direction,
while its flexural deformation is neglected due to the shear deformation of the SS being
the dominant behavior. As a result, the global rotation of the glass pane is equal to the
rotation relative to the transom. This relationship leads to Equation (5) in which, ∆s5BL and
∆s5BR are the changes in vertical measurements from the glass pane corner to the reference
point at each end of the transom. Equation (5) shows that ∆s5BL is equal to ∆s5BR. For
simplification, both of these will be referred to as ∆s5# (Equation (6)). The character “#” is
used throughout this paper to generalize the sub-coefficients, and in this case # = BL = BR.

tanα = α = 2
∆S5BL

w5
= 2

∆S5BR

w5
(5)

∆S5BL = ∆S5BR = ∆S5# (6)

As part of the derivation, expressions for glass corner movement (displacement and
rotation), references will be made back to Figures 9–11 labeling. ∆s5# is the difference
between s5#_C6.75 and s5#_C0 and consists of the vertical movement of the glass corner
due to rotation, e5#_C6.75 and the vertical translation of the glass, k5#_C6.75, as shown in
Equation (7). The expression for corner rotation as the difference between r5#_C6.75 and
r5#_C0 consists of the horizontal movement of the glass corner due to rotation, f5#_C6.75
and the horizontal translation of the glass j5#_C6.75, as represented by Equation (8).

∆S5B# = S5#_c6.75 − S5#_c0 = S5#_c6.7 + k5#_c6.75 (7)

∆r5 = r5#_c6.75 − r5#_c0 = f5#_c6.75 + j5#_c6.75 (8)

Substituting Equation (5) into Equation (4) leads to Equation (9).

δs =
α

canlge
Hs = 2

∆S5#

w5
× Hs

canlge
(9)

Since the mullion is expected to rotate and to deform due to shear and flexure, the
relative movement of the mullion is more complicated. The kinematic model shown in
Figure 12 represents the combination of rotation, shear deformation, and flexural defor-
mation 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 (βm) minus
the global rotation of the glass pane (α) represents the relative rotation of the glass pane
(βm − α). Figure 12 shows a kinematic model of glass pane 5 for the top-left (TL) corner
and bottom-left (BL) 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.

∆gf is the sum of the horizontal movement of the glass pane corner at the bottom,
∆r5BL and the horizontal movement of the glass pane corner at the top, ∆r5TL. Substituting
Equation (8) into this relation gives Equation (10). Next, Equation (11) is derived based on
the relationship shown in Figure 7.

∆gf = ∆r5BL + ∆r5TL = 2∆r5# = 2
(
f5#c6.75 + j5#c6.75

)
(10)

r5TL_c6.75 + ∆gf = r5BL_c6.75 + ∆mf (11)

Solving Equation (11) once for ∆mf and once ∆gf results in Equations (12) and (13).
With these equations, Equation (11) may further be modified to form Equation (14) by
subtracting r#_C0 from both sides. Next, by substituting Equation (8) into both sides of
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Equation (14), which in conjunction with using Equations (12) and (13) gives the resulting
Equation (15).

∆mf = r5TL_c6.75 + ∆gf − r5BL_c6.75 (12)

∆gf = r5BL_c6.75 + ∆mf − r5TL_c6.75 (13)

r5TL_c6.75 − r#c0 + ∆gf = r5BLc6.75 − r#_c0 + ∆mf (14)

∆r5TL + ∆gf = ∆r5BL + ∆mf (15)
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The values of ∆r5TL and ∆r5BL are assumed to be equal based on the movement of the
pane in the curtain wall, but opposite in sign (based on location). This relationship gives
Equations (16) and (17).

∆gf = −2× ∆r5# + ∆mf (16)

∆mf = 2× ∆r5 + ∆gf (17)

From the rotation angles, the displacement/rotation shown in Figure 7 results in
Equations (18) and (19). Here, Equation (19) is in reference to the left side of the glass pane
while with the changing the numerator to = −r5TR_c6.75 + ∆g f + r5BR_c6.75 will represent
the right side of the glass pane.

tanα = α =
∆gf
h#

(18)

βm
∼= tanβm =

∆mf
h# − 2× s#_c0

=
r5TL_c6.75 + ∆gf − r5BL_c6.75

h5 − 2× s#_c0
=

2× ∆r5 + ∆gf
h5 − 2× s#_c0

(19)

Lastly by subtracting Equation (18) from Equation (19) then gives Equation (20).

βm − α =
∆mf

h# − 2× s#−c0
−

∆gf
h#

=
r5TLc6.75 + ∆gf − r5BLc6.75

h5 − 2× s#−c0
−

∆gf
h#

=
2× ∆r5 + ∆gf
h# − 2× s#c0

−
∆gf
h#

(20)
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3.3. Movement and Rotation Example

Having the previously defined equations, a verification of the results was conducted.
Presented here is an example to show that the relations for the angles developed based
on the transom and the mullion have similar results with the created equations. Cal-
culations in this section use equations derived based on the mockup geometry and the
conditions. This example utilizes data from a 6 in. (152.4 mm) racking drift applied and a
cangle = 0.537 rad. From Equations (2) and (3), we obtain, respectively, βm = −0.01826 rad
and α = 0.00981. The following inputs are measured values of α from the video analysis of
MB_T2_S12_C.6.75 [25] for pane 5, respectively, at the bottom left (BL), bottom right (BR),
top left (TL), and top right (TR), 0.0116 rad, 0.0022 rad, 0.0125 rad, and 0.0107 rad.

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 (0.0098 rad). Thus, this equation is
a good approximation if the average of all four corners is taken. Rotation was recorded
as 0.56 degrees (0.0098 rad) at location 5S3 and 0.82 degrees (0.0143 rad) at location 5S1.
The calculated α value for the left side (5S3) is close to 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 value. It was
found to be preferable to the average be taken from the measurements along both sides
while also averaging the results from the equations based on the transom. Doing this with
Equation (20) with the given mullion measurements results in: βm = 0.01216 rad for 5S3,
and 0.01845 rad for 5S1.

Furthermore, the deformation of the SS along the transom is related to α. Here, the
deformation of the SS along the mullion is related to βm − α. From Equation (20), we
obtain the following values: βm − α = 0.00845 rad based on theoretical values, and 0.00502
rad according to the average of the values calculated based on video analysis.

These two values show that the differences of α and βm from the theoretical values
can lead to even larger differences in the calculated value of βm − α. In reviewing this
difference, there is more uncertainly in strain on the mullion calculation as compared to
that of the strain on the transom. However, the α is much greater than the βm − α from
both the theoretical and video analysis results [25]. Thus, the displacement of the SS along
the transom will be greater than the displacement of the SS along the mullion.

3.4. Shear Strain Limit Derivation

The objective of the shear strain limit equation derivation was to determine if the
structure silicone (SS) failure drift limit (δs) occurs. A major assumption here is that there
is no glass pane corner contact between adjacent panes in the curtain wall. In the larger
design context, this type of behavior is a serviceability limit as compared to an ultimate
limit state and thus not as critical. In cases of this behavior when the SS fails first, there
is not an immediate life-safety occupant threat. The only issue is that there potentially
is a repair cost to re-glaze the glass panes in situ (if the glazing is damaged). Once the
shear strain limit is reached in the curtain wall, the occupant life-safety becomes a major
concern as at higher drifts, the SS failure can propagate to the entire glass pane perimeter,
which can lead to the entire glass pane possibly falling out or shattering the glazing if it is
fully tempered.

Utilizing the relations described in the previous Sections 3.1 and 3.2 for the relative
glass pane corner movement of the frame will now be related to when the SS reaches its
ultimate shear elongation. As part of this derivation, the relations will be made to the
overall drift (δs) of the mockup at the supports (Equation (9)). Once δs is reached, the drift
ratio (δs/Hs = δ/H) and the drift (δ) over the entire height of the mockup may be calculated
using Equation (9). With a combined longitudinal shear and transverse shear, there are two
methods we can utilize defined by Method 1 (Equation (21)) and Method 2 (Equation (22)).
∆r# is the longitudinal shear displacement of the SS along the transom (Equation (8)), and
∆s# is the transverse shear displacement of the SS along the transom (Equation (7)). ∆t# is
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the effective shear displacement of a SS and is equal to the multiplication of the thickness
(X) and the ultimate shear elongation (γ) as shown in Equation (23).

forMethod1 ∆t# = |∆r#|+ |∆s#| (21)

forMethod2 ∆t# =
√

∆r#2 + ∆s#2 (22)

∆t# = Xγ (23)

Substituting Equations (21) and (22) into Equation (23) gives Equation (24) for Method 1
and Equation (25) for Method 2.

forMethod1 Xγ = |∆r#|+ |∆s#| (24)

forMethod2 Xγ =
√

∆r#2 + ∆s#2 (25)

From here, the movement of the glass relative to the frame (∆r# and ∆s#) are related to
each other. ∆s# can now be solved for and substituted into the drift (δ) (Equation (9)). The
relationship between ∆s# and α (Equation (5)) is similar to the relationship between ∆r# and
α, which leads to Equation (26), from which we can solve for ∆r# given in Equation (27).

2
∆S#

w5
= α = 2

∆r#

h5
(26)

∆r# = h5
∆S#

w5
(27)

Performing these substitutions, the variables ∆r# and ∆s# are now in a relationship to
each other and by using Equation (27) by substituting into Equations (24) and (25). Starting
with the first method, substituting Equation (27) into Equation (24) gives Equation (28),
which is the relationship of the ultimate shear strain limit to the vertical movements of the
glass pane corner relative to the frame.

Xγ = |∆r#|+ |∆s#| =
∣∣∣∣h5

∆S#

w5

∣∣∣∣+ |∆s#| = |∆s#|
(

h5

w5
+ 1
)

(28)

Solving for ∆s# then gives Equation (29), which is then substituted into Equation (9)
to form Equation (30).

|∆s#| =
Xγ(

h5
w5

+ 1
) (29)

δs,1st method = 2
∆S5#
w5

(
HS

cangle

)
=

2
w5

 Xγ(
h5
w5

+ 1
)
( HS

cangle

)
= 2

Xγ
h5 + w5

(
HS

cangle

)
(30)

Finally, Equation (30) is solved for the effective shear strain (γ) as calculated by
Method 1. Equation (31) is useful for determining the shear strain of the SS for any drift.

γs,1st method = 0.5δs
h5 + w5

X

(cangle

HS

)
(31)

Next, the equation for ∆s# was derived using Method 2. This process is the same as
Method 1, except the algebraic relationship was more complicated due to the quadratic
equation form in the equation. Here, Equation (27) is substituted into Equation (25), which
gives Equation (32).

Xγ =
√

∆r#2 + ∆s#2 =

√(
h5

∆S#

w5

)2
+ ∆s#2 = ∆s#

√(
h5

w5

)2
+ 1 (32)
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Solving for ∆s# then gives Equation (33), which is then substituted into Equation (9)
to form Equation (34).

∆s# =
Xγ√(

h5
w5

)2
+ 1

(33)

δs,2nd method = 2
∆S5#

w5

(
HS

cangle

)
=

2
w5

 Xγ√(
h5
w5

)2
+ 1


(

HS

cangle

)
= 2

Xγ√
h52 + w52

(
HS

cangle

)
(34)

Equation (34) can now be solved for γ, which represents the effective shear strain
calculated by Method 2. Equation (35) can be used to determine the shear strain of the SS
for any drift.

γs,2nd method = 0.5δs

√
h52 + w52

X

(cangle

HS

)
(35)

3.5. Validation of Equation to Estimate SS

While Equations (30) and (34) can be applied to any glass pane making up panels 1,
2, 3, row 2 of glass panes (P4, P5, and P6), seems to be more critical compared to glass
pane rows 1 and 3. The reason is that row 2 had the largest rotation and largest amount
of cangle of 0.537 during physical testing. Substituting the dimensions and properties of
the SS into Equations (31) and (34), it yields the following values, noting that the utilized
properties are X = 5/16 in. (7.94 mm), γ = 2 (a 200% ultimate shear strain; and the mockup
dimensions (Hs = 9.33 ft. (2844 mm), w5 = 4.5 ft. (1372 mm), and h5 = 6 ft. (1829 mm)):
δs,1st method = 2.07 in. and δs,2nd method = 2.90 in.

The SS failure for physical mockup MB_T2 was first observed to occur at Step 16.
At this point, the combined upper and lower tube displacement was 2.50 in. (63.5 mm) at
C6.25 and 2.55 in (64.8 mm) at C6.75 for Step 15 and was 2.67 in (67.8 mm) at C6.25 and
2.73 in (69.3 mm) at C6.75 for Step 16. This failure occurred most probably when the upper
and lower tube displacement reached a drift range of 2.55 in (64.8 mm) to 2.73 in (69.3 mm),
with an average of 2.64 in. (67.0 mm). This average is 28% larger than 2.07 in. (52.6 mm)
predicted by Method 1, but 9% less than 2.90 in. (73.7 mm) when predicted by Method 2.
A possibility for the differences is that a lower drift could have initiated the failure, but it
was not detected during testing inspection until Step 16. A second possible difference stems
from the sum of the upper and lower tube displacements that were actually larger than the
drift imposed on the mockup due to connection angle flexibility. Neither Equations (30)
nor (34) takes these two factors into account as it was an added complexity that had too
many variables and uncertainty in how all curtain walls are attached.

Potential drift over-prediction could also have come from any SS bead imperfections
or any glass translations. Likely a SS bead imperfection would lead to failure before the
200% ultimate shear strain recorded from the coupon testing. Derived Equations (30) and
(34) rely only on rotation and ignore translation. Any glass pane translation would cause
additional SS shear strain, which may lead to premature SS failure. Method 1 calculated a
drift of 2.07 in (52.6 mm) can be considered conservative for SS failure prediction. On the
other hand, Method 2 calculated a drift of 2.90 in (73.7 mm) can then be considered an
over-predicted drift limit. Nonetheless, the results of this example show that using the
kinematic equations derived can lead to reasonable estimates of drift capacity prediction.

3.6. Limit State Derivation—Drift Ratio Causing Glass-to-Glass Corner Contact Prior to
SS Failure

This section covers the typical movement behavior of the glass corners relative to the
frame. Figure 13a,b represent the adopted nomenclature for a glass pane rotating when
isolated from the frame. Here, wn is the width of glass pane n; hn is the height of glass
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pane n; fn is the horizontal movement of glass pane n at each corner due to rotation (αn);
and lastly, en is the vertical movement of glass pane n at each corner due to rotation (αn).
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The relationships between these parameters are as follows in Equations (36) and (37).

e =
αw
2

(36)

f =
αh
2

(37)

A limit state of interest to this research study is contact between glass panes repre-
sented by the drift (δs) when the gap closed, which represents a serviceability limit state of
the curtain wall. Initial contact between glass panes is not an immediate life-safety threat
as the panel has not been damaged yet. However, this will start some corner crushing
and/or cracking of the glass pane with significant repair costs. The life-safety limit state
occurs at higher drifts when a piece of glass (1 in.2 (645.2 mm2) area or larger) falls from
the mockup. This condition is defined as an ultimate limit state according to AAMA 501.6.
At this limit state, some nonlinearity can be observed at which point the FEM analysis and
the kinematic equation for SS failure become invalid. The objective of the equation that is
derived herein determines the drift (δs) of the mockup at which a glass pane corner or side
contacts another glass pane corner or side.

For this derivation, it was assumed that the SS will not fail. Initially, movement of
one pane’s corner relative to the corner of another pane will be derived. Figure 14 shows
the exaggerated deformed shape to illustrate the geometry at the instant that glass pane
5 contacts glass pane 3. In Figure 14, 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
(αn); and en is the vertical movement of glass pane n at each corner due to rotation, αn.
Contact will only occur when both Equations (38) and (39) are true.

Mullion weather− seal width = wm ≤
(
f5 + j5

)
−
(
f3 + j3

)
{right is positive} (38)

Transom weather− seal width = wt ≤ (e3 + k3)− (e5 + k5) {up is positive} (39)
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(b) movement of glass panes 3 and 5 at contact relative to the undeformed positions of the glass panes.

The weather-seal widths are given from the curtain wall design. From the example
given (Figure 10), wm is 0.45 in. (11.43 mm) and wt is 0.51 in. (12.95 mm). The measure-
ments from the video analysis of specific example at a lower drift in which contact has
not yet occurred were (f5 + j5) = −1.20 in. (30.48 mm); (f3 + j3) = −1.48 in. (37.59 mm);
(e5 + k5) = −0.39 in. (9.91 mm); (e3 + k3) = 0.36 in. (9.14 mm). Substituting these values
into Equations (39) and (40) leads to the following values and comparisons:

wm = 0.45 in. ≤ (−1.20 in.)− (−1.48 in.) = 0.28 in. false

wt = 0.51 in. ≤ 0.36 in.− (−0.39 in.) = 0.75 in. true

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 (38) and (39)) were
developed separately (so that they may be estimated in Equation (2)) to form two separate
final equations (Equations (47) and (51)) predicting δs, glass–glass contact. Only one of
the final equations will control for any given mockup geometry. First, the condition of
Equation (39) was developed, which determined the drift at which the glass panes have
closed the horizontal gap between them. Equations (40)–(42) were developed based on the
geometry of Figure 4 and assuming that the horizontal translation of the glass pane, jn, is
the same as that of the mullions:

jn = Ȳnβm (40)

j3 = Ȳ3βm =
h3

2
βm (41)

j5 = Ȳ5βm =

(
h3 +

h5

2

)
βm (42)

Substituting Equations (38), (41) and (42) into Equation (39) resulted in Equation (43),
which simplifies to Equation (44). fn is the horizontal movement of the glass pane n at each
corner due to rotation.

wm ≤
(
f5 + j5

)
−
(
f3 + j3

)
=

(
−αh5

2
+

(
h3 +

h5

2

)
βm

)
−
(
αh3

2
+

h3

2
βm

)
(43)

wm ≤ α

(
−h5

2
− h3

2

)
+ βm

(
h3 +

h5

2
− h3

2

)
= −α

2
(h5 + h3) +

βm
2

(h3 + h5) (44)
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Next, substituting Equation (3) into Equation (44) would allow the derivation to
continue with Equations (44) and (46). Substituting Equation (46) into Equation (2) then
gives Equation (47).

wm ≤ −
cangleβm

2
(h5 + h3) +

βm
2

(h3 + h5) =
βm
2

(h3 + h5)
(

1− cangle

)
(45)

βm ≥
2wm

(h5 + h3)
(

1− cangle

) (46)

δs,−horizontal gap closes ≥
2wm

(h5 + h3)
(

1− cangle

)Hs (47)

Next, the condition of Equation (39) was developed. This determined 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 (e.g., measurements from video capture were j5 = 0.3406 in. (8.6512 mm);
k5 = 0.0192 in. (0.4877 mm); j3 = 2.0189 in. (51.2801 mm); and k3 = 0.0192 in. (0.4877 mm)).
The value of kn is assumed zero for simplicity of the following derivations. Substituting
Equation (37) and kn = 0 into Equation (40) gives Equations (48)–(50).

wt ≤ (e3 + k3)− (e5 + k5) =
(αw3

2
+ 0
)
−
(
−αw5

2
+ 0
)

= (αw3 + αw5) (48)

wt ≤ α(w3 + w5) = cangleβ(w3 + w5) (49)

β ≥ wt

cangle(w3 + w5)
(50)

Substituting Equation (50) into Equation (2) resulted in Equation (51):

δs,−vertical gap closes ≥
wt

cangle(w3 + w5)
H (51)

Equations (47) and (51) determine the gap_closed drift (δs, defined as the condition
at which both the horizontal and vertical gaps close. In these equations, wm = width of
the weather-seal along the mullion (i.e., the horizontal glass pane gap s); wt = weather-
seal width along the transom (i.e., the vertical glass pane gap); hn = glass pane height;
wn = glass pane width; Hs = inter-story mockup height between the boundary connection
points (the tubes in the facility); and cangle = glass pane rotation coefficient. Predicting the
glass pane movement with respect to the frame becomes increasingly more complicated
once either limit states are exceeded. For any given mockup, either the failure of the SS or
glass contact limits will control.

3.7. Drift Equation Example

Substitution of the dimensions of the mockup that are Hs = 9.33 ft (2843 mm), wm = 3
4 ”

(19 mm), wt= 1
2 ” (12.7 mm), w3 = 4.5 ft. (1372 mm), and w5 = 4.5 ft. (1372 mm), h3 = 2.5 ft.

(762 mm), and h5 = 6 ft. (1829 mm) into Equation (47) and Equation (51) and using the
assumed value of cangle = 0.537 yields:

δs,−horizontal gap closes =
2× 0.75in.

(2.5ft. + 6ft)(1− 0.537)
9.33ft. = 3.56in.

δs,−vertical gap closes =
0.5in.

0.573(4.5ft. + 4.5ft)
9.33ft. = 0.97in.

As mentioned previously, both Equations (38) and (39) must be true in order for
contact to occur. Thus, contact inter-story drift is the larger of values determined from
Equations (47) and (51). Assuming that cangle is 0.573 rad and the test mockup dimensions
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for the research specimens, the controlling value is 3.56 in. (90.42 mm). Based on the
test measurements, the combined tubes displacements (upper and lower) was 3.46 in.
(87.88 mm) at C6.25 and 3.50 in. (88.9 mm) at C6.75 for Step 20 and was 3.89 in. (98.8 mm)
at C6.25 and 3.80 in. (95.6 mm) at C6.75 for Step 21. Accordingly, Equation (47) predicted a
drift value of 3.56 in. (90.42 mm) implies that glass contact will occur during Step 21, which
was confirmed from observations of MB_T2_S12 test results. In summary, 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. Accordingly, Equations (47)
and (51) can acceptably predict curtain wall drift at the glass–glass contact, even though
some failure of SS was observed at Step 16 (at δs = 2.64 in. (67.06 mm)), and that there were
major SS failures at Step 21 just before the onset of glass contact. Based on test observations,
if the failure of the SS had not occurred prior to glass contact, then a larger magnitude glass
contact drift may have resulted. In such a situation, the resulting prediction estimates from
Equations (47) and (51) would have underestimated the drift capacity, resulting in a more
conservative design.

4. Discussion

From the resulting derivations that generated both Equations (30) and (34), these two
equations can be adopted by designers for predicting the limit state of any of the nine
glass panes across Panels 1, 2, and 3. That said, the glass panes P4, P5, and P6 in Row 2
controlled the entire mockup system as compared to panes in both Rows 1 and 3. A reason
that Row 2 did control is due to Row 2 experiencing the greatest measured of glass rotation
and highest coefficient cangle of 0.537 rad. Now looking at Equations (47) and (51), both
of these equations were streamlined by only using a cangle equal to 0.537 rad. While an
approximation, the accuracy of the Equations (47) and (51) can be improved (if desired) by
re deriving them using the cangle coefficient from both the second row and either the first
or third row (whichever other row will control first).

This paper derived equations that can predict structural sealant (SS) limit state failure
occurring at a corresponding drift δs,ss of 2.07 in. (52.58 mm) using Methods 1 or 2.90 in.
(73.66 mm) using Method 2. The actual observed drift was 2.64 in. (67.06 mm) from
testing. Moreover, the kinematic equations predicted glass-to-glass contact at a drift (δs,
gap_closed) of 3.46 in. (87.88 mm) compared to the actual recorded drift having a range
between 3.50 in. (88.9 mm) to 3.89 in. (98.8 mm). The calculated effective shear strains from
the kinematic-based equations are relatively close to that of the FEM [23].

The FEM model analysis results were compared to the racking test results to assess
validation over the linear elastic range of structural sealant performance. The stiffness
recorded from the physical testing at lower steps was similar to the FEM results while
at higher steps the physical mockup showed non-linear behavior, yet the FEM was not
developed with that level of non-linear behavior established in its materials or elements.
Regarding the glass pane corner movement relative to the aluminum frame, resulted
in considerably different values between the FEM and the physical mockups. Other
observed results showed that the FEM was not significantly influenced by the perpendicular
panel and that the structural silicone could be modeled with thick shell area elements in
commercial software will give a good correlation experimental testing. More detailed
comparisons between FEM results and physical testing results can be found in Simmons
and Memari [23].

The kinematic equations have been validated by noting SS failure for MB_T2, which
occurred at Step 16. The combined tubes displacements were 2.50 in. (63.5 mm) at C6.25
and 2.554 in. (64.8 mm) at C6.75 for Step 15 and was 2.67 in. (67.8 mm) at C6.25 and
2.73 in. (69.3 mm) at C6.75 for Step 16. Therefore, the failure most likely occurred when
the combined tubes displacement reached a drift between 2.55 in. (64.8 mm) and 2.73 in.
(69.3 mm). The average of that range is 2.64 in. (67.06 mm), which is 28% more than the
predicted value of 2.07 in. (52.58 mm) from method 1 and 9% less than the predicted value
of 2.90 in. (73.66 mm) from Method 2. The derivation of the first limit state determined that
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the rotation and subsequently the SS shear deformation was larger along the transom than
the mullion. In other words, the shear failure of the SS is most likely to occur along the
transom than the mullion, because the thickness is smaller (5/16 in. vs. 9/16 in. (7.94 mm
vs. 14.29 mm)) and the displacements are higher (βm − α < α). The thickness of the SS
along the transom should be at least equal to or more than the thickness of the SS along
the mullions.

The calculated effective shear strain was relatively similar to the FEM and the kine-
matic equations, but not for the video analysis. The possible sources of human error from
the video capture technique may be a cause of this difference.

5. Conclusions

The objective of this research was to develop prediction equations for four-sided struc-
tural silicone glazing (4SSG) curtain wall performance under seismic loading conditions.
A series of kinematic-based equations were developed for two limit states corresponding to
a pure-racking boundary condition. The first equation set predicts the drift (δs) that causes
the onset of the SS shear strain failure based on the maximum permitted effective shear
strain of 200% The second equation set predicts the glass to glass contact drift (ds). Both of
these equation sets provide reasonable predictions for pure-racking boundary condition
installed curtain wall system deploying 4SSG. The results of this study show that:

• Method 1 and 2’s kinematic equations both calculate the effective shear strain limit
reasonably well and are supported by applied stick-built 4SSG mockup testing at
Step 16 in the testing protocol when SS failure was first observed. The equation
predicted that SS failure would start at a lower drift level related to Method 1’s
formulation while Method 2 starts failure at a slightly larger drift.

• Both methods predicted effective strains 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.

• Glass-to-glass contact for the stick-built mockup was predicted by the derived equa-
tion when comparing results to physical testing at Step 21. Further video analysis
observations though suggest that glass-to-glass contact would have occurred at a
higher drift had the SS failure had not occurred at Step 16 giving way to conserva-
tive equations.

• Relative glass pane movement with respect to the frame becomes complex after either
of the two limit states are reached. Based on the configurations studied, either glass-
to-glass contact or SS failure limit will control the overall design, and beyond that, the
accuracy of the other equation diminishes.

• Between the mullion and the transom SS, the one with smaller thickness will first fail
in shear and control the drift capacity.

Given the kinematic equations derived, each limit state from the calculations can be
assumed to lead to smaller drift capacity predictions resulting in conservative estimations.
These conservative estimates stem from the two primary simplifications: (1) glass panes
act as a rigid body with only rotation and translation (no deformation) and (2) curtain wall
mullions rotate without considerable deformations. Actual physical mockup testing has
shown that curtain walls are more flexible than those assumed for kinematic relation deriva-
tion. As a result, real curtain walls will yield larger drift capacities before SS failure occurs.
Another limitation imposed in this research is the assumption that other possible conditions
have not or will not occur before SS failure. Another major assumption is that only linear
elastic behavior is assumed, and any nonlinearity is not considered, i.e., the equations do
not apply to conditions under plastic deformation or cyclic loading. Furthermore, this
paper’s kinematic equations are only applicable for the stick-built boundary condition.

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



Buildings 2021, 11, 593 21 of 22

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 boundary
conditions. This can be accomplished based on the derivation presented but changing
some of the assumptions such as the rotation of transoms.
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