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ABSTRACT
Structures everywhere are increasingly being subjected to sudden and extreme
loading conditions. The main priority in any such event is the safety of the building
occupants. Until recently, impact and blast resistant technologies had focused primarily
on military structures, petrochemical facilities, and government buildings. Recent
extreme events have influenced the transfer of these technologies to daily commercial
and civilian use. Further research is needed into the implementation of extreme loadresistant technologies in the commercial building industry.
This thesis presents a developmental study that included full-scale experiments on
wall systems against out-of-plane uniform loading. The main objectives of this study
were (1) to research and develop blast resistant enhancement techniques for brick veneer
walls with steel stud backup systems; (2) to design and build a pressure loading facility to
test full scale wall specimens under out-of-plane loading; (3) to experimentally determine
the static loading capacity of the developed wall system designs; and (4) to compare the
experimental results to finite element modeling analysis.
The enhanced brick veneer on steel stud wall specimens were experimentally
tested to failure with an out-of-plane load. The custom designed uniform load testing
facility used a high-strength pressure bladder and reaction panel frame to conduct testing
of the wall panels. Four specimens in total were tested.
Component testing was also carried out to determine the reaction properties of the
wall system fasteners. To achieve the desired tension-membrane response to the out-ofplane loading, connections between components had to be experimentally verified prior
to full-scale specimen design and construction. Data collected for comparison during
testing of the full-scale specimens included the load applied verses: deflection in the
brick veneer, deflection in the steel studs, and load-distribution across the brick veneer
ties. Finally, it is discussed that results presented from this study can be used as a basis
for further experimental investigation into modern blast enhancement technologies, as
well as some guidelines for their practical application.
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CHAPTER 1
INTRODUCTION

1.1

GENERAL
In recent years, there has been a rise in demand for higher strength in building

systems. Structures around the world are increasingly being subjected to sudden and
extreme loading conditions (e.g., bomb explosions, hurricanes, earthquakes) that result in
catastrophic failures of building structures, subsequent injury, and loss of innocent lives.
In July of 1994 a car bomb exploded just five meters from a Buenos Aires Jewish
Community Center, triggering a progressive collapse of the load-bearing brick masonry,
which killed eighty-five and injured hundreds of others. Prior to that, London suffered
two explosions on April 11th 1992 that caused severe damage to commercial office
buildings and warehouses. The largest terrorist attack in the US prior to the 2001 World
Trade Center attack was the devastating assault on the Alfred P. Murrah Federal
Building, Oklahoma City in April of 1995, claiming 168 innocent lives. In all these
cases, bomb explosions resulted in catastrophic failures to the building structures and
subsequent loss of life. For these reasons, design of high performance building systems
that provide desirable levels of security, strength, and serviceability has been increasing
in demand over the past decade.
Until recently, impact and blast resistant technologies had focused primarily on
military structures and other high-risk facilities such as petrochemical plants, and
government buildings. Blast events such as those mentioned, in addition to natural
disasters, have influenced the transfer of these high performance technologies to
commercial and civilian use. Further research is needed in the implementation and
behavior of these load resistant technologies for the commercial building industry. More
knowledge is needed in the design and application of materials and products used in
blast-resistant design. In particular, research is needed on the experimental performance

of modern wall systems against out-of-plane loadings. Successful adaptation to a higher
standard of performance against extreme loading events and natural disasters could
reduce building damage and lower loss of life due to structural failure.
As a result of this demand for further research into the strength and performance
of building systems, a study was conducted to analyze enhancement techniques applied to
a developed panelized wall system design for increased out-of-plane strength. Full scale
testing as well as finite element modeling was used to develop the static load-deflection
curves for four wall specimens varying in out-of-plane enhancement design. The final
results of this study could be used as a basis for further experimental investigation into
modern blast enhancement technologies, as well as some guidelines for their practical
application.

1.2

DEVELOPMENTAL STUDY
The purpose of this study was to further develop a recently introduced panelized

brick veneer on steel stud backup system to strengthen against extreme out-of-plane
loads. The enhancements were applied to the Multi-hazard Resistant Panelized Brick
Veneer/Steel Stud wall system (PBVSS), which was developed in a pilot study at The
Pennsylvania State University (Liang 2006). The intent of the original study was to
improve upon the conventional brick veneer/steel stud design by heightening its
performance against wind and seismic loads. Wind loading, water penetration, and
seismic displacement tests on full scale brick veneer wall specimens determined the
performance of conventional vs. panelized systems. The intent of this follow-up study
was to build upon the preliminary PBVSS system; to strengthen the design through
various enhancement techniques used for high-strength wall systems. The project
included the design and construction of full-scale brick veneer/steel stud wall specimens
for testing under a uniformly distributed out-of-plane static load. The uniform load
testing was conducted in the Building Envelope Research Laboratory (BERL) in the
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Architectural Engineering Department at The Pennsylvania State University. The scope
of this project included the design and assembly of the uniform load testing facility.

1.3

OBJECTIVES AND SCOPE
The overall goal of this research was to design and test an enhanced PBVSS wall

under a uniformly distributed static pressure; to experimentally verify the performance of
the proposed out-of-plane resistant enhancements. The objectives of this research were
as follows:


Research and develop out-of-plane resistant enhancement techniques to be
applied to the PBVSS system;



Design, build, and test a pressure loading facility to fail full scale wall specimens



Experimentally determine the out-of-plane static loading capacity of the
developed PBVSS system



1.4

Compare the experimental results to finite element modeling analysis

RESEARCH PLAN
This project consisted of two main phases; the design phase and the evaluation

phase. The design phase aimed at the research and development of potential
enhancements that could be applied to the existing PBVSS design to strengthen it for
improved out-of-plane performance and heightened occupant safety during extreme
loading events. Also completed during the design phase was the pressure testing facility
design.
The evaluation phase of the research project analyzed the design enhancement
techniques developed in the first phase through experimental testing and finite element
modeling. During this phase, the testing facility was assembled, and full-scale wall
specimens were constructed. Finite element analysis of the systems and their
enhancements simulated the static loads on the structures and how the walls would
3

theoretically respond to an out-of-plane pressure using commercial analysis software.
The results of these analyses were compared to those from the experimental static tests on
the constructed specimens containing the same enhancements. The scope of this project
did not include dynamic testing of the specimens.
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CHAPTER 2
LITERATURE REVIEW

2.1

GENERAL BACKGROUND
There is a need for research in the design and implementation of blast resistant

technologies in commercial and civilian structures. In the past, it was typical for only
federal and military buildings to be fitted with explosion-resistant technologies (Rafiq
1989). The private engineering sector is lacking in standards for effective blast resistant
design. To address this issue, a committee was formed by the American Society of Civil
Engineers (ASCE) and the Structural Engineering Institute (SEI) to develop a blast
protection standard for widespread commercial use (Dusenberry 2005), a Standard for
Blast Protection of Buildings. Still under development, the standard contains guidance
for engineers and building owners on blast design, establishes levels of protection for
building occupancy, and provides design blast loads based on the building’s protection
level (Schmidt and Mlaker 2006). There are many factors that contribute to a structure’s
blast resistance. Unlike other load-bearing systems, blast resistance focuses not on
functionality of the structure following the event, but rather on the safety of occupants in
and around the structure during and after the event (Krauthammer 2008). There are
several methods of deterring a terrorist attack before serious damage is done. Designers
implement physical barriers, optimize layout design for efficient security, or disguise and
disperse potentially attractive targets for a lower damage probability (Mays and Smith
1995). These methods of deterrence are cost-effective and should be considered first in
blast design. The last line of defense for architects and engineers is to design the
building’s structural elements to absorb the energy generated in a blast event. This
research focused on this last objective as it applies to the enhanced design of an exterior
wall system.

One of the biggest causes of injuries and loss of life during a blast event is the
failure of masonry walls (Carney and Myers 2003; Myers, Belarbi and El-Domiaty 2004).
Unreinforced masonry is one of the oldest and most common building materials. The
abundance of this building material, in addition to its brittle nature, makes these wall
systems vulnerable to damage from blast loads. This has led to some research on the
strengthening of unreinforced masonry walls for blast loading. Several techniques have
been explored, including the use of polymer retrofits, added steel sheets, backup steel
framing, and more. A large majority of the research conducted on masonry performance
against blast has focused on failure modes and retrofit techniques on existing
unreinforced masonry. There is little published research on the out-of-plane and blast
loading behaviors of masonry veneers with steel backup. Parametric investigations have
modeled the performance of such systems using simplified multi-degree of freedom
models, but they often lack the experimental verification of the results. This study is
meant to fill some of this gap; to develop the relatively unknown experimental out-ofplane performance curves of masonry veneer with steel stud backup walls, while
applying out-of-plane performance enhancements to a modern structural system. These
performance curves are useful for predicting and qualitatively comparing the blast load
resistance capacities of the different systems.

2.2

BLAST LOAD BEHAVIOR
When an explosion is triggered, stored energy is released over a short duration of

time. A high pressure wave of air, called the ‘blast wave’ radiates outward from the
source. When the front of the blast wave, called the ‘shock front’, strikes a structure, a
large amount of load is induced very suddenly (Rafiq 1989) perpendicular to and
distributed across the area of the structure. This type of loading has been shown to be
similar to that of an extremely high wind pressure (Clift 2006), the only differences being
the pressure time duration and the magnitude of the load. The structure must respond to
the pressure, absorbing the energy either through deformation or failure. The amount of
6

damage that pressure from a blast event will cause on a structure depends on three
factors: how much explosive material is detonated, the distance between the target
structure and the explosion, and the strength properties of the structure’s exterior (Reuben
1988; Ngo 2007).
In blast resistant design, it is important to quantify the energy a structure is
capable of absorbing. In determining the magnitude of a blast, important parameters,
called wavefront parameters, are considered (Mays and Smith 1995). These variables
include, but are not limited to the pressure p(t), the positive phase duration td, peak static
overpressure ps, and specific wave impulse is. These parameters depend on factors such
as the amount of detonated material, standoff distance between the explosion and the
target structure, the type of detonated material, and even the atmospheric conditions that
the wavefront travels through. For dynamic analysis, the load on a structure from a blast
wave is plotted as pressure over time (see Figure 2-1), which graphically represents the
wavefront parameters. The area under the positive phase duration of the curve is the
specific wave impulse, which is used for the dynamic analysis of a structure’s impulse
response. Blast response parameters generally consider only the positive phase because
maximum pressures are reached during this phase (Rafiq 1989).

Figure 2-1: Typical pressure-time profile of a blast wave (Mays and Smith 1995).
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The specific wave impulse is the area under the curve during the pressure
duration. In blast design, it is acceptable to approximate the behavior of pressure over
time to simplify calculation. The pressure-time plot is idealized as a triangular pulse to
show linear decay over time, as shown in Figure 2-2. The area under the triangle, the
specific wave impulse, is kept consistent between the curved profile and the idealized
triangular profile.

Figure 2-2: SDOF Model, Idealized pressure-time profile of a blast wave (Mays and Smith 1995).

To predict how a structure will respond to the given impulse, it is important to
analyze both its elastic and plastic behaviors. To do this, laboratory testing is conducted
to determine the deformation limits of the materials making up the system. Theoretically,
the further a structure is able to deflect before failure, the more energy it can absorb from
an impulse. This energy capacity can be represented by the area under the loaddeflection curve developed in static testing. (Mays and Smith 1995)
Furthermore, these static results must be adjusted to represent dynamic behavior.
Materials behave differently in response to dynamic loading than they do to static
loading; there is actually an increase in resistance capacity in a structure subjected to a
dynamic loading, known as the strain rate effect (Department of Army 1990). To account
for this effect, material dynamic increase factors are used to convert between static and
dynamic stress capacities (Mays & Smith 1995). Laboratory testing has been done to
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develop the relationships between the performance of wall systems in response to static
and dynamic blast pressures (Rafiq 1989); (Salim, Muller and Dinan 2005). This study
aims to develop the static out-of-plane load-deflection curves for a particular wall system
with varying enhancements. The load-deflection curves show the change in energy
capacity in the system as a result of variations in the wall system’s components. While
blast resistant wall systems can differ greatly in material selection and design, they all
must maintain certain properties to be effective in resisting impulse loadings.

2.3

WALL SYSTEMS FOR BLAST RESISTANCE
In designing structural elements to resist impulse loading, it is important to

provide adequate ductility; to allow large deflections without structural collapse. As
previously mentioned, these large deformations would be indications that the impulse
energy is being absorbed. In designing for blast, the level of resistance will be based on
the extent of the flexural plastic deformation achieved under loading before failure of
local elements in the system (Mays and Smith 1995). For example, an effective blast
resistant wall system under a large out-of-plane load should be able to experience large
deflections of the wall framing before failure of the framing connections. Such large outof-plane deflection of the wall allows the structural elements to enter a tension-membrane
state; which means that the wall is experiencing out-of-plane deflection with both the
interior and exterior sides of the wall in tension. The greater the tension-membrane
capacity in a wall system, the more pressure that system can take before failure, hence the
more energy it can absorb from an impulse.

2.4

BEHAVIOR OF MASONRY WALLS UNDER UNIFORM LOAD
An out-of-plane load can be defined as a force acting perpendicular to a target

surface. In this study, the out-of-plane load considered is uniformly distributed across the
face of the target surface, and is defined in terms of force per unit area. The difference
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between the out-of-plane loads used in this study and actual blast loads on a structure is
that the latter is dynamic while this study analyzes only static loading. Conventional
masonry walls have low flexural capacity and therefore low out-of-plane load resistance.
This low flexural capacity is due to the inherent weakness of the masonry-mortar bond in
tension (Wood 1995; Abboud 2003). Masonry is unable to achieve the desired tensionmembrane response to out-of-plane loading because of this weakness in flexure.
Research and experimental testing has been conducted to develop methods of
strengthening new and existing masonry walls for out-of-plane behavior (Carney and
Myers 2003). These studies typically focus on unreinforced masonry (URM)
construction with applied high-tensile strength coatings such as Fiber Reinforced
Polymers (FRP) or Polyurethane (Carney and Myers 2003; Myers, Belarbi and ElDomiaty 2004; Hutchinson, Nicolaisen and Morrill 2004). These coatings act as an
external reinforcement to counter the weak masonry-mortar bond. A considerably high
percentage of infrastructures in many countries today are of infilled unreinforced
masonry, which creates the demand for methods of retrofitting these existing structures
for modern strength requirements. Failure of this type of masonry wall due to blast
loadings can be particularly dangerous because of flying debris from the wall itself
(Hamoush, et al. 2001). Pieces of masonry can easily fracture, spall, and enter a building,
threatening the occupants inside. For this reason, FRP and other high strength coatings
are also beneficial as secondary protection against fragmentation, in addition to out-ofplane tensile strengthening.
Though unreinforced masonry has been used to make load bearing and non-load
bearing single-wythe walls for many years, better performing technologies have become
available and are in use today. The cavity wall has evolved into an arguably more
efficient, lightweight, and better performing design than unreinforced masonry. With the
widespread use of veneer masonry with steel backup framing as a modern construction
technology used in commercial buildings comes the need for research into the
enhancement of such systems for higher performance against out-of-plane loads.
Some research has been conducted on the retrofitting of existing masonry walls
for improved blast resistance. This study is focused on both new construction and as a
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method of retrofit. As new construction or retrofit, the PBVSS design is the same, and
enhancement techniques considered can be incorporated at just about any point in the
system during assembly. This allows for flexibility in material selection and system
design. It is possible to use the PBVSS system as a retrofit solution to a weak wall by
removing and replacing the existing outer skin and backup system of the building. The
PBVSS design strives towards a level of higher performance, and therefore utilizes
current building materials and products that have proven effective in other published
research.

2.5

BRICK VENEER WITH STEEL STUD BACKUP

2.5.1 General
For this study, the application of some enhancement techniques was explored
using the PBVSS pilot study design as a start. The pilot study (Liang 2006) explored the
response of two types of brick veneer/steel stud wall systems (a conventional and a
panelized option) to different loading conditions. The performance of the systems
against seismic, wind, and rain conditions was experimentally demonstrated. This
follow-up study focused on applying out-of-plane enhancements to the original panelized
design, and testing the design for out-of-plane strength.
The panelized design from the PBVSS pilot study consisted of a rigid steel
backup frame, steel studs, plywood sheathing or oriented strand board (OSB), rigid foam
insulation, an air and vapor barrier (housewrap, for example), shear ties, brick veneer,
and interior-grade gypsum wallboard. Flashing and membrane tape directed moisture
down and out of the system through weepholes at the base of the panel (Liang 2006).
Both the conventional and panelized designs are shown in Figures 2-3 and 2-4,
respectively. The following sections describe in detail the various components of the
PBVSS system.
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Figure 2-3: Conventional brick veneer on steel stud wall section.
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Figure 2-4: Panelized brick veneer on steel stud wall section.
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2.5.2

Brick Veneer
Brick veneer on walls serves many purposes beyond just aesthetics. Prior to just

four decades ago, masonry construction was typically done in mass, multiple widths. In
the late 1960s, with advancement in building science technologies and material
availability, the cavity wall design became common as a method of rapid and efficient
new construction (Arumala 2007). Moisture intrusion resistance, drainage capability,
good thermal performance, ease of construction, and lightweight design are just some of
the benefits of building with brick veneer cavity walls (The Brick Industry Association
2005). The veneer used in the original PBVSS design was standard hollow four inch clay
brick masonry.

2.5.3

Steel Studs
Steel studs evolved as an effective brick veneer backup material by the early

1980s (Arumala 2007). The use of steel studs lends itself well to commercial and
industrial-type buildings because of their inherent repetitive, tall, and simple design. The
steel studs are there to hold the sheathing components and to act as a backup structure to
tie the brick veneer to. The strength and rigidity of steel studs also lends well to the
panelized aspect of the PBVSS design. Given the appropriate connection design, they
provide the needed strength for lifting and transporting the completed wall panels.

2.5.4

Wall Ties
Cavity walls are made possible through the use of ties to hold together and

transfer loads between wythes. There are many types of wall ties, meant for the various
types of structural materials the veneer may be tied back to. Most ties are made of light
gauge steel, and are adjustable for alignment with mortar joints and to accommodate for
differential movement between the veneer and the structural backup (The Brick Industry
14

Association 2003). Veneer can be tied back to wood studs, steel studs, block walls,
additional wythes of brick, or even concrete. The PBVSS design developed in the pilot
study utilized special shear ties that fastened the veneer directly to the stud web as
opposed to the flange (Liang 2006). This allowed for better transfer of the shear loads
during seismic events. The primary issue with these shear ties was the need to create a
vertical penetration in all the sheathing components of the system. So many large
penetrations could threaten the strength benefits and compromise the air-tightness of the
sheathing components. For this reason, other tie types were explored for this study.
Brick veneer ties have been tested and are known to behave non-uniformly when
walls are subjected to a uniform load. Both experimental testing and modeling have
shown that the ties toward the top and bottom of the walls have taken higher loads than
those towards the center (Yi 2003). This is because these ties are located closer to the
boundary conditions of the wall. Results from this study include the tie load distribution
observed during full-scale specimen testing.

2.5.5

Air Cavity
The air space between the brick veneer and drainage plane allows for trapped

water behind the brick veneer to dry or to drain out of the system. The air space is
required to be at least 1 inch thick, but recommended to be 2 inches. The gap is also an
area for potential reinforcement using a high-strength coating such as FRP. For that to be
possible, though, care must be taken not to block weep holes with mortar droppings that
fall into the air gap during construction of the veneer (The Brick Industry Association
2005).

2.5.6 Shelf Angle
Brick veneer above thirty feet must be supported by means such as a shelf angle
at each story (The Brick Industry Association 2005). The shelf angle is needed to support
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the weight of the brick veneer and to account for thermal expansion and contraction
between installed wall panels. The angle must deflect no greater than L/600 or 0.3 inches
between points of support while carrying the brick above. The reason this deflection is so
limited is to maintain the high stiffness of the veneer. Just a small deflection in the
veneer support structure could result in cracking. The shelf angle is integrated directly
into the PBVSS design; to bear the weight of the brick during transport and to provide
thermal relief.

2.5.7 Movement Joints
The panelized design allows for movement joints between panels on the
assembled structure. These joints are filled with sealant and a backer rod during building
construction. The joints allow for movement that occurs between wall panels as moisture
and temperature shifts induce expansion and contraction of the building materials (The
Brick Industry Association 2005). Movement joints allow for the veneer to shift
relatively independent to the steel backup, preventing cracking of the veneer and in turn
reducing wind-driven moisture through cracks.

2.5.8

Insulation
In cavity wall construction, normally rigid foam insulation is installed in the air

space beneath the veneer. The PBVSS design has two layers of rigid foam insulation
located in the cavity between the air space and the sheathing.

2.5.9

Air and Vapor Barrier
The air and vapor barrier, sometimes referred to as housewrap, is fastened to the

rigid foam insulation and acts as the drainage plane for any moisture that infiltrates
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beyond the brick. This layer is carefully taped and sealed at penetrations and integrated
into the panel flashing, to prevent air and moisture from entering the sheathing
components.

2.5.10 Sheathing
Sheathing is fastened directly to the steel studs. Sheathing acts as a substrate
upon which veneer anchors, insulation, and other wall components can be attached.
Sheathing can be comprised of many different materials. Plywood, OSB, and exterior
grade gypsum are typical sheathing materials. This location in the wall system shows
potential for tension-membrane enhancement for out-of-plane loads using added layers of
reinforcement.

2.5.11 Panelized System
Panelized building systems have become a modern method of rapid construction.
The intent of the PBVSS design is to construct the wall panels within a controlled
environment, where construction quality, accuracy, and efficiency can be kept at a
maximum. Once complete, the panels can be delivered to the construction site and
rapidly fastened to the building structure (Figure 2-5). This method of construction saves
time, money, and lends itself well to repetitive building designs such as those found
commercially. The primary drawback to the panelized design is the difficulty in delivery.
The panel, including the brick veneer, is heavy, and precautions much be taken in design
to prevent cracking of the brick veneer. Another drawback to the panelized design is the
high demand for craftsmanship and accuracy in fitting the system onto the building. The
design has to accommodate inherent tolerances in construction of the building floor slabs
and columns. Either anchor bolts embedded in the concrete slabs must be placed very
precisely, or tolerances in the panel at the boundary conditions be increased.
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Figure 2-5: Rendering showing the PBVSS system being placed on an unfinished structure.

The panelized aspect of the PBVSS system is made possible through the use of
the rigid steel backup frame. Rolled steel channel members are used to hold the steel
studs in place at the top and bottom. The backup frame prevents the brick from flexing
and cracking as the panels are moved. Conventional steel stud wall channels (with very
weak flexural strength) would fail immediately in a panelized system, so the rolled steel
channels are used.

2.6

BRICK VENEER/STEEL STUD OUT-OF-PLANE LOAD RESISTANCE
There is little existing research on the out-of-plane performance of steel stud wall

systems with brick veneer attached. But steel stud walls alone (without brick veneer)
have been tested and proven effective in out-of-plane resistance (Salim, Dinan, et al.
2006; Salim, Dinan and Townsend 2005). Conventional steel stud construction,
however, is inadequate when subjected to extreme out-of-plane loads. This is due to the
weak moment capacity of the studs and lack of rigidity in the connection between the
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steel stud and stud channels. Tear-out of the fastener must be avoided, and methods for
doing so will be discussed later in this chapter. Premature buckling of the thin webs in
cold formed steel studs also tends to limit the ultimate resistance to out-of-plane loads.
Ideally, the enhanced PBVSS panel should respond to a uniformly distributed load with
tension-membrane action. If the web of a member were to buckle, the member’s cross
sectional area, over which the tension membrane force must act, would be reduced
(ASCE Task Committee on Blast Resistant Design 1997). Because of the risk of
buckling and twisting, it is beneficial to avoid the use of members that are not
symmetrical when designing for blast and impact loads (Smilowitz 2006). To account for
this in the enhanced PBVSS design, the steel studs can be doubled up back-to-back for
symmetry. Doubling up of the steel studs also increases the out-of-plane stiffness of the
wall panel, adding additional resistance to lateral loads. This study will consider
doubling only at the center stud of the panel. This is cost-effective and preserves the
desired panel symmetry.

2.7

OUT-OF-PLANE ENHANCEMENT TECHNIQUES

2.7.1 General
Research into out-of-plane strength studies of wall systems has yielded a few
types of wall enhancements for out-of-plane strengthening. The following sections
describe enhancement methods, materials, or products, and how they can be implemented
into the design of an enhanced PBVSS system. The duration of the testing phase of this
project was governed by which and how many of these alternatives are actually
implemented and tested experimentally. Those that were selected for analysis and testing
are discussed in Chapter 3, and the remaining enhancements tabled for a phase beyond
this study.
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2.7.2

Connections
As previously mentioned, a major drawback to using cold-formed steel studs for

out-of-plane resistance is in the stud connection at the floor and ceiling channel locations.
Typical connections in steel stud walls are incapable of taking large loads through the
fastener at the flange. Screw pullout or stud web buckling are likely to occur with
inadequately attached studs (Salim, Muller and Dinan 2005). An anchored steel stud wall
design has been tested and proved to be effective in enhancement for out-of-plane
resistance (H. A. Salim, R. Dinan, et al. 2006). The connection adds additional angles to
the stud webs and utilizes a greater number of a smaller fastener, with large washers for
better load distribution to the member cross-section. This connection allows for tension
failure of the stud as the governing limit state in its cross-section, as opposed to tear-out
at the stud webs, maximizing panel lateral resistance.
The more rigid outer rolled steel frame of the PBVSS system allowed for a more
effective attachment of the studs to the system and also held the system together for
transport. This improvement upon the conventional cold-formed stud connection, with
modification, was sufficient for the strength desired in the connection. The incorporation
of a stronger connection similar to that developed by Salim et al., described above, was
considered for this study; not to observe the behavior of the connection, but rather to
ensure that tension membrane response in the steel studs was achieved prior to failure of
the connection due to out-of-plane loading.

2.7.3

Veneer Anchors
The initial problem with the conventional brick veneer design was its tendency to

crack under wind loading conditions. Once the cracking occurs, wind-driven rain and
moisture could enter the wall system and damage vital non-structural components. Part
of this problem was due to the lack of force transfer provided by the conventional brick
veneer ties. The PBVSS design incorporated seismic shear ties that fastened the veneer
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directly to the webs of the steel studs; as opposed to the conventional masonry veneer
anchors, which secure only to the flange. This allowed the steel framing to take the
majority of lateral load on the system, relieving the veneer of forces that otherwise induce
flexural cracking (Liang 2006).
For this follow-up study, enhancement of the PBVSS system for out-of-plane
resistance posed a new issue with the seismic shear ties. Because the ties used in the
initial study fasten directly to the steel stud webs, the entire plate must fully penetrate
through all the sheathing components to gain access to the stud webs, as shown in Figure
2-6. This creates vertical cuts in each of these vital system components.

Figure 2-6: Seismic shear ties fully penetrating through the sheathing layer of the PBVSS system (Liang
2006).

Methods for enhancement of the design for out-of-plane resistance involved
adding or modifying a structural layer to the already present insulation, building paper,
and sheathing. Cutting vertical slits through the enhancement layer might have sacrificed
the structural benefits that the material was initially meant to provide, as well as
increased the probability of air infiltration and moisture intrusion into the wall system. It
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was therefore necessary to select a different tie type for this study; a tie that provides the
needed rigidity and load transfer from the brick to the studs, while avoiding complete
penetration of key structural elements in the system. The tie selected for this study was a
seismic veneer anchor plate and pintle assembly. Figure 2-7 shows the difference in the
assemblies of the seismic shear tie and seismic veneer anchor plate/pintle. The selected
seismic veneer anchor plate is discussed in further detail in Chapter 3.

a)

b)
Figure 2-7: Comparison of shear tie and anchor plate attachment; a) shear ties fastened directly to the stud
webs, b) anchor plates fastened outside of sheathing through to the stud flange
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2.7.4 Sheet Metal
Steel sheathing has been used as an out-of-plane static and dynamic enhancement
material on concrete masonry unit walls (Salim, Dinan and Kennedy 2006) as well as
steel stud wall systems (Salim and Townsend 2004; DiPaolo, Salim, et al. 2003; Norris
and Smilowitz 2005; DiPaolo and Woodson 2006). The sheet metal layer adds critical
tension membrane resistance to the system. Membrane behavior is effective in resisting
the motion of a wall under load using only a small cross section of material (Crawford
and Lan 2006).
Corrugated metal sheets have also been utilized as a blast resistant component of
barrier walls (Louca and Boh 2004). Implementation of corrugated sheets into the
PBVSS design, however, would have proven difficult because of the significantly
increased thickness needed in the panel. This increased thickness would have translated
into greater eccentricity on the weight of the brick, making transport and installation of
panels even more difficult. Corrugated sheet metal was not explored in this phase of the
project.

2.7.5 Sure-Board
One product currently available that increases the out-of-plane capacity of typical
stud walls is Sure-Board. Sure-Board is a composite sheathing product marketed as a
material substitute for shear-strengthening of stud walls. It is a light-gage steel
sheet/gypsum composite panel meant to replace existing conventional drywall panels
where high-wind regions demand enhanced shear strength (see Figure 2-8). Modeling
and analysis of Sure-Board sheathing on typical steel stud walls has shown added blast
protection capability (Crawford 2002; Salim and Townsend 2004; DiPaolo, Salim, et al.
2003; DiPaolo and Woodson 2006). On the PBVSS system, Sure-Board panels are
readily incorporated into the system in place of the sheathing components.
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Figure 2-8: Sure-Board Series 200 Installation on Steel Framing (Wellbilt International Inc.).

Sure-Board is available with various backings for interior and exterior use. The
enhanced system incorporated both types of Sure-Board, taking advantage of the
sheetmetal layer, while eliminating wood products from the design; preventing unwanted
decay of the wall system.
The importance of the strength of interior facing of the wall has been stressed
through experimental blast testing of gypsum and sheet-metal-backed gypsum
assemblies. Typical drywall tends to fragment and send low-velocity projectiles to the
interior of the building during a blast event. The sheet metal backing of the gypsum in
Sure-Board helps prevent significant fragmentation of the finished interior surface,
allowing for cracking and flexure without rupture and separation. Consequently, in
addition to the tension and flexural capacity the Sure-Board would add to the wall, it
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could also mitigate occupant injury due to wall fragmentation (Norris and Smilowitz
2005). Use of Sure-Board as an out-of-plane strengthening technique could prove
effective both in increasing the strength of the wall, and in ease of constructability;
adding minimal labor time to the manufacturing process and utilizing the benefits of the
added sheet metal later.

2.7.6

Blast Resistant Panels
Modern material technologies have led to the development of composite panels

specifically designed to be lightweight and blast resistant. They deflect to absorb blast
energy, reducing potential damage. Currently, blast mitigation panels are used primarily
in specialized applications. Use of blast mitigation panels for non-military purposes is
slowly becoming less common, however, primary use is still focused on specialized
applications such as luggage compartments, military vehicles, containers, and blast
barricades. Martin Marietta Composites manufactures a type of blast mitigation panel
made with a unique weave technology, giving it a significantly high strength-to-weight
ratio. The panels are composite in nature; a sandwich core of through-weave FRP sheets
and rigid foam. These panels can be conveniently made at specified sizes and
thicknesses, allowing for a single continuous panel to fully cover a wall panel. The use
of these panels was not explored in this study.

2.7.7

Fiber-Reinforced Polymers (FRP)
There has been much experimental investigation into the use of FRP as a

strengthening retrofit for unreinforced masonry walls (Battat 2001; Carney and Myers
2003; Crawford 2002; Liang 2006; Myers, Belarbi and El-Domiaty 2004; Tan and
Patoary 2004; Hamilton and Dolan 2001; Hamoush, et al. 2001). Applying FRP to the
interior wall surface provides the needed tension reinforcement that conventional URM
walls lack. Such a method could be applied to the PBVSS by applying the FRP to the
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interior surface of the brick veneer. A veneer system with FRP on the cavity side of the
brick would be difficult to assemble logistically. Mortar droppings and lack of space
complicate the process. Further research needs to be conducted to develop application
methods of FRP to brick veneer cavity walls for out-of-plane strengthening.

2.8

FINITE ELEMENT ANALYSIS OF STRUCTURES
Finite element modeling has been used to analyze brick veneer and steel stud wall

systems for various loading conditions (LaFave 2005; Louca and Boh 2004; Singhal, et
al. 1994; Crawford 2002). Historically, the analysis of a panel under a uniform load has
been performed using the single degree of freedom (SDOF) model (Department of the
Army 1990). The SDOF model idealizes the system into an equivalent spring mass
model, which is then analyzed dynamically. The model uses the equivalent mass,
stiffness, and loads, which are calculated using the proper SDOF transformation factors
(Louca and Boh 2004). Furthermore, dynamic increase factors are used to account for
the strain rate effect. Research has shown that materials have a higher resilience to
dynamic loading conditions vs. static loading conditions (TM 5-1300). This is known as
the strain rate effect, and varies with the type of material in question. The dynamic
increase factor for cold-rolled steel is about 1.25. Figure 2-2 shows the equivalent spring
mass model for the SDOF model. This approach to the analysis is quick and simple, but
is limited by its reliance on the accuracy of the transformation factors. It also cannot
account for change in panel stiffnesses due to large nonlinear deflections or severe
plasticity. The equivalent model shown also does not include a damping constant in the
equation. Because the specimens in this study were to be loaded to failure, it was
important to perform the analysis using a more advanced technique, such as finite
element modeling using commercial computer software.
Finite element modeling (FEM) is used to model, in detail, the various
components of a complex system under specified conditions (in this case structural load
conditions, but FEM can be used in thermal, fluid, or even electromagnetic analyses). In
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finite element analysis, there are no real limitations on the complexity of the model, only
in the performance of the processor used for the analysis. When modeling a structure in
finite element software, the object is literally divided (meshed) into a number of small
parts, or elements, that interact with each other. Properties of these elements are defined
based on the properties of the material being model. These properties include the
material’s Young’s modulus and Poisson’s ratio, as well as others, depending on the
desired extent of the model (for example, the non-linear stress-strain behavior of a
material could be specified, but does not have to be). How accurate an analysis will be
also depends on how the mesh is defined. Certain models cater well to a mesh that is
uniform and grid-like, others, like curved objects, are better modeled with a seemingly
random mesh. The density of the mesh influences both the accuracy of the model and the
analysis time. A more dense mesh will give more accurate results, but with considerably
larger matrixes that take longer for the software to crunch. It is therefore important when
performing an analysis to determine a mesh density that is both accurate and efficient in
processing time.
It is also important in FEM to account for inherent repetition or symmetry in a
model. An object that is symmetrical needs only to be modeled as half that object, with
certain boundary conditions applied to the axis of symmetry. This reduces the size of the
model, the number of elements, and, consequently, the processing time.
For this study, commercial finite element modeling software ANSYS was used in
the analysis. ANSYS is capable of modeling all the aspects desired for this study and
more. It is able to model fully three dimensional structures, nonlinear deformations and
materials, static/dynamic loads, and even reinforced structural solids like concrete. The
finite element modeling conducted for this study is discussed in further detail in Chapter
5 of this thesis.
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2.9

UNIFORM LOAD TESTING
The experimental portion of this study involved loading the wall specimen panels

to failure using a uniformly distributed out-of-plane load. To conduct such testing for
this research, a facility had to be designed and assembled in BERL. Research has shown
that air bladders can be used successfully in the out-of-plane experimental static testing
of wall specimens (Hrynyk 2007; Carney and Myers 2003; Henderson, et al. 2003, Tan,
et al. 2004). These tests were based on the ASTM Standard for Conducting Strength
Tests of Panels for Building Construction. The standard specifies several methods of
applying loads to building panels, including compressive loading, tensile loading, and
transverse loading. The facility constructed for this study follows the transverse loading
specifications. The standard describes both concentrated point loading and uniform
loading as transverse options. Uniform loading can be done using air pressure in the
form of either a bladder or through a pressure chamber. The former uses a high strength
bladder in contact with the face of the panel to induce the desired load. The pressure
chamber method uses a pressurized and sealed enclosure to provide the desired load. The
air bladder method would be easier to implement than the pressure chamber because of
the high pressure levels needed to fail the high strength building panels. Obtaining a
perfect seal in the pressurized chamber would be difficult as the specimen deflects under
pressure.
Air bladders have been used in past research to test various wall systems and slabs
for building construction. Based on the previously mentioned ASTM standard, the airbag
is set into a frame mounted with the appropriate deflection sensors. A stiff reaction panel
works as a surface for the bladder to react against on one side. The other side of the bag
is flat against the specimen being tested. Increased bag pressure results in load on the
specimen and eventual failure.
Air bladder tests have been performed not only on specimens, but also on in situ
structures using a portable reaction frame (Henderson, et al. 2003). They have been used
to test reinforced floor slabs to failure (Lenzen 1968; Roberts-Wollmann 2004; Widjaja
1997). Generally all of the researched air bladder test methods utilize a test setup that is
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custom to the facility location, load capacity, and specimen type. One drawback to this is
the lack of consistency between experimental research conducted on different uniform
load facilities. Some studies have used multiple air bags across the surface of the test
specimen, which may result in data that varies from a specimen tested with a single large
bag. Also, if the pressure bladder does not fully cover or is not in full contact with the
surface of the specimen, an equivalent uniform load must be calculated in order to
correlate with the standard (Carney & Myers 2003). Major benefits to using an air bag
are the cost efficiency vs. a pressure chamber setup and the simplicity of the reaction
panel and frame concept. The air bladder was selected as the method of load application
for this study because of the success it has had in previous experimental research, the
high pressures the bladder will be able to attain, and the constraints on the testing facility
location.
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CHAPTER 3
DEVELOPMENT OF THE ENHANCED PBVSS SYSTEM

3.1

GENERAL
The following sections describe the design of the specimens constructed and

tested for this study. The out-of-plane enhancements applied to the PBVSS specimens
for testing are presented and discussed. There were a total of four panel specimens,
which are listed along with their enhancements in Table 3-1. The enhancement
techniques introduced in Chapter 2 and their application to the PBVSS system are
subsequently discussed in detail in this chapter.

3.1.1

Full-scale Specimens
The full-scale specimen matrix is represented in Table 3-1. This matrix and the

enhancements were chosen based on their applicability to the PBVSS system. The
testing was to begin with the least-modified design, which used strengthened connections
on the original panel design. This specimen demonstrates the performance of the most
basic enhanced PBVSS system. The second specimen was the same as the first, only the
brick veneer had horizontal and vertical brick reinforcement. This second specimen,
when tested and compared to results of the first test, shows the effect brick reinforcement
had on out-of-plane veneer deflection and the tie load distribution. The third specimen
was the same as the second only with added layers of sheet metal on the inside and
outside of the steel studs. This specimen shows the strengthening effect the sheet metal
had on the tension-membrane capacity of the system. The fourth specimen also utilized
sheet metal, but in the form of a laminated sheet metal/gypsum composite. This
specimen demonstrates the difference between a plain sheet metal layer with plywood

sheathing, and a sheet metal layer laminated to a gypsum sheathing material. The
principle behind the ordering of the test matrix was to begin with the least modified
specimen, and, with each additional specimen, build upon the design with added
enhancement.

Table 3-1: Full-scale Specimen Test Matrix.

Specimen Number
1
2

3

4

Enhancements Applied
High-strength Stud-Channel Connection
Seismic Veneer Anchor Plates
High-strength Stud-Channel Connection
Seismic Veneer Anchor Plates
Horizontal and Vertical Brick Reinforcement
High-strength Stud-Channel Connection
Seismic Veneer Anchor Plates
Horizontal and Vertical Brick Reinforcement
Sheet metal layer inside and outside of studs
High-strength Stud-Channel Connection
Seismic Veneer Anchor Plates
Horizontal and Vertical Brick Reinforcement
Sure-Board substituted for sheathing

3.2

ENHANCEMENT TECHNIQUES EXPLORED

3.2.1

High-strength Stud-Channel Connection
The original PBVSS design had an outer frame of rigid channel members made of

rolled steel. The top and bottom channels were strengthened with stiffener plates,
connecting the flanges at set intervals (Liang 2006), as shown in Figure 3-1 a. To modify
this design for enhanced strength, it was possible to adjust the location of these welded
stiffener plates to align with the steel stud webs. At that junction, the stud webs could be
heavily bolted to the stiffener plates, mimicking the previously described connection
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enhancement (H. A. Salim, R. Dinan, et al. 2006) to encourage a tension membrane
response in the steel studs.

Figure 3-1 a: Original PBVSS design stiffener locations.

Figure 3-1 b: Revised plate locations for enhanced strength, bolted webs noted.

This design modification added a step to the fabrication process for the panels;
attaching stiffeners to the top channel as well as the bottom.
Furthermore, strengthening the connection at each stud-channel location allowed
for the elimination of the outside vertical channel members. These members were needed
in the original PBVSS design to account for the large weight of the panel; the stud flange
connection was not enough to lift the panel without tear-out of the fastener. But now,
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with points across the length of the channel taking the distributed load (as opposed to just
the channel endpoints), the stiffeners were no longer needed as their name implied; the
plates did not need to span the width of the channel web to connect the channel flanges.
This also allowed for insertion of the plate between the stud flanges, accounting for a
fraction of the natural eccentricity in the connection. This is shown in Figure 3-1 b.
The number of bolts in the connection between the studs and the channels was
determined based on the results of small component fastener tests. These component
fastener tests are discussed in detail in Chapter 6 of this thesis. The final connection
design, as seen in Figure 3-2, used four bolts to connect the stud to a steel plate, which
was welded to the channel.

Figure 3-2: Elevation view of final stud-channel connector plate design.
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3.2.2

Seismic Veneer Anchor Plates/Pintles
The tie type selected for this study was the DA213 Seismic Veneer Anchor Plate,

a Dur-O-Wal product manufactured by Dayton Superior. The DA213 anchor fastens
directly to the structural sheathing, with only the fasteners penetrating through to the stud
flanges. The plate design distributes the load more evenly over the surface of the
sheathing; as opposed to conventional masonry veneer anchors, which have less contact
surface area and are fastened only on the outside of the insulation through to the stud
flanges. The DA213 anchor requires penetration through the insulation layers, but does
not require cuts through key structural components in the system such as added sheet
metal, as opposed to the shear ties used in the original PBVSS design (Liang 2006). The
Veneer Anchor Plates were used in conjunction with the DA213S Seismic Veneer
Anchor Pintles, which provide more seismic strength than standard pintles. Both
components are shown in Figure 3-3. Additionally, Seismic Veneer Anchor Pintles allow
for the attachment of horizontal joint reinforcement to the tie system using clips, which
was also explored in this research. They are designed for standard pencil rod
reinforcement.

Figure 3-3: DA 213, Veneer Anchor Plate, DA 213S, Seismic Veneer Anchor Pintle (Dayton Superior).
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Load through the anchor plates was measured during full-scale wall testing using
strain gauges attached to the plates prior to laying of the brick. Each specimen had ten
strategically selected ties across the wall, which had gauges attached for measuring strain.
This data collection is discussed in detail in Chapter 7 of this thesis. The resulting strains
measured in the gauges were used to calculate the load transferred through the ties during
testing.

3.2.3 Sheet Metal
20-gauge sheet metal was added to the outside and inside of the steel studs on one
specimen panel. It was applied prior to the plywood (or OSB) sheathing, in direct contact
with the studs. The sheet metal was meant to increase the tension-membrane capacity of
the system.

3.2.4

Steel Studs
12-gauge steel studs were used in this study. This is a heavier gauge than the

standard 18-gauge, and can therefore take higher loads. The studs had a factory-specified
yield strength of 50 ksi. Deflection during testing was measured at selected stud
locations to show the load-deflection relationship of the system. The layout of these
sensors corresponded with the tie strain gauge locations, to allow for comparison. This is
discussed in further detail in Chapter 7 of this thesis.

3.2.5 Sure-Board
Both interior and exterior grade Sure-Board was used on the inside and outside of
the steel studs on the fourth specimen panel. The Sure-Board replaced the interior
gypsum and exterior plywood (or OSB) sheathing layers in the PBVSS design. The
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exterior grade Sure-Board was made up of DensGlass exterior gypsum sheathing
laminated with sheet metal. The interior grade Sure-Board was conventional drywall
laminated with sheet metal. The Sure-Board is meant to increase the tension-membrane
capacity of the panel, and, as with the sheet metal specimen, the Sure-Board was oriented
such that the steel layer was in direct contact with the studs.

3.2.6

Brick Reinforcement
Horizontal and vertical brick reinforcement was used in the brick veneer in three

of the four specimens. One specimen did not have brick reinforcement. With this, the
behavior of the load distribution across the ties with reinforced and unreinforced brick
could be compared. The horizontal reinforcement consisted of standard pencil rod (1/4
inch diameter steel rod) while the vertical reinforcement was standard #3 reinforcing bar,
shown in Figure 3-4.

Figure 3-4: Horizontal and vertical reinforcement locations in Specimens 2, 3, and 4.
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3.3

THE ENHANCED PBVSS SPECIMEN DESIGN AND ASSEMBLY

3.3.1 General
The four full-scale specimen designs with their enhancements can be seen in
appendix Figures A-24 through A-28. The specimens were designed such that the face of
the brick veneer was eight feet in height and eight feet wide. The following sections
detail the components of the panel design not previously discussed as design
enhancements. The method by which the specimens were constructed is also discussed in
this section.

3.3.2

Steel Backup Framing
The steel backup framing for all four specimens was made of seven 12-gauge

steel studs cut to a length of 7 feet 6 inches and attached to a top and bottom rolled steel
channel. The studs were fastened to the C8x18.75 top and bottom channels using the
previously discussed enhanced connection design, shown in Figure 3-2. Figure 3-5
shows the welded connector plates on the C8x18.75 channels.

Figure 3-5: Welded steel stud connector plates.
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Figure 3-6: Enhanced steel stud connection on Specimen 1 (sheathing already attached).

3.3.3

Brick Veneer
The brick veneer used on the specimens in this study was actual commercial

product, donated and constructed by the International Masonry Institute (IMI). The real
brick dimensions were 7.5 in by 2.5 in by 3.5 in. The brick veneer for all four specimens
was supported at the base by an L4x4x1/2 angle, which was bolted to the C8x18.75
bottom channel. The support angle included welded steel shear keys located
incrementally to provide lateral restraint at the base, shown in Figure 3-7. The shear keys
were fitted into the holes in the bricks.
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Figure 3-7: Bottom angle showing welded steel shear keys.

Figure 3-8: Laying of the brick veneer, showing horizontal reinforcement in pintle clips and vertical
reinforcement through the brick holes.
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3.3.2 Other System Components
Also present in the panel design was two layers of one-inch insulation board and
housewrap. The insulation boards were placed directly over the outer sheathing. The
first layer of insulation had a smaller area in order to account for the top channel flange
overlap (see Figure 3-9). The second layer of insulation covered the full eight foot height
of the panel. The seismic veneer anchor plates penetrated through both the insulation and
housewrap layers. This is satisfactory for this study, since the only concern is structural
performance. If rain and moisture conditions were considered, these penetrations would
have needed to be sealed, to prevent moisture from reaching the rot-prone components of
the system such as plywood and gypsum.

Figure 3-9: Rigid foam insulation layers; the first layer terminates short of the top channel flange, the
second layer covers the full brick area.
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Figure 3-10: Specimens with housewrap prior to laying brick.

3.3.3 Assembly
The specimens constructed for the experimental testing in this study were
assembled in the following steps:


Drill holes in top and bottom channels for attachment of brick veneer
support angle and connection to the slab



Weld steel stud connector plates to top and bottom channels



Drill holes in steel studs for bolted connection through web



Connect top and bottom channels with all seven steel studs



Square-off framing and attach exterior specimen sheathing



Fasten seismic veneer anchor plates to the panel
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Position the panel vertically



Attach brick veneer support angle to bottom channel



Lay brick, using seismic veneer anchor pintles and reinforcement where
needed

Figure 3-11: One complete and two partially complete brick veneer specimens.

Additional rendering and photographs of the specimen assembly can be seen in
Appendix Figures A-24 through A-31.
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CHAPTER 4
DESIGN AND CONSTRUCTION OF THE AIR BLADDER LOAD TEST
FACILITY

4.1

AIR BLADDER LOAD TEST FACILITY DESIGN
The following sections describe the steps taken to design the facility used for the

full scale experimental testing in this project.

4.1.1 Standard
The Air Bladder Load Test Facility (ABLTF) design was based on the ASTM
Standard for Conducting Strength Tests of Panels for Building Construction. The
standard describes the use of a testing apparatus to apply a uniform load incrementally to
derive a load-deflection curve of a tested specimen (ASTM 2005). The ABLTF follows
the standard for a vertical specimen subjected to a transverse load. The goal was for
pressure to be applied to the specimens in the facility using a custom air pressure bladder
set into the testing frame. Incrementally increasing loads on the specimens are applied by
monitoring and raising air pressure in the bladder. The design of the ABLTF is unique in
its functionality and practicality in use at the Building Envelope Research Laboratory
(BERL) at Penn State University. The design had to incorporate and meet the minimum
requirements of the ASTM standard, while also satisfying the constraints and conditions
of the facility’s location for optimal performance and convenience in testing. The air
bladder facility concept is shown in Figure 4-1, from the ASTM standard.

Figure 4-1: Apparatus for Uniformly Distributed Transverse Load (ASTM International 2005).

4.1.2

Constraints on Testing Facility Location
Prior to design of the testing facility, several constraints warranted key

engineering decisions that impacted the facility’s accuracy and functionality. These
constraints, and the decisions made regarding them, were as follows:


The space designated for the testing facility was relatively limited. Therefore, it
was important that the facility be oriented in the vertical direction. This also
allows for easier insertion of the testing specimens into the facility, since they
were to be vertical walls to begin with.



The facility will not always be in use, and other BERL experiments may be
conducted in the area during down time. It would therefore be beneficial to make
the facility readily moveable. That is, constructed on wheels or casters that
enable the facility to be dismantled, or disengaged, and moved to the side; so the
use of the extra laboratory space can be optimized.



The facility will be movable as describe immediately above. As a result of this
engineering decision, the testing facility must also be an independently forcebalanced system. That is, any loads applied from the facility upon a testing
specimen must also be resisted by the facility alone. In other words, negating
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stabilization attachments, the facility cannot rely on any of the surrounding walls,
ceiling, or floor to resist the applied pressure.
Following the ASTM Standard for Conducting Strength Tests of Panels for
Building Construction and abiding by the above described facility location constraints,
the design process commenced through multiple phases of conceptual layouts,
modifications, and adjustments. After several iterations, a feasible conceptual facility
design had been developed.

4.1.3 Design Load
The target design load capacity of the testing frame was selected based on
previous research in uniform load testing on various existing building components and
wall systems. A pressure of 20 psi has frequently been used in this research as the target
capacity for pressure bladders in frames that use the same testing technique (Carney and
Myers 2003). 20 psi also allowed for an affordable choice in bladder material.

4.1.4

SAP Modeling
The commercial structural software program SAP2000 was used for analysis and

member sizing on the testing facility frame. To ensure structural rigidity during pressure
testing, flexural deformation in the frame members was limited to about L/600. After
sizing the frame members, simple hand calculations using known load-deformation
relationships of simply supported beams were used to validate the results of the computer
analysis. Figure B-10 in the appendix summarizes the accuracy confirmation of the SAP
results. Upon completion of the computer analysis, facility frame members were
adequately sized for design loads and detailed design of the facility connections and
special components followed.
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4.1.5

Connection Detailing
Using joint force output results from SAP modeling, member connections were

able to be drawn up and analyzed in detail. The joint force output tables from SAP are
shown in appendix Figures B-6 through B-8. Each connection in the testing frame was
analyzed using the standards set forth in the AISC Steel Construction Manual. Every
attempt was made to optimize the connections for simplicity in member fabrication and
dimensional detail (AISC 2005). The hand calculations for the facility connections are
shown in the appendix Figures A-6 through A-11.

4.1.6 Casters
To support the testing frame and allow for portability throughout the lab space,
casters were selected based on wheel material type, wheel diameter, and weight capacity.
A capacity/actual weight safety factor of 2 was used in the weight capacity requirement.
This ensures a comfortable strength capacity for flexural loads induced on the casters
during movement over floor imperfections. The number of casters on the frame was
chosen based on stability of the structure and on the total weight of each side. Eight
casters support the frame section while twelve support the panel section. Each caster
must support roughly two hundred and fifty pounds, so a capacity of at least five hundred
pounds was the minimum. The floor in the testing area is concrete. Therefore, a harddurometer, general all-purpose polyurethane was the ideal choice for wheel type. The
caster that satisfied these requirements best was selected.
Furthermore, calculations show that, were a side of the facility to deform in such a
manner that all of the dead weight of the structure be on a single row of casters, those
casters still have more than the needed capacity to support the structure.
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4.1.7

Concrete Slab
A concrete slab was designed, constructed, and mounted on casters to hold the

specimens during testing. The slab fits in between the panel and frame side of the
facility, and was designed to bear the weight of the specimens as well as the loads
encountered during testing. Four anchor bolts, set into the slab, hold the specimen at the
bottom channel, while three more anchor bolts tie the slab back to the facility frame. The
slab acts as the lower boundary condition of the panels during testing.

4.1.8

Pressure Bladder
As previously stated, the pressure (air) bladder in the testing frame had to have a

minimum capacity of 20 psi. ASTM Standard for Conducting Strength Tests of Panels
for Building Construction requires that the pressure bladder be at least as wide and as
long as the span of the specimen; to ensure a complete distributed load (ASTM
International 2005). To hold the air bladder in place during testing, a wooden box frame
built about the perimeter secures it in place against the reaction panel, leaving it open to
the specimen face for direct pressure. Hook and loop adhesive strips hold the bladder in
position when the facility is unloaded. The fabric needed to be able to resist abrasion
when in contact with rupturing brick or block walls. The bladder design has a 40 psi
limit for the bladder dimensions chosen and meets the desired pressure of 20 psi. As the
facility design stands, pressures of such magnitude were not needed in this project,
therefore risk to rupture of the air bladder due to overload was minimal.

4.1.9 Testing Facility Stabilization
The vertical orientation of the ABLTF risks instability if proper precautions aren’t
taken. Though the facility is generally moveable, it should always be secured during
testing, for safety purposes. Therefore, additional angled members could attach to the
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frame side and tie to the floor, if needed. This ensures that the facility does not move
during testing.

Figure 4-2: Air Bladder Load Test Facility completed with wood stud wall specimen loaded.

4.2

DATA ACQUISITION DURING TESTING
The following sections describe the manner by which data during testing was

collected. ABLTF control and data acquisition was done through an assembled system of
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various components monitored and controlled through the facility’s computer station
using commercial software LabView version 8.6.

4.2.9.1 Load Distribution through Brick Veneer Ties
The load through the brick veneer anchor plates was recorded through strain
gauges attached to each anchor plate leg. The strain gauges used were EA-06-125BZ350, shown in Figure 4-3.

Figure 4-3: Strain gauges are versatile and effective devices for measuring the differential strain on a
surface.

Two strain gauges were attached to each selected anchor plate, which is sufficient
as confirmed during small component testing. The two leads from the strain gauges acted
as jumpers for strain relief. The wires from the jumper locations on the ties were fed
through the panel sheathing, where they were bundled and fed through to the data
acquisition station side of the specimens as they would have sat in the facility. With ten
ties measuring load on each specimen, there were twenty total strain gauges for each
wall. The locations of the ten selected ties for measuring load are discussed in Chapter 7
of this thesis. The first eight strain gauges were wired to a National Instruments (NI)
SCXI 1314 front mounting (8-channel) terminal block, which plugged into an NI SCXI
1520 Input Module. Figure 4-4 shows the wiring of an SCXI 1314 terminal block for
collecting strain data. The second eight strain gauges were wired in the same way;
through a second terminal block and input module. The remaining four strain gauges
were wired into a separate terminal block. All three strain gauge terminal blocks were
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plugged into separate SCXI 1520 modules which relayed the signals to the computer
software through a USB connection. All the SCXI modules were mounted in an NI SCXI
1000 chassis.

Figure 4-4: SCXI 1314 terminal block for collecting strain data.

Figure 4-5: SCXI 1600 module with all strain gauge terminal blocks
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4.2.9.2 Deflection of Steel Studs
Deflection of the steel studs was measured using linear variable differential
transformers (LVDT), which measure displacement in one direction. The LVDTs had an
absolute maximum capacity of one inch with an accuracy of 0.001 inch. The LVDT
probes were attached to the steel stud measurement points using a ball joint. The ball
joint allowed for limited rotation of the steel studs during testing. The points of
measurement of steel stud deflection for this study can be found in Chapter 7 of this
thesis. All LVDTs used in the full scale testing were connected to the data acquisition
station through an enclosure containing the LVDT modules. The LVDT modules and
open enclosure are seen in Figures 4-6 and 4-7.

Figure 4-6: Linear variable differential transformer (LVDT), for measuring displacement.
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Figure 4-7: Deflection was measured through this enclosure containing the LVDT modules.

4.2.9.3 Deflection of Brick Veneer
Deflection of the brick veneer was measured independently of deflection in the
steel studs. LVDTs with a one inch capacity were also used for this measurement. Due
to the bladder being in contact with the face of the specimen, it was impossible to
measure deflection of the brick from the front side. Therefore, the LVDT probes for
brick deflection had to be fed through the back of the specimen and embedded within the
veneer using epoxy. The measurement locations of the brick veneer deflection for this
study can be found in Chapter 7 of this thesis.

4.2.9.4 Pressure in the Bladder
Pressure in the bladder during testing was controlled using a precision electronic
air regulator, shown in Figure 4-8. The type of regulator used on the ABLTF was
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controlled using an input voltage of 0-10 volts, which corresponds to a pressure range of
0-30 psi. The precision controller allowed for accurate and rapid control of the air
supply, but due to the behavior of the bladder as the wall deflects, pressure in the
regulator may differ from pressure in the actual bladder. For this reason, pressure in the
bladder was also measured through a separate pressure transducer (Figure 4-9). This
resulted in two pressure readouts; target control pressure and actual bladder pressure.
This method maintained accurate control and feedback regarding pressure in the bladder
while accounting for the inherent pressure lag during the system equalization for
incrementally increasing pressures.
Figures of the completed ABLTF design can be seen in Appendix A Figures A-1
through A-5. Photographs showing the assembly of the ABLTF are shown in appendix
Figures A-13 through A-22.

Figure 4-8: Precision electronic air regulator (with digital readout) used for the bladder pressure supply
during testing.
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Figure 4-9: Pressure in the bladder feed line was monitored using a transducer with 0-30 psi range.
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CHAPTER 5
FINITE ELEMENT MODELING AND ANALYSIS

5.1

GENERAL
Finite element modeling (FEM) was used to predict the behavior of the enhanced

specimen designs under the applied out-of-plane load. Out-of-plane deflection of the
brick veneer, out-of-plane deflection of the steel studs, and distribution of tie forces were
observed. The objectives of the FEM analysis were:


To develop finite element models to represent the four specimens to be tested
experimentally



To develop load and deflection data for each specimen under a uniformly
distributed out-of-plane loading



To compare the results of the finite element modeling with the full-scale
experimental results

5.2

METHODOLOGY
The finite element modeling for this study was performed using the commercial

software ANSYS Release 11.0 from ANSYS Inc. The steel studs were modeled as beam
elements in one phase and curved shell elements with a given thickness and nonlinear
capability in another phase. The sheathing assemblies were also modeled as shell
elements. The ties were modeled as simple link elements, with stiffness approximated
based on the results of the component fastener tie compression tests. The brick veneer
was modeled as solid elements with cracking and reinforcement capability.
When performing finite element analyses, it is important to optimize the mesh by
simplifying for inherent symmetry in the model. In this case, the full eight-foot height of

the panel was modeled, but only half the width. This cut the total number of elements in
half and significantly reduced solution processing time. Specified boundary conditions at
the plane of symmetry preserved the behavior of the full eight-foot panel while analyzing
only half the data.
There were two steps in modeling the wall specimens. For specimen failure,
nonlinear material and geometry effects had to be considered. Material nonlinearities are
generated by defining the stress-strain relationship for each material in the system. Due
to the complexity of the design and the desired nonlinear results, the system was first
modeled with the veneer and a simplified backup system under limited loads. This first
phase of modeling predicted the load under which the brick veneer may crack, and the
theoretical load distribution in the brick veneer ties. During this phase, while considering
material nonlinearities, large deflections were not considered when modeling the veneer
because, in ANSYS, cracking and crushing action could not be modeled simultaneously
with large deflections. This is an acceptable approach because the loads applied to fail
the brick veneer are not nearly large enough to plastically deform the steel studs. The
second phase of modeling considered only the steel backup and sheathing components
following failure of the brick veneer. Not including the veneer in the second phase
allowed for a consistent and simpler model in analyzing large nonlinear deflections until
failure. The properties of all materials used in the finite element modeling are detailed in
Table 5-1.

Table 5-1: Material properties used in finite element modeling of specimens.

Material
Steel
Plywood
Gypsum
Brick Veneer

Young’s Modulus (ksi)
29,000
1,900
380
2,200
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Poisson’s Ratio
.29
.3
.3
0.05

5.2.1 The Brick Veneer Model
Behavior of the brick veneer under limited loads was modeled to determine the
load distribution in the ties, as well as to predict the veneer’s initial cracking behavior.
Two brick veneer models were developed and analyzed; an unreinforced and a reinforced
model. For these models, deflection of the steel studs was not a concern, so they were
modeled using simple beam elements. The brick veneer was modeled using solid
elements with cracking and crushing ability. The veneer was tied back to the studs with
link elements.

5.2.1.1 Section Properties
The following section describes the properties of the elements used in the
unreinforced and reinforced brick veneer models, shown in Figure 5-1:

Brick Veneer:
Element:

SOLID65

Thickness:

4 in

Mesh:

2 in x 0.8 in x 1 in

Ties:
Element:

LINK180

Area:

0.2 in2

Steel Studs:
Element:

BEAM44

Section Type:

Channel

Thickness:

0.1 in

Width:

1.5 in
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Depth:

5.5 in

Horizontal Reinforcement:
Element:

LINK180

Area:

0.05 in2

Vertical Reinforcement:
Element:

LINK180

Area:

0.11 in2

a)

b)

Figure 5-1: Unreinforced brick veneer model, a) element view, b) extruded element view.
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5.2.2

The Steel Backup Model
Behavior of the steel backup was modeled to predict the deflection behavior of

the steel studs until failure. Three steel backup models were developed and analyzed in
ANSYS; a control model containing only the steel backup and plywood sheathing, a
second model with an added sheet of steel reinforcement, and a third model using the
composite gypsum and sheet steel material.

5.2.2.1 Section Properties
The following section describes the section properties of the elements used in the
steel backup models:

Steel Studs:
Element:

SHELL181

Thickness:

0.1 in

Plywood:
Element:

SHELL181

Thickness:

0.4 in

Sheet Metal:
Element:

SHELL181

Thickness:

0.04 in

Gypsum/Sheet Metal Composite:
Element:

SHELL181 (layered)

Thickness (layer 1):

0.4 in (gypsum)

Thickness (layer 2):

0.04 in (steel)
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Figure 5-2 shows the ANSYS model for the steel backup control specimen. The
ANSYS renderings for the other two steel backup models can be seen in appendix
Figures B-15 and B-18. To accurately model the interaction between the components of
the steel backup systems, steps had to be taken beyond just material, section, and load
definitions. The connections between the studs and sheathing components were created
by coupling the nodes at those locations. Furthermore, with large deformations enabled
in the steel backup analysis, behavior between the components at all other locations had
to be defined through contact surfaces. This allows ANSYS to accurately model the
behavior of these materials (to include factors such as the material friction coefficients)
as they press against each other. In other words, it allows the model to transfer loads
between two elements while those elements are merely touching and not physically
connected. Naturally, contact surfaces will transfer all perpendicular loads. But transfer
of shear loads between contact surfaces is controlled with the specified friction
coefficient. To keep the model simple for solution processing time, it was assumed that
no friction would occur between the contact surfaces in this study. This is acceptable
since friction is negligible under such out-of-plane load conditions. In the control
specimen, contact surfaces were defined between the plywood and the stud flanges. The
sheet metal enhanced specimen required contact surfaces between the sheet metal shells
and the stud flanges as well as between the outer plywood and sheet metal shell. The
gypsum/sheet metal composite model had contact surfaces between the sheathing and
stud flanges, as in the first model.
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a)

b)

Figure 5-2: a) ANSYS rendering of the steel backup control model, b) rendering showing enhanced
connection boundary conditions and applied out-of-plane load.

5.3

ANALYSIS
When performing finite element modeling that includes nonlinear effects, the

analysis is done in a number of load steps and sub-steps that make up the full time-history
solution. The load steps are defined during modeling, and increase in value. When
solving, ANSYS breaks the load steps into smaller sub-steps, and performs equilibrium
iterations at each to get convergence before moving to the next sub-step. The brick
veneer unreinforced and reinforced models were subjected to lower end loads to observe
when the veneer would crack. The steel backup models were subjected to a full range of
pressure until failure. The load steps defined for the modeling conducted in this study are
shown in Appendix B Table
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5.4

RESULTS
The results of the finite element modeling included the deflection of the brick

veneer before cracking, theoretical load distribution in the brick veneer ties, and load vs.
deflection curves for the various steel backup systems. The measurement locations on
the panels for the deflection and tie loads were kept consistent with those strategically
selected for experimental testing, which are detailed in Chapter 7.
Figures 5-3 and 5-4 show plots of the brick veneer deflection along the vertical
panel centerline in the unreinforced and reinforced models. Figures 5-5 and 5-6 show the
comparison between these deflections at 1 psi and post-cracking. The first cracking of
the veneer occurred at just above 1.1 psi for both models.

Unreinforced Vertical Centerline Brick Veneer Deflection
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10
0
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0.15
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Figure 5-3: Veneer deflection for the unreinforced model.
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Reinforced Vertical Centerline Brick Veneer Deflection
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Figure 5-4: Veneer deflection for the reinforced model.

Vertical Centerline Brick Veneer [1 psi] Deflection Comparison
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Figure 5-5: Veneer deflection comparison at a pressure of 1 psi.
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Vertical Centerline Brick Veneer [cracked] Deflection Comparison
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Figure 5-6: Veneer deflection comparison post-cracking (1.1 psi).

The finite element modeling results in Figure 5-5 show the unreinforced model
deflecting only slightly more than the reinforced model prior to cracking. However, the
comparison plot in Figure 5-6 shows the effect of the reinforcement on the veneer
deflection after cracking. The models also predicted the location on the panel in which
initial cracking would occur. Figure 5-7 shows the ANSYS rendering depicting the
veneer cracking behavior. The location of this initial cracking is compared to the initial
cracking observed during full-scale experimental testing.
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Figure 5-7: Finite element model rendering of initial veneer cracking location.

Figures 5-8 and 5-9 show the tie load distribution along the vertical panel
centerline for the unreinforced and reinforced models. The plots show typical deflection
behavior for a (top and bottom boundary condition) wall prior to cracking. After
cracking, however, the load in the ties near the initial cracking location spiked
significantly. It was previously predicted that the load transferred through the wall ties
would be higher toward the boundary conditions.
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Figure 5-8: Tie load distribution for the unreinforced model.
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Figure 5-9: Tie load distribution for the reinforced model.

Figures 5-10 and 5-11 show comparison plots between the unreinforced and
reinforced model vertical centerline tie load distribution at 1 psi and post-cracking. The
reinforced model results show a more evenly distributed load through the ties than the
unreinforced model, but only slightly. More important is the load distribution following
cracking. Figure 5-11 shows a significant difference between the force taken by the ties
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near the cracking region in the two models. The reinforced model results show a more
even tie load distribution following cracking. It can also be observed that, in the
unreinforced model, the ties at heights of 24 inches and at 68 inches experienced a drop
in load following cracking. The reinforced model showed this decrease as well, but to a
much lesser degree. It can be concluded from these modeling results that the reinforced
veneer panels may distribute load to the ties better than the unreinforced panel. These
modeling results are compared to those from experimental testing.
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Figure 5-10: Tie load distribution comparison at 1 psi.
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Vertical Centerline Tie Load [cracked] Distribution Comparison
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Figure 5-11: Tie load distribution comparison post-cracking (1.1 psi).

Figure 5-12 shows the load vs. deflection curve comparison for the control, sheet
metal enhanced, and gypsum/sheet metal backup framing models. The plotted results are
an average of the two steel stud measurement points above and below the panel center.
The curve for the sheet metal specimen shows less deflection than that of the composite
enhanced specimen under the same pressures. However, the composite enhanced
specimen reached a higher load prior to failure. This behavior is due to the plywood
having a greater stiffness than the gypsum wallboard in the third model. While the
plywood and sheet metal did not act in composite, and possibly due to the simplified
nature of finite element modeling, the stiffer assembly led to less overall deflection. Lack
of composite action from the sheet metal and plywood led to failure at a lower pressure
than that of the composite enhanced specimen. These results are a prediction of the
behavior of the specimens for full-scale experimental testing. The behavior of actual
fabricated specimens may differ because of assumptions made for the ANSYS models.
For the gypsum/sheet metal shell elements, composite materials were modeled, but
spalling, cracking, or crushing of the gypsum could not be. In other words, the strength
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that the gypsum/sheet metal composite adds to the wall in the model may be greater than
that actually seen experimentally.
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Figure 5-12: Finite element backup framing load-deflection plots

Figure 5-13 shows the vertical panel centerline deflection comparison between the
three steel backup models at 14 psi.
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Figure 5-13: Finite element vertical centerline deflection plot.
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Additional results and renderings from the finite element modeling portion of this
study can be found in Appendix B. The analysis results presented are compared to the
results of the full-scale experimental testing in Chapter 8 of this thesis.
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CHAPTER 6
SMALL COMPONENT TESTING

6.1

GENERAL
Small-scale testing of the wall system components provided needed information

for the final design and finite element modeling of the specimens. Tension tests of the
stud web-to-channel connection, anchor plate compression tests, and brick veneer prism
compression tests were carried out.

6.2

STUD-CHANNEL CONNECTION TEST
Tests were performed to determine the number of bolts needed in the stud-channel

connection to ensure the desired tension yielding limit state. High-strength custom
tension-test plates were fabricated specifically for this test, shown in Figure 6-1. The
tension-test plates allow for up to six bolts on the end of each stud, and were designed to
fit into the testing apparatus used.
The tension-test plates were secured to a universal (tension or compression) loadtesting apparatus and the stud sample attached (see Figure 6-2). The first test carried out
was with four bolts on each stud end. Four bolts was enough to force the stud to yield in
tension prior to bolt tear-out; therefore four bolts was chosen for the final design.
Results from this test also confirm the yield strength of the steel studs used for
this study for application during finite element modeling. With a cross sectional area of
about one square inch, the studs began yielding at just above the 50 ksi factory-specified
yield strength, as expected.

Figure 6-1: Tension-test plate detailed design.

Figure 6-2: 4-bolt stud-channel connection test setup.
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Following a second four-bolt test to confirm stud yielding failure, two bolts were
tested on each end. This test resulted in the expected bolt tear-out failure. A second test
was done to confirm accuracy and also failed via tear-out. The final stud-channel
connection design was then to have four bolts on each end. Results from the stud tension
testing are shown in Table 6-1, and both two and four-bolt failed test specimens are
shown in Figure 6-3.

Table 6-1: Stud-channel connection test results.

Connection Type
4 bolt (1)
4 bolt (2)
2 bolt (1)
2 bolt (2)

Failure Mode
stud tension-yielding
stud tension-yielding
bolt tear-out
bolt tear-out

Failure Load (lbs)
56,600
57,900
34,400
32,100

Figure 6-3: Steel stud tension test specimens showing stud yielding and bolt tear-out.
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6.3

BRICK TIE COMPRESSION TEST
Compression testing on the brick tie assembly was done to determine the load-

strain relationship in the seismic veneer anchor plate strain gauges. This relationship is
needed to determine the load in the veneer plates during full-scale testing. Anchor plate
specimens with four attached strain gauges were mounted into a compression testing
apparatus and tested at a constant rate until failure (Figure 6-4).

Figure 6-4: Seismic veneer anchor plate and pintle compression test setup.

The seismic veneer anchor plate specimens were fitted with four strain gauges
each, located on each side of both legs. The type of strain gauges used in this study is
discussed in the data acquisition section in Chapter 4 of this thesis. The plates were
secured to the testing facility and loaded in pure compression through a seismic veneer
anchor pintle. During testing, load applied to the pintle and strain in the gauges was
monitored and recorded. Due to the symmetry in the results and for efficiency, it was
determined that two strain gauges, located on the same side of each leg would be
sufficient to calculate the load through the ties during full-scale specimen testing.
74

The strain in the two selected gauges was averaged and plotted with respect to
applied load for all four tested plates. This plot is shown in Figure 6-5.

Average of Strain Gauges 1 and 3 vs. Compressive Load
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Figure 6-5: Tie compression test results showing average strain vs. load applied on the pintle.

Using this data, a logarithmic trend was determined for calculating the load
experienced from the known strain average in each tie during full-scale testing. This
trend is represented as Equation 6.1, where x is the recorded average strain and the
resulting value y is the compressive load through the seismic veneer anchor plate.

y = 163.9ln(x) - 456

Eq. 6.1

This is the equation used to derive the compressive load in the ten selected veneer
anchor plates on each full-scale wall specimen.
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6.4

BRICK PRISM COMPRESSION TESTING
Compression testing of brick prisms constructed during laying of the specimen

veneer determined the compressive strength range of the brick and mortar assembly. The
brick used in this study, consisted of four types; Bedford, Lincoln, Sturbridge, and Exton.
A different brick type was used on each full-scale specimen. Compression testing was
therefore done on prisms of each type, and the results are shown in Table 6.2.

Table 6-2: Brick prism compression testing results.

Prism Type

Height hp
(in.)

Failure Load
(lbs)

Prism
Strength (psi)

hp/tp ratio

Compressive
Strength (psi)

Bedford
Bedford
Lincoln
Lincoln
Sturbridge
Sturbridge
Exton
Exton

13.13
13.00
13.75
13.75
13.50
13.63
13.38
13.38

84,850
91,900
80,800
76,600
88,600
89,800
91,000
93,000

4240
4600
4040
3830
4430
4490
4550
4650

3.75
3.71
3.93
3.93
3.86
3.89
3.82
3.82

4791
5175
4626
4385
5050
5110
5164
5301

ASTM C 1314-07, the Standard Test Method for Compressive Strength of
Masonry Prisms, was followed for this testing (ASTM 2007). The prisms were
constructed of five bricks each and capped according to ASTM C 1552 (ASTM 2009).
The compressive strength of the masonry prisms was determined by first loading the
prisms to failure in compression. The test setup and a failed specimen are shown in
Figures 6-6 and 6-7. The prism strength was calculated by dividing the failure load by
the cross sectional area of the brick. The compressive strength of the masonry was then
calculated by multiplying the prism strength by the height-to-thickness ratio correction
factor, according to the standard. The average of all the prism compressive strengths was
used in defining the brick material properties during finite element modeling. The
average compressive strength of 4950 psi was used.
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Figure 6-6: Brick veneer prism compression test setup.

Figure 6-7: Failed brick veneer prism.
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The resulting data from the brick veneer prism testing was used in specifying the
material failure properties of the brick during the finite element modeling portion of this
study. This is discussed in further detail in Chapter 5 of this thesis.
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CHAPTER 7
FULL-SCALE ENHANCED PBVSS SPECIMEN TESTING

7.1

GENERAL
Full scale experimental testing was performed on four PBVSS specimens fitted

with the researched methods of out-of-plane enhancement. The main objectives of this
full-scale testing were to: 1) derive the out-of-plane load vs. deflection curves for the
specimens, 2) determine the load transfer through the brick veneer ties as pressure is
applied to the face of the veneer, 3) observe the failure behavior of both the brick veneer
and steel stud backup systems, 4) compare these results to those of the finite element
models of the same enhanced specimens.
The deflection of the steel studs, as well as the deflection of the brick veneer was
measured during testing. The deflection of both components was documented in order to
observe the failure behavior of the brick veneer.

7.2

AIR BLADDER LOAD TESTING FACILITY
The four specimens were tested to failure under an out-of-plane load using the Air

Bladder Load Testing Facility (ABLTF) in the Building Envelope Research Laboratory
(BERL) at the Pennsylvania State University. The facility was designed and constructed
specifically for this test, which is discussed in detail in Chapter 4 of this thesis. It
consists of two main sections; a bladder reaction panel and a reaction frame. Both parts
are mounted on high-capacity casters for movement about the laboratory space. The
specimens were placed on a moveable concrete slab in between the reaction panel and
frame. A high strength nylon fabric air bladder, sandwiched between the face of the
brick veneer and the reaction panel, provides the out-of-plane load needed for the failure

of the specimens. As the bladder increased in pressure, deflection measurements and
strain readings were recorded.

7.3

TEST SETUP
The specimens constructed for this study were eight feet tall by eight feet wide on

the brick veneer face. When loading a specimen into the ABLTF, the following steps
were taken:


The reaction frame side and facility slab are rolled into the open position



Using the custom panel lifting angle, the specimen is lifted up and onto the
slab



The panel is fastened to the slab with the embedded rods



The slab and lifting angle rods are fastened to the reaction frame



Top side of reaction frame is tied back prior to release of the panel from
the lift for safety and stability; due to eccentricity of the brick dead load



The reaction panel, slab, and specimen are closed together using a chain
hoist



The facility tension channels are fastened

In order to hoist the specimens up and onto the facility, a custom lifting angle had
to be fabricated. The specimens were moved around rather easily when lifted from
underneath. However, to load the facility, the specimens were to be lifted from the top
(as would the PBVSS panels when being installed in the field) to allow for securing of
the bottom channel. The custom lifting angle doubled as both a hoisting tool and as part
of the upper boundary condition during testing. The apparatus, shown in Figures 7-1
through 7-5, has two welded clips for attachment of the lifting chain. Three threaded
rods tie the angle back to the reaction frame of the facility, creating the upper boundary
condition. The lifting angle details can be seen in appendix Figure A-23.
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Figure 7-1: Lifting angle used for hoisting the specimens onto the facility.

Figure 7-2: The lifting angle acts as a connection for the upper boundary condition.
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1)

2)

3)

Figure 7-3: Renderings showing lifting angle concept.
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Figure 7-4: Lifting angle secured to Specimen 1, also showing threaded tie-back rods and partial blocking.

Figure 7-5: Specimen 1 suspended from top using the lifting angle.
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7.4

DATA ACQUISITION
The following section outlines the data collected during testing. The deflection of

the brick veneer, the steel studs, and the strain through the brick veneer ties was recorded
during testing. The methodology for data collection during bladder testing is discussed in
Chapter 4 of this thesis.

7.4.1

Load Distribution in the Brick Veneer Ties
One objective of this study was to measure the load transferred through ties on the

wall, to show an expected non-uniform distribution. The loads were determined by
measuring the strain in the ties as bladder pressure increased. The strain data was
converted to a load through the load-strain formula derived in small component testing.
For full-scale specimen testing, the number of channels through which strain
could be recorded was limited. The equipment available allowed for twenty strain inputs,
hence the test was limited to twenty strain gauges on each specimen. Small component
testing proved that two strain gauges would be needed on each tie, so a total of ten ties
could be monitored on each specimen. The locations of these ties were strategically
selected to provide the most information for varying locations (see Figure 7-7).
The strain gauges had to be fitted to the veneer anchor plates prior to laying the
brick veneer on the specimens (Figure 7-6).

Figure 7-6: Seismic veneer anchor plates fitted with strain gauges.
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Figure 7-7: Brick veneer anchor plates selected for strain measurement.

7.4.2

Deflection of the Steel Studs
As with the veneer ties, the total number of deflection measurements possible on

the facility was limited. There were a total of fifteen input channels for the LVDTs. The
steel stud used seven of these channels. Because of this limitation, the measurement
locations for stud deflection had to be strategically selected, as with the ties. The points
were chosen to correlate with the same pattern as the selected ties. The data collected
shows how the deflection in the studs differs through the height of the wall, as well as
towards the outer studs. The stud deflection measurement locations are shown in Figure
7-8.
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Figure 7-8: Stud deflection measurement points.

The threaded rods measuring displacement through the LVDTs were secured to
the measurement points on the studs using a ball-joint connector. The ball joint allowed
for limited side-to-side movement of the studs as they deflected or buckled under load.
The ball-joint connection is shown in Figure 7-9.

Figure 7-9: Ball-joint connector for measuring stud deflection.
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7.4.3 Deflection of the Brick Veneer
Similarly, the brick veneer had a total of eight LVDTs measuring deflection
independent of the steel studs. The locations for measurement were also strategically
selected to determine how the veneer would deflect on different areas of the panel. The
locations selected for veneer deflection measurement are shown in Figure 7-10.

Figure 7-10: Veneer deflection measurement points.

As discussed in Chapter 4, the LVDTs measuring veneer deflection had to probe
into the brick from the back of the panel. Holes were drilled through the sheathing,
insulation, and housewrap layers to expose a small amount of brick. The threaded LVDT
rods were set into the brick using DP-190 two-part epoxy. Figure 7-11 shows how the
threaded LVDT rods were fed from the back of the panel.
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Figure 7-11: For measuring brick veneer deflection, the LVDT rods were fed through the back of the wall
and set into the brick with epoxy.

7.4.4

Bladder Pressure
As discussed in Chapter 4, pressure in the bladder was controlled using a

precision electronic pressure regulator. The control voltage for the pressure regulator, as
well as the actual pressure in the bladder supply line, was recorded during testing.
Pressure in the bladder was also measured separately using a pressure transducer with a
range of 0-30 psi, within the limit of the full-scale test.

7.5

LOAD APPLICATION AND DATA PROCESSING
The full-scale specimen testing was controlled and monitored through the ABLTF

data acquisition station with commercial software LabView v8.6. A custom virtual
interface, written specifically for this study, monitored all the sensors during testing. The
pressure in the bladder was also controlled automatically through the software. This
allowed for the facility to apply the load at a specified rate, monitored by the computer.
The testing for this study, based on ASTM E 72-05, did not have a required rate at which
88

to test. The ASTM standard only required that the load be applied incrementally and
consistently while recording data. Based on experimentation with the pressure control
equipment, air bladder, and software, it was decided that the specimens would be loaded
at a target rate of 0.025 psi per second. This is, however, just the target rate because, as
the load increases and the wall deflects under pressure, the bladder volume must increase
as well, resulting in a lag between the control signal pressure and actual pressure in the
bladder as the system equalizes. Figure 7-12 shows this lag between the setpoint and
actual pressures. The top line shows the control signal pressure and the lower line shows
the actual bladder pressure measured from the transducer. It was because of this lag that
pressure was monitored through a separate transducer located in the bladder supply line.
In plotting data from this study in this thesis, the pressure used was the actual pressure in
the bladder, modified for contact area as discussed later in this chapter.

Figure 7-12: Test facility virtual interface showing lag between the pressure setpoint and actual bladder
pressure.
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7.6

TEST RESULTS
The four specimens were tested in the ABLTF using the methods previously

discussed. The following sections present the results of these tests. It should first be
noted that the first specimen test did not produce one-hundred percent of the data desired
for the study. Due to an acquisition malfunction, the only complete data recovered was
that of the brick veneer deflection and steel stud deflection at the center wall location.
Steel stud LVDT measurements toward the end of the test were also able to be recovered.
This is seen in the plots later in this chapter. Brick veneer LVDT measurements were
already beyond that of the sensor range at this time of the test, and therefore presented
little recoverable data. Strain gauge data was entirely lost for the first specimen. Tests of
specimens 2, 3, and 4 yielded one-hundred percent of the data desired for the study,
which is presented in the following sections of this chapter.

7.6.1 Air Bladder Pressure Contact Area Adjustment
The data collected during testing was taken with respect to the pressure in the air
bladder. The air bladder used in the ABLTF had a height of eight feet and also a width of
eight feet. However, because the specimens deflect under pressure, the air bladder does
not have a consistent contact area over which the pressure is actually being applied to the
panel. As the walls deflect, the distance between the bladder reaction panel of the facility
and the specimen face naturally increases. It was assumed that the bladder-specimen
contact area decreased as a function of the wall panel deflection. This decrease in contact
area was factored into the results after testing. The exact amount of reduced contact area
was determined by measurement at the start and finish of each test.
Following testing, it was determined that the contact area changed from onehundred percent at the start of the test to approximately ninety percent at the conclusion
of the test. This ten percent reduction in contact area was taken as a function of the wall
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deflection, and the pressures reported in the following sections account for this. The
formula used in modifying the pressure applied was as follows:

y = (-5x + 100)(100/z)

Eq. 7-1

where x is equal to the center-wall steel stud deflection, z is the measured pressure in the
bladder from the pressure transducer, and the resultant y is the adjusted actual pressure
applied to the wall. All the graphs presented in this chapter use this adjusted y value for
the pressure applied. Figure 7-13 shows a photograph of the reduced bladder contact area
for a specimen deflecting under pressure.

Figure 7-13: Reduced bladder contact area on a deflected specimen.
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7.6.2

Load Distribution in the Brick Veneer Ties
As discussed in Chapter 6 of this thesis, the load transferred through the brick

veneer ties was measured using strain gauges attached to the legs of the veneer anchor
plates. The strain recorded was used to calculate the load using the derived formula from
small component testing. Figures 7-14 through 7-23 show the load through each of the
ten ties as calculated from the measured strains. The locations of these ties on the panel
are noted in Figure 7-7.
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Figure 7-14: Comparison of load transferred through Tie 1.
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Figure 7-15: Comparison of load transferred through Tie 2.
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Figure 7-16: Comparison of load transferred through Tie 3.
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Figure 7-17: Comparison of load transferred through Tie 4.
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Figure 7-18: Comparison of load transferred through Tie 5.
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Figure 7-19: Comparison of load transferred through Tie 6.
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Figure 7-20: Comparison of load transferred through Tie 7.
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Figure 7-21: Comparison of load transferred through Tie 8.
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Figure 7-22: Comparison of load transferred through Tie 9.
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Figure 7-23: Comparison of load transferred through Tie 10.
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Figure 7-24: Vertical panel centerline tie load distribution at 3 psi.
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Figure 7-25: Vertical panel centerline tie load distribution at 4 psi.
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Figure 7-26: Vertical panel centerline tie load distribution at 5 psi.
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Figures 7-24, 7-25, and 7-26 show the vertical centerline tie load distribution at 3,
4 and 5 psi, respectively. These plots demonstrate the variability in tie load distribution
across the height of the panel.

7.6.3 Deflection of the Brick Veneer
As stated in the previous section, displacement of the brick veneer in eight
locations was measured as pressure applied increased. These measurements were of the
total displacement relative to the panel boundary conditions and, because the brick veneer
was tied back to the steel framing, included the displacement of the steel studs as well.
To determine the deflection of the brick veneer relative to the steel stud backup framing,
the steel stud displacements were subtracted from the brick veneer displacements at the
corresponding locations. Because the vertical centerline of the wall had five brick veneer
LVDTs and four steel stud LVDTs, the brick veneer displacements were taken in pairs
and averaged to correspond with the locations of the four steel stud sensors. For
example, steel stud displacement 1 was subtracted from the average of brick veneer
displacements 1 and 2 to derive the veneer deflection at steel stud sensor location 1.
Steel stud displacement 2 was subtracted from the average of brick veneer displacements
2 and 3 to derive the veneer deflection relative to steel stud sensor location 2, and so on
through stud sensor location 4. Brick veneer LVDTs 6, 7, and 8 were already at locations
corresponding to steel stud LVDTs 5, 6, and 7, respectively, and therefore no averaging
was necessary. Figures 7-27 through 7-33 show the brick veneer deflection relative to
the backup framing for each of the seven stud sensor locations. As previously discussed,
the data for the specimen 1 test at the individual brick veneer locations is unavailable.
The locations of the brick veneer displacement measurements are shown in Figure 7-10.
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Figure 7-27: Comparison of the average of brick veneer LVDTs 1 and 2.
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Figure 7-28: Comparison of the average of brick veneer LVDTs 2 and 3.
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Figure 7-29: Comparison of the average of brick veneer LVDTs 3 and 4.
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Figure 7-30: Comparison of the average of brick veneer LVDTs 4 and 5.
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Figure 7-31: Comparison of brick veneer LVDT 6.
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Figure 7-32: Comparison of brick veneer LVDT 7.
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Figure 7-33: Comparison of brick veneer LVDT 8.
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Figure 7-34: Comparison of the brick veneer center wall deflection.
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Figure 7-34 shows the comparison of the center wall brick veneer deflection for
all four specimens. As seen, this data for specimen 1 was able to be recovered. The
effect of the brick veneer reinforcement present in specimens 2, 3, and 4 can be observed
from this figure. These results are discussed in further detail later in this chapter.
Figures 7-34 through 7-39 show the vertical panel centerline brick veneer
deflections at 1 psi, 2 psi, 3 psi, 4 psi, and 5 psi. Beyond 5 psi, the brick veneer had
completely failed, as evident in these plots. There is less deflection towards the bottom
of the wall panels as a result of the welded shear keys on the brick veneer support angle.
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Figure 7-35: Brick veneer deflection at 1 psi.
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Figure 7-36: Brick veneer deflection at 2 psi.
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Figure 7-37: Brick veneer deflection at 3 psi.
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Figure 7-38: Brick veneer deflection at 4 psi.
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Figure 7-39: Brick veneer deflection at 5 psi.
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These plots also show the affect that out-of-plane enhancements applied to the
backup framing had on the brick veneer deflection. The stiffer backup framing resulted
in lower flexural stresses in the brick veneer and, consequently, less deflection and failure
at higher pressures. According to these plots, both the sheet metal alone, as well as the
gypsum/sheet metal composite sheathing had a definitive stiffening effect on the framing.

7.6.4

Deflection of the Steel Studs
As previously discussed, the displacements of the steel studs were measured in

seven locations. These measurement locations can be seen in Figure 7-8. Figures 7-40
through 7-46 show these results with respect to the adjusted applied pressure on the
specimens.
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Figure 7-40: Deflection at steel stud location 1.
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Figure 7-41: Deflection at steel stud location 2.
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Figure 7-42: Deflection at steel stud location 3.

108

2

Pressure (psi)

Steel Stud LVDT 4 Deflection Comparison
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1
0

Specimen 1
Specimen 2
Specimen 3
Specimen 4
0

0.5

1

1.5

2

Deflection (in)
Figure 7-43: Deflection at steel stud location 4.
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Figure 7-44: Deflection at steel stud location 5.
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Figure 7-45: Deflection at steel stud location 6.
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Figure 7-46: Deflection at steel stud location 7.

110

2

Pressure (psi)

Steel Stud Center Wall Deflection Comparison
17
16
15
14
13
12
11
10
9
8
7
6
5
4
3
2
1
0

Specimen 1
Specimen 2
Specimen 3
Specimen 4

0

0.5

1

1.5

2

Deflection (in)
Figure 7-47: Deflection at the center of the wall panel.

Figure 7-47 shows the load-deflection curve for the four specimens at the center
of the wall panel backup framing. This graph was the ultimate goal for this study,
showing the effect the out-of-plane enhancements had on the load-deflection curves for
the panel backup framing. The added sheet metal layers in specimens 3 and 4 increased
the ultimate load capacities of these specimens, as seen. These results are discussed in
further detail later in this chapter.

7.7 DISCUSSION OF RESULTS
This chapter presented the results of the experimental tests performed for this
study. Steel stud deflection, brick veneer deflection, and tie loads were presented with
respect to the applied out-of-plane load in testing. The following chapter discusses these
presented results in more detail.
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7.7.1 Load Transferred Through the Brick Veneer Ties
Section 7.6.2 of this chapter presents the plots of the load in each of the ten veneer
anchor plates as calculated using the formula derived in small component testing. In
many of these cases, the ties behaved rather similarly in each of the three specimens
compared. The plots of ties 2 through 9 show similar loads transferred to the backup
framing. In observing the deflection of the brick veneer with respect to pressure applied,
the complete crushing of the ties occurred between 3 and 5 psi on the face of the veneer.
This failure of the veneer is reflected well in the tie load plots; the load in the ties
increases consistently until failure in the 3 to 5 psi range, where the load then levels off
for the remainder of the test.
The plots of ties 1 and 10 show a distinct difference in the load transfer as
pressure on the veneer face increased. In tie one, specimens two and three behaved
similarly, failing between 6 and 7 psi, while specimen 4 showed less load and a later tie
failure; around 10 psi. Tie one was the bottom-most tie on the center of the backup
framing, meaning it was closest to the lower boundary condition. The failure at a higher
psi than the rest of the ties can be attributed to this location on the panel. Tie number 1
on specimen 4 experienced lesser load than on specimens 2 and 3. This may be attributed
to the added stiffness of the gypsum composite material used on specimen 4. Similarly,
tie 10 also shows this difference between the three specimens. Tie 10 on specimen 4
experienced lower load transfer which, again may be attributed to the sure-board
stiffness. Tie 10 did not experience failure loads until higher pressures applied to the
panel face when compared to other ties on the specimens. As with tie number 1, tie 10
was located close to the lower boundary condition.
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7.7.2

Brick Veneer Deflection
Section 7.6.3 of this chapter presents the plotted brick veneer deflections recorded

for this test. As previously discussed, this data was derived by subtracting the steel stud
displacement data from the brick veneer displacement data. This resulted in the brick
veneer displacement relative to the backup framing and not relative to the panel boundary
conditions.
The plots in section 7.6.3 show a discernable difference between the veneer
deflections in the three specimens. According to the data, specimen 4 experienced lesser
deflection than specimen 3. Specimen 3 also experienced lesser deflection than specimen
2. These differences in brick veneer deflection as pressure on the panel face increased
can be attributed to the out-of-plane enhancements applied to the backup framing in each
system. The applied enhancements resulted in a stiffer backup framing. With a stiffer
backup framing, the panel was able to behave in a more composite manner, allowing the
veneer to experience higher compressive loads before crushing into the air space. One
might intuitively assume that a stiffer backup framing would result in a more rapid failure
of the veneer. These results show that this is not the case. A less stiff backup framing
results in higher flexural stresses in the veneer and, consequently, failure at a lower psi.
These effects can be observed in both the brick veneer deflection relative to the boundary
conditions and relative to the steel stud backup framing. It is therefore not a consequence
of the subtraction of the steel stud deflection data from the veneer displacement data. It
can be concluded from these results that, counter-intuitively, the added enhancements to
the backup framing have a significant effect on the veneer deflection and failure load.
It can also be observed from these plots that the veneer failed between 3 and 5 psi.
The plots show slow deflection as load increased and a sudden change in deflection rate
above approximately 4 psi. It was at this point that the veneer ties were crushing,
shrinking the air space.
Figure 7-34 shows a comparison of the brick veneer deflection at the center of the
wall for all four specimens. This plot presents a slight difference between the reinforced
specimens 2, 3, and 4, and the unreinforced specimen 1. The reinforced specimens
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appear to show more deflection at the center of the wall as pressure increased. This may
be explained by the uniformity of crushing in specimen 1 versus specimens 2, 3, and 4.
The veneer in specimens 2, 3, and 4 failed horizontally first at the center of the wall,
flexing inward. The reinforcement may have caused the veneer to fail in this manner.
The veneer on specimen 1 appeared to fail all at once and in a more uniform, crushing
manner. There was no discernable location of initial cracking failure; cracks ran
horizontally as well as vertically in specimen 1, as opposed to the distinct horizontal
center line failure in specimens 2, 3 and 4. Besides this slight difference at lesser
pressures between reinforced and unreinforced brick, deflections at higher pressures
correlated with the enhancements applied, as previously discussed in this section. It can
be concluded from these results and the steel stud deflection results that the veneer
reinforcement may not have had a significant impact on the load-deflection behavior of
the panel through to failure. According to these results, the reinforcement only
significantly affects the load-deflection behavior of the veneer at lesser pressures (below
ten psi). More testing should be conducted in order to come to further conclusions
regarding the effect of veneer reinforcement on panel load-deflection behavior.

7.7.3 Steel Stud Deflection
Section 7.6.4 of this chapter presents the steel stud deflection data collected for
this study. The plotted data on the vertical centerline of the panel (LVDTs 1, 2, and 3)
reflects the effects of the out-of-plane enhancement techniques applied to the backup
framing of the specimens. Specimens 1 and 2 behaved similarly in these plots, implying
that the brick reinforcement had little impact on the out-of-plane deflection of the steel
stud backup framing. According to the plotted data, specimens 3 and 4 had increased
out-of-plane resistance due to the added sheet metal layers present in these panels. Due
to the added sheet metal layers, the tension-membrane response of these panels was
increased, resulting in stiffer responses. These two specimens also reached higher
pressures prior to failure. The results also indicate that the added gypsum composite
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material did not result in a significant increase in out-of-plane strength when compared to
the sheet metal reinforced specimen 3.
The improved out-of-plane response of the sheet metal specimens can be
observed in the plots for steel stud LVDTs 1 through 3. Steel stud LVDT 4 showed
similar responses between the four specimens. This can be attributed to the location of
sensor number 4; closest to the lower boundary condition of the panel. Steel stud sensors
5, 6, and 7 also showed similar results between the four specimens. This can be
attributed to the twisting behavior of the studs. As previously discussed, the center studs
on the panel were doubled-up back-to-back. The remaining studs on the specimens were
not. The studs that were not doubled up experienced more twisting and buckling
behavior than the center studs. Because of this twisting behavior, the out-of-plane
deflection data for the four specimens was similar on LVDTs 5, 6, and 7. Due to the lack
of twisting behavior, the center studs (LVDTs 1 through 4) better reflected the effect of
the added tension membrane layers.
Figure 7-47 shows the deflection at the center wall for all four specimens vs.
pressure applied. This is the most important data of this study, representing the general
load-deflection behavior of the PBVSS system. This plot shows the stiffening effect of
the added sheet metal layers. This plot also suggests that the brick reinforcement does
not significantly affect the out-of-plane behavior of the backup framing. The
performance of the sheet metal enhanced specimen and sheet metal/gypsum enhanced
specimen was about the same, unlike the finite element model predicted. This is
discussed further in Chapter 8.

7.7.4

Visual Observations
In addition to the data recorded during specimen testing, visual observations were

made of the specimens and their components. Cracking and failure behavior of the brick
veneer, sheathing component failure, and anchor plate failure modes were observed
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during testing as well as documented during dismantling of the specimens following
testing.

7.7.4.1 Failure of the Brick Veneer
The unreinforced brick veneer on specimen 1 failed differently than the reinforced
brick veneer on specimens 2, 3, and 4. It was observed after testing that the cracking in
the first specimen was not in a specific location or direction. The primary cracking in the
reinforced specimens spanned horizontally across the center of the wall, as is typical in
the flexural failure of brittle reinforced members. Figures 7-48 through 7-51 show the
observed locations of cracks in the brick veneer on the four specimens. The effect of the
reinforcement on the cracking patterns in the brick veneer can be observed.

Figure 7-48: Veneer crack locations on specimen one.
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Figure 7-49: Veneer crack locations on specimen two.

Figure 7-50: Veneer crack locations on specimen three.
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Figure 7-51: Veneer crack locations on specimen four.

Photographs showing this cracking behavior can be seen in the Appendix Figure
A-44 through A-47. Another interesting observation in the failure of the brick veneer
was a punching action observed in specimen 1. This behavior is shown in Figure 7-52.
This punching action did not occur on any other specimen besides specimen 1. This is a
result of the lack of reinforcement in the brick veneer. The failure occurred at the
location of a brick veneer tie. With horizontal reinforcement tied in with the seismic
veneer anchor pintles in specimens 2, 3, and 4, this type of failure did not occur.
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Figure 7-52: Punching action observed on specimen 1.

It should also be noted that on the sheet metal enhanced specimen 3, one of the
welded shear keys on the brick veneer support angle failed. This occurred only on this
specimen, and is shown in Figure 7-53.
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Figure 7-53: Photograph showing missing shear key on sheet metal enhanced specimen 3.

7.7.4.2 Sheathing Component Failures
Sheathing components failed differently in the specimens. Figure 7-54 shows the
failure of the plywood sheathing in specimen 1. This ruptured sheathing failure may
have occurred because of the lack of brick reinforcement in specimen 1. Specimen 2,
which had brick reinforcement, did not experience this sheathing rupture. It can be
assumed that this failure was prevented in specimen 2 because the brick reinforcement
led to a more uniform load transfer to the backup framing. Figure 7-55 shows the same
location on specimen 2; no sheathing rupture occurred. Specimens 3 and 4 also did not
experience failures in the sheathing components.
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a)

b)
Figure 7-54: Specimen one sheathing failure; a) back of panel, b) front of panel.

Figure 7-55: Non-failure in specimen two sheathing.
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The exterior sheet metal layer in specimen 3 also showed some interesting
behavior. Figure 7-56 shows some of the strain behavior that occurred towards the edges
of the steel sheet. This unique bending at the edges may have occurred as a result of the
sheet yielding in tension as the panel experienced pressure.

Figure 7-56: Evidence of tension yielding at the sheet edges near fasteners.

It should also be noted that the sheathing fasteners on the interior faces of
specimens 3 and 4 did not fail whatsoever during testing. Bearing was observed on
several of the sheet metal fasteners in specimen 3, as shown in Figure 7-57.
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Figure 7-57: Bearing at a fastener on the sheet metal enhanced specimen 3.

7.7.4.3 Brick Veneer Tie Failure Modes
As the four specimens were dismantled, the final states of all forty-nine veneer
anchor plates on each panel specimen were documented and photographed. The final
states of each tie of each specimen are shown individually in Appendix A Tables A-1
through A-12. The designated numbering key for the forty-nine ties for the failure state
tables is shown in Appendix A Figure A-48.
Figures 7-58 through 7-61 visually denote the locations of failures in the seismic
veneer anchor plate fasteners on each of the four specimens. The larger circles are the
ties where both fasteners failed, and the smaller circles are the ties where only one of the
two fasteners failed.
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Figure 7-58: Specimen 1 veneer anchor plate fastener failures.

Figure 7-59: Specimen 2 veneer anchor plate fastener failures.
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Figure 7-60: Specimen 3 veneer anchor plate fastener failures.

Figure 7-61: Specimen 4 veneer anchor plate fastener failures.
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From these anchor plate fastener figures, it is evident that the backup framing
enhancements influenced the number of failures. Specimen 1 experienced the most
failures. Specimen 2, which had reinforcement in the brick veneer, experienced slightly
less failures than specimen 1, but they still occurred in the same general regions. Though
there are slightly less failures in specimen 2, there is not enough data between the two
specimens to assume this was a result of the veneer reinforcement, but these charts
appear to suggest this as the case. With specimen 3, the number of fastener failures
dramatically decreased. Furthermore, specimen 4 experienced the least amount of
fastener failures by a considerable amount. The reduced number of failures seen in
specimens 3 and 4 can be attributed to the sheathing enhancements added to the backup
framing. With the sheet metal and gypsum/sheet metal composite material, buckling and
twisting in the steel studs was greatly reduced, resulting in a lesser number of fastener
failures. The gypsum composite material in specimen 4 allowed the least amount of
twisting in the steel studs, and consequently the least number of fastener failures.
In all four specimens, the fasteners that did fail were in the same general regions
of the panels. The center studs experienced less failure because, while being doubled up
back-to-back, less twisting was possible. Most of the failures occurred towards the upper
regions of the wall, indicating the influence of the brick veneer steel support angle fitted
with welded shear keys. The outermost studs also experienced less fastener failures,
presumably because these studs were only experiencing half of the load that other studs
were taking. As with the brick veneer deflection plots, this data suggests that
enhancements to the steel backup framing significantly influence the performance of the
brick veneer.
The next chapter of this thesis discusses the comparison of the full-scale
experimental data with the results of the finite element modeling.
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CHAPTER 8
COMPARISSON OF FINITE ELEMENT AND EXPERIMENTAL
RESULTS

8.1

GENERAL
This study consisted of the analysis of the developed enhanced PBVSS systems

for out-of-plane failure loading. Finite element modeling and full scale experimental
testing was conducted to determine the performance of the system and its components
through failure. Results of the finite element modeling were presented in Chapter 5 of
this thesis and experimental results were presented in Chapter 7. This chapter discusses
the comparison of these results.

8.2

STEEL STUD DEFLECTION
Figure 5-12 shows the center wall deflection results from the modeling performed

in ANSYS. When comparing these plots to the experimental center wall deflection plots
shown in Figure 7-40, several conclusions can be drawn. First, the deflections reached in
the experimental testing were considerably larger than those determined through finite
element modeling. This is due to the nature of the modeled boundary conditions in
ANSYS. In the finite element model, the upper and lower boundary conditions were
perfectly constrained. In the experimental testing, however, the upper and lower
boundary conditions did not have this one-hundred percent rigidity. Minor uplift of the
bottom concrete testing slab and slight displacement in the upper boundary condition
lifting angle blocking may have resulted in larger deflections in the wall panel. To
accurately compare the finite element and experimental analyses, these small
displacements must be accounted for in the ANSYS models. FEM deflection results
were therefore modified to include these small boundary condition displacements. Uplift

in the slab and displacement in the panel lifting angle were determined from the high
definition videos shot during testing. Figure 8-1 shows the comparison between finite
element model specimen one and experimental specimens one and two.

Steel Stud Specimen 1 and 2 Center Wall Deflection
16
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8

Experimental Specimen 1

6

Experimental Specimen 2

4

FEM Specimen 1 and 2

2
0
0

0.5

1

1.5

2

Deflection (in)
Figure 8-1: Comparison of FEM and experimental results for specimens one and two.

The plot in Figure 8-1 shows a close similarity between the finite element and
experimental specimens. The plots follow a comparable path through loading until about
twelve psi. At this point, the finite element data continues along a more linear path,
while the experimental specimens continually deflect at consistent pressures. The finite
element curve may not have followed the exact same nonlinear path due to the bi-linear
method of modeling used in ANSYS. As discussed in Chapter 5, nonlinearity was
defined in ANSYS using a bi-linear curve. In this method, the material deflections
follow a specified young’s modulus until experiencing a stress level close to the material
yield point. At this defined stress, the material follows a second defined young’s
modulus. This keeps the model simple while still utilizing a nonlinear approach. Figure
8-2 shows the comparison of the sheet metal enhanced PBVSS design.
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Figure 8-2: Comparison of FEM and experimental results for sheet metal enhanced specimens.

The plots shown in Figure 8-2 are not as similar as those in Figure 8-1. The effect
of the sheet steel reinforcement in the experimental testing was not as large as that
predicted in the ANSYS model. Figure 8-3 shows the comparison of the sheet
metal/gypsum composite specimens.

Steel Stud Specimen 4 Center Wall Deflection
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Figure 8-3: Comparison of FEM and experimental results for specimen three.

129

As with the sheet metal enhanced specimen, the sheet metal/gypsum enhanced
specimen did not show as dramatic a stiffening effect as the finite element model
predicted. Additionally, the sheet metal and gypsum/sheet metal enhanced specimens
performed about the same experimentally, as opposed to in the finite element models.
The gypsum/sheet metal composite material was modeled in ANSYS using the material
properties of steel and gypsum. This model showed a heightened performance over the
sheet metal enhanced specimen because of the nature of the finite element model as it
included the material properties of the gypsum. Realistically, gypsum has a more brittle
crushing behavior, which was not factored into the ANSYS model. The experimental
data shows that the gypsum’s brittle nature lends little to the stiffening of the steel stud
backup framing through failure. The realistic performance of this specimen was very
much the same as that of the sheet metal enhanced specimen.
The bi-linear method of modeling used in ANSYS is even more evident in
Figures 8-2 and 8-3 than in Figure 8-1. The experimental curves have a definitive
leveling effect where the failure pressure is clear at about 15 psi. When the FEM curves
reach 15 psi, the second defined young’s modulus from the bi-linear modeling method
takes effect and the models continue to take on increasing pressures; deflecting according
to this newly defined young’s modulus instead of continuing to lose stiffness. To achieve
more realistic data from ANSYS, more detailed nonlinear models may need to be
developed. More complex nonlinearity would lead to far more complex models, but
more accurate data.
Figure 8-4 shows the plots for all the experimental and finite element specimens.
Overall, the finite element models were able to predict the stiffening of the steel framing
through the addition of sheet metal. The magnitude of strengthening was not as large
realistically, and may be better predicted using ANSYS models that have a more detailed
nonlinear behavior defined.
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Figure 8-4: Center wall deflections for all finite element and experimental analyses.

8.3

BRICK VENEER DEFLECTION
The finite element modeling for the brick veneer predicted cracking at just above

1.1 psi. The real specimens did not experience such cracking until about 4 psi.
Therefore, there is a considerable difference between the brick veneer deflection
predicted in the model and the actual experimental deflections. Figure 8-5 shows a
comparison of the brick veneer vertical centerline deflection at 1 psi. Although the
numbers do not correlate exactly, the shape of the deflection was accurately predicted.
The finite element model showed more deflection than the experimental results.
This is because the finite element model follows the specified young’s modulus until
reaching the defined cracking stress, where failure then occurs. Realistically, with a very
stiff material like brick veneer, the behavior will not have the elastic behavior that the
model had. Though the properties in the model were defined by the results of the small
component compression testing, flexural behavior of a solid will still have inherent
membrane-like behavior in ANSYS until cracking occurs.
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Figure 8-5: Comparison of brick veneer vertical centerline displacements.

8.4

LOAD THROUGH BRICK VENEER TIES
The load transferred through the brick veneer ties was also difficult to compare to

the model since, again, the model predicted an earlier failure of the brick veneer.
Comparisons of the loads through the ties at 1 psi did not directly match. Realistic
behavior of the tie load transfer is difficult to predict because of inconsistencies in
construction of the veneer. The experimental data at a load of just 1 psi does not register
a positive load through most of the ties fitted with strain gauges. At these smaller loads,
distribution of the out-of-plane load was not perfectly uniform as that in the finite
element model. The finite element model’s liking between elements does not account for
the error present in the actual constructed specimens. To better compare these results,
finite element modeling that does not include a cracking failure of the veneer should be
conducted to reach the higher loads where, experimentally, forces were balanced and
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more accurately registered through the strain gauges. Post-experimental testing finite
element modeling should be conducted in order to further explore these comparisons.
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CHAPTER 9
DESIGN AND CONSTRUCTION RECOMMENDATIONS

9.1

GENERAL
The following chapter discusses the impact of this study on the design and

application of the PBVSS system. The strengthening effects of the addition of out-ofplane enhancements to the PBVSS system were explored previously; this chapter
discusses the technical and practical issues of the various wall components that must be
addressed in its application. Also discussed is the implications of this study for blast
resistant design and how these results can be used to predict such resistance.

9.2

DESIGN RECOMMENDATIONS

9.2.1

Brick Veneer
For this study, four-inch bricks with holes were used in the full-scale

experimental test panels. These holed bricks lent themselves to the use of both horizontal
and vertical reinforcement inside the veneer. They also provide a lighter panel overall
while maintaining the same strength properties as solid clay bricks. While the brick
veneer provides important thermal and aesthetic properties to the wall, this study was a
focus on the failure capacity of the system as a whole. With strength through failure
being the focus of the experiments, the brick veneer did not have a significant impact on
the failure capacity of the wall’s backup framing. Out-of-plane deflection of the veneer
did show changes as a result of enhancements to the system, albeit these enhancements
were applied to the backup framing. So, future PBVSS designs can explore the use of

alternate, lighter veneers as substitutes for the heavy four-inch brick, but these substituted
veneers should be analyzed for their thermal impact on the design.

9.2.2

Brick veneer ties
This project explored the use of a new type of tie to use in the PBVSS system.

The veneer anchor plates and pintles were selected for their design as seismic ties
resistant specifically to shear. The high-shear resistant ties used in the original PBVSS
system, while being attached directly to the stud webs, required large penetrations
through the panel sheathing, potentially compromising the air-tightness and strength of
the sheathing enhancements. The seismic veneer anchor pintles preserve the multihazard aspect of the PBVSS design, providing shear resistance under earthquake
conditions and also the high compressive capacities desired for out-of-plane
enhancement.

9.2.3

Steel backup framing
The changes applied to the steel backup framing of the PBVSS system were the

most significant modifications to the original design. The newly designed backup
framing eliminated the heavy rolled steel vertical members that were used on the original
design. This was made possible through the innovative stud-channel connections meant
to encourage the utilization of the full yield strength of the studs. Failure of the studs
through an out-of-plane load would not have been possible without this new connection
design. The overall cost of the system when compared to the original PBVSS does not
change, since the lack of the expensive vertical rolled channels and lack of vertical slits
through the sheathing for all the shear ties is made up for in materials and labor in the
enhanced stud-channel connections.
Modifications to the backup framing included added sheet metal and a
gypsum/sheet metal composite substitute material. Since the web-connected shear ties
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from the original design were not used in the new design, these enhancements were easily
implemented into the system during construction. They do not significantly affect the
overall weight of the panel, while they do provide an increase in the out-of-plane stiffness
of the backup framing. This added stiffness allowed for a more composite action of the
system as a whole, as evident in the brick veneer displacements measured during fullscale testing. They also resulted in a higher strength capacity of the system, as evident in
the plots of the out-of-plane deflection at the center wall location.
While the full-scale testing of the enhanced PBVSS system explored the out-ofplane performance of an eight foot by eight foot version of the design, changes to the
overall size of the panel are possible with little change to the system’s connection
detailing. Since the stud-channel connections were designed to utilize the full tension
yield strength of the studs, the connections would remain the same on a PBVSS panel of
a larger size. If using a panel of a larger size, special attention must be paid to the sizing
of the top and bottom steel channels, as to not sacrifice the stiffness of the backup
framing in transportation and erection of the panels. If deflection issues are evident in the
channels in the analyses of a larger PBVSS panel, steel stud spacing can also be changed
to account for these issues. Closer stud spacing would result in a more uniform
distribution of load from the top and bottom channel and brick support angle. Such
changes should be analytically explored prior to the application of a larger panel to
ensure adequate backup framing stiffness.

9.3

MULTI-HAZARD AND BLAST DESIGN
The original PBVSS system was designed for heightened performance against

wind and seismic conditions. The purpose of this study was to further enhance the
original design to increase the out-of-plane failure capacity of the system. Methods of
enhancement explored were developed based on research in blast enhancement
technologies used in wall system construction. While the system was technically
designed for blast resistance, the full-scale testing did not explore the response of the
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system specifically for dynamic loading conditions; only static out-of-plane testing was
conducted as blast testing was not an option. The purpose was to attempt to predict the
blast capacity of the wall system without conducting actual blast tests. Researched
analysis techniques can then be used to predict the theoretical blast response.
Research has shown that the dynamic reaction of a building system actually
shows higher resistance than the static reaction of the same building system. In
laboratory testing, load was applied to the specimens at a slow, constant rate. As
discussed previously, an actual blast event results in load that is applied at a far more
rapid rate. The heightened strength against a rapidly applied load verses a slow, static
load is called the strain rate effect. The factor for the strain rate effect in converting from
static to dynamic reactions of steel structures is approximately 1.25 (TM 5-1300, 1990).
This dynamic increase factor is applied directly to the load-deflection curves from the
static load testing (Mays and Smith 1995). The strain energy absorbed by the system is
calculated from the external work done by the uniform load. The newly factored loaddeflection curves for the system are then used to calculate the system’s stiffness under
uniform loading. This stiffness is then used in a single degree of freedom model to
analyze the response to a dynamic loading event.
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CHAPTER 10
SUMMARY OF RESULTS AND CONCLUSIONS

10.1

GENERAL
This thesis has presented the results of the experimental investigation of an

enhanced PBVSS system for out-of-plane failure loading. The experimental and finite
element modeling results were presented, discussed, and compared. This chapter
summarizes the results and conclusions of this study and discusses the potential for future
work in the analyses of the PBVSS wall system.

10.2

FINITE ELEMENT MODELING
The finite element modeling conducted for this study predicted the failure

capacity and mode of the brick veneer and the out-of-plane deflection of the steel stud
backup framing. It was predicted that the brick veneer would fail at a load of 1.1 psi,
which was lower than the results of the experimental testing. The modeling results for
the framing deflections predicted the added strength benefits of the sheet metal
enhancements. As discussed previously, the strengthening as a result of the
gypsum/sheet metal composite sheathing substitute was predicted to be larger than that
which occurred experimentally. While the predicted improved out-of-plane performance
of the system was evident experimentally, the gypsum/sheet metal composite did not
actually perform any better than the sheet metal enhanced specimen when looking at the
backup framing alone. As discussed, the model did not account for the brittle fracture of
the gypsum, and therefore predicted higher strengths than that which occurred in the fullscale testing. In future finite element models of this system, it may be better to model the

gypsum and sheet metal separately, and specify a lower absolute failure stress of the
gypsum. Modeling the sheathing substitute as a single composite shell led to strengths
that were not evident in full-scale testing.
Additionally, to achieve a more accurate ANSYS model, nonlinear behavior of
the specimen materials may be defined using many points along their stress-strain curves,
as opposed to the bilinear idealization used in this study. Using smoother, more accurate
material stress-strain curves would result in a more realistic performance of the modeled
system.
The results of the finite element modeling also had to be modified to account for
the slight uplift of the concrete slab used in experimental testing. This uplift can be
accounted for in future finite element models by specifying a stiffness (k-value) in the
lower boundary condition constraints, rather than the one-hundred percent rigidity used in
the modeling for this study. These slight modifications to the model may result in loaddeflection data that closer matches the full-scale testing results.
The results of the finite element modeling conducted for this study can be
summarized as follows:


The effect of the brick veneer reinforcement on the out-of-plane deflection
of the panel was not significant.



The brick veneer reinforcement improves the load distribution of force
transferred through the ties of the wall panels.



Failure of the control specimen steel backup framing occurred at
approximately 16 psi.



Added sheet metal enhancement to the backup framing increased the
overall stiffness of the panel and failed at approximately 21 psi.



Substituted gypsum/sheet metal composite sheathing also increased the
overall stiffness over the control panel and failed at approximately 25 psi.
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10.3

FULL-SCALE SPECIMEN TESTING
As presented in Chapter 7, the added sheet metal and gypsum/sheet metal

composite sheathing had distinct effects on the out-of-plane load-deflection performance
of both the backup framing and the brick veneer deflection. The predicted performance
from the ANSYS models was higher than that experimentally. While the sheet metal and
gypsum/sheet metal composite specimens added the same stiffness to the backup
framing, the effect of these materials on the deflection of the brick veneer was
unexpectedly profound. The added stiffness to the backup framing reduced the flexural
stresses in the brick veneer, resulting in less deflection and failure at higher pressures. In
looking at the brick veneer deflection, the gypsum/sheet metal composite specimen
performed better than the sheet metal enhanced specimen. Ultimately, the out-of-plane
load-deflection curves shown in Figure 7-45 were the goal of this study. They suggest
that the reinforcement added after specimen one did not change the performance of the
backup framing. The effects of the added reinforcement were evident visually in the
cracking of the veneer, but otherwise were ineffective.
The loads transferred through the brick veneer ties did not experience much
difference in the full-scale results. Unfortunately, this data was unable to be recovered
for specimen number one. Future work with the PBVSS system needs to explore the
distribution of forces through the brick veneer ties in an unreinforced specimen in order
to come to further conclusions on the effects of the reinforcement on load transferred
through the ties.
The results of the full-scale specimen testing conducted for this study can be
summarized as follows:


Brick veneer center-wall deflection remained consistent through all four
specimens tested.



The brick veneer (vertical centerline) deflection was heavily influenced by
enhancements applied to the panel’s steel backup framing.



Tie load distribution comparisons along the vertical centerline were
inconsistent among the collected data.
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Deflection in the backup framing was not influenced by the addition of
horizontal and vertical reinforcement to the brick veneer.



Added sheet metal and the gypsum/sheet metal composite substitute
resulted in the same increase in overall stiffness of the backup framing
over the non-enhanced specimens.



Added brick veneer reinforcement heavily influenced the cracking
behavior of the brick veneer.



Added brick veneer reinforcement helped with load distribution to the
backup framing, resulting in less localized failures in the panel sheathing.



Failure of the brick veneer tie fasteners decreased as more enhancements
were applied to the panels; a result of the stiffening of the panel by the
enhancements.

The results of the comparison between the finite element modeling and
experimental testing from this study can be summarized as follows:


Adjustment factors had to be applied to the finite element results to
account for the slight displacement of boundary conditions observed in
experimental testing.



The brick veneer failed at a higher pressure (between 3 and 5 psi)
experimentally than in the ANSYS model.



Experimentally, added stiffness to the backup framing as a result of the
enhancements was evident, though not at the magnitude observed in finite
element modeling.



More accurate finite element models should be produced using smoother
material nonlinear definitions and defined absolute failure stresses of
brittle materials used in the specimens in order to better predict realistic
panel behavior.
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10.4

CONCLUSIONS
It can be concluded from this study that:


Accurate finite element modeling can be used to predict enhancements’
strengthening capability on the PBVSS wall system.



Added layers of tension membrane enhancement can result in a PBVSS
system with a higher stiffness and out-of-plane load capacity than the
original design.



The enhancements applied can result in a system with heightened safety
against both wind and extreme loading conditions.



Stiffening of the system’s backup framing improves the composite action
of the panel as observed in the brick veneer deflection.



Lacking the large tie penetrations present in the original PBVSS design,
the new design preserves the system’s panelized aspect while improving
upon the air-tightness of the wall.



With dynamic increase factors applied to the static load-deflection curves,
the system shows a potential for resistance against blast events.

10.5

FUTURE WORK
In continuing studies of the PBVSS system, other enhancements should be

explored. The application of fiber-reinforced polymers and polyurea to the inside face of
the brick veneer should be explored and documented. Future studies should also explore
more detailed methods of modeling the PBVSS system in ANSYS to account for
smoother nonlinearity and complete failure in materials such as the gypsum used. In
addition to these reinforcements, further data needs to be developed on the performance
on the unreinforced brick veneer and the effects that this lack of reinforcement has on the
load distribution across the brick veneer ties. With this data, complete conclusions can be
drawn in comparison to the tie data presented in this study. The brick veneer for this
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study was modeled using solid elements with cracking and reinforcement capability.
Future studies should also explore the modeling of the bricks and mortar as separate
materials with different defined properties.
Modifications to the ABLTF could also result in more accurate experimental data.
The lower boundary condition could be better secured to the reaction frame side of the
facility in order to reduce the uplift (lower boundary condition displacement) that was
evident in this study. In addition to the three threaded rods that currently secure the slab,
three more threaded rods should be added to fix the slab to the upper flange of the
reaction frame beam as well. This would reduce the uplift and result in a stiffer lower
boundary condition.
Future studies of the PBVSS system should also address the effects that the added
enhancements have on the system’s thermal performance. The sheet metal layers,
gypsum/sheet metal composite, FRP, and polyurea all influence the environmental
performance of the system depending on the location, coverage, and amount of
enhancement used. Analytical modeling as well as experimental testing could produce
such results.
This study was focused on the strength properties of the system, in particular the
out-of-plane load response. In the future, in addition to developing the response data for
the system with alternative enforcement techniques, boundary conditions in building
erection should be further developed in detail. The connection of the top channel to the
building should be designed for feasibility in building assembly while preserving a rigid
upper boundary condition. In tilting such a panel into place, inevitably there also needs
to be a tolerance in the distance between slabs. A method of accounting for this tolerance
(through shimming, grouting, etc.) should be developed. Design guidelines for panels of
varying size and panels that include openings need to be addressed.
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APPENDIX A
FACILITY AND SPECIMEN FIGURES AND PHOTOGRAPHS

Figure A-1: Isometric rendering of the testing facility.

Figure A-2: Side elevation view of the assembled testing facility with specimen overlay.
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Figure A-3: Elevation view of the testing facility reaction frame.

150

Figure A-4: Elevation view of the testing facility reaction panel.

151

Figure A-5: Plan view of the testing facility with specimen overlay.
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Figure A-6: Facility design calculations page 1, connections P1 and P2.

153

Figure A-7: Facility design calculations page 2, connections P3 and F4.
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Figure A-8: Facility design calculations page 3, connections F1 and F2.
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Figure A-9: Facility design calculations page 4, connections F1 and F2.

156

Figure A-10: Facility design calculations page 5, connections F1 and F2.

157

Figure A-11: Facility design calculations page 6, connection F3.

158

Figure A-12: Facility design calculations page 7, caster capacity calculation.

159

Figure A-13: Assembled facility reaction panel frame.

Figure A-14: Upright reaction panel showing plywood sheathing and load-bearing casters.

160

Figure A-15: Upright reaction panel frame.

161

Figure A-16: Assembled facility reaction frame.

Figure A-17: Upper boundary condition intersection.

162

Figure A-18: Assembled and upright facility reaction panel and frame.

163

Figure A-19: Facility reaction panel, frame, and concrete slab.

164

Figure A-20: Completed testing facility (with loaded wood specimen).

Figure A-21: Testing facility in open loading position with wooden specimen and mounted air bladder.

165

Figure A-22: The ABLTF upper tension channels were suspended on strut channel tracks for convenience.

166

Figure A-23: Lifting angle detail.

167

Figure A-24: Plan view of PBVSS system on testing facility slab.

168

Figure A-25: Specimen 1: Panelized System/Conventional Brick/Anchor Plates.

169

Figure A-26: Specimen 2: Panelized System/Reinforced Brick/Anchor Plates.

170

Figure A-27: Specimen 3: Panelized System/Reinforced Brick/Sheet Metal/Anchor Plates.

171

Figure A-28: Specimen 4: Panelized System/Reinforced Brick/Sure-Board/Anchor Plates.
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1)

3)

2)

4)

Figure A-29: Typical specimen assembly step by step: 1) weld stud connector plates to channels, 2) attach
upper steel plate and bottom brick support angle, 3) fasten steel studs to connector plates, 3) fasten
sheathing to steel studs
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5)

6)

7)

8)

Figure A-30: Specimen assembly step by step continued: 5) fasten seismic veneer anchor plates, 6) attach
first layer of insulation board below top plate, 7) attach second layer of insulation covering entire panel, 8)
attach housewrap and seismic veneer anchor pintles.
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9)

10)

11)

Figure A-31: Specimen assembly step by step continued: 9) position brick reinforcement (if used), 10) lay
brick, embedding reinforcement in mortar, 11) completed specimen.
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Figure A-32: Interior and exterior grade gypsum/sheet metal composite samples.

176

Figure A-33: Closing of the testing facility with a loaded brick veneer specimen.

177

Figure A-34: Partially closed testing facility showing the mounted pressure bladder.

178

Figure A-35: Loaded facility showing reaction panel, sandwiched air bladder, and specimen 1.

179

Figure A-36: Specimen 1 failure after testing.

180

Figure A-37: Bucking at the center studs of specimen 1.

181

Figure A-38: Specimen 2 failure after testing.

182

Figure A-39: Sheet metal enhanced specimen 3 showing both the interior and exterior layers.

183

Figure A-40: Specimen 3 failure after testing.

184

Figure A-41: Specimen 3 failure showing steel stud buckling behavior.

185

Figure A-42: Attached of gypsum/sheet metal composite to specimen 4 showing interior and exterior
layers.

186

Figure A-43: Gypsum/sheet metal enhanced specimen 4 under pressure.

187

Figure A-44: Specimen 1 brick veneer cracking behavior.

188

Figure A-45: Specimen 2 brick veneer cracking behavior.

189

Figure A-46: Specimen 3 brick veneer cracking behavior.

190

Figure A-47: Specimen 4 brick veneer cracking behavior.

191

Figure A-48: Designated tie numbering for Tables A-1 through A-12 on the following pages.

192

Table A-1: Specimen 1 brick veneer tie final states of failure.
Tie
1

Final State

Tie
2

Final State

Tie
3

4

5

6

7

8

9

10

11

12

13

14

15

16

19

17

18

20

21
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Final State

Table A-2: Specimen 1 brick veneer tie final states of failure (continued).
Tie
22

Final State

Tie
23

Final State

Tie
24

25

26

27

28

29

30

31

32

33

34

35

36

37

40

38

39

41

42
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Final State

Table A-3: Specimen 1 brick veneer tie final states of failure (continued).
Tie
43

Final State

46

Tie
44

Final State

47

Tie
45

Final State

48

49

Table A-4: Specimen 2 brick veneer tie final states of failure.
Tie
1

Final State

Tie
2

Final State

Tie
3

4

5

6

7

8

9
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Final State

Figure A-5: Specimen 2 brick veneer tie final states of failure (continued).
Tie
10

Final State

Tie
11

Final State

Tie
12

13

14

15

16

17

18

19

20

21

22

23

24

25

28

26

27

29

30
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Final State

Table A-6: Specimen 2 brick veneer tie final states of failure (continued).
Tie
31

Final State

Tie
32

Final State

Tie
33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49
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Final State

Table A-7: Specimen 3 brick veneer tie final states of failure.
Tie
1

Final State

Tie
2

Final State

Tie
3

4

5

6

7

8

9

10

11

12

13

14

15

16

19

17

18

20

21
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Final State

Table A-8: Specimen 3 brick veneer tie final states of failure (continued).
Tie
22

Final State

Tie
23

Final State

Tie
24

25

26

27

28

29

30

31

32

33

34

35

36

37

40

38

39

41

42
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Final State

Table A-9: Specimen 3 brick veneer tie final states of failure (continued).
Tie
43

Final State

46

Tie
44

Final State

47

Tie
45

Final State

48

49

Table A-10: Specimen 4 brick veneer tie final states of failure.
Tie
1

Final State

Tie
2

Final State

Tie
3

4

5

6

7

8

9
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Final State

Table A-11: Specimen 4 brick veneer tie final states of failure (continued).
Tie
10

Final State

Tie
11

Final State

Tie
12

13

14

15

16

17

18

19

20

21

22

23

24

25

28

26

27

29

30
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Final State

Table A-12: Specimen 4 brick veneer tie final states of failure (continued).
Tie
31

Final State

Tie
32

Final State

Tie
33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49
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APPENDIX B
SAP AND ANSYS MODELING RESULTS

Figure B-1: SAP model showing member sizes chosen based on deflection results.

Figure B-2: SAP model showing applied load.

204

Figure B-3: Joint numbers for results table interpretation.

205

Figure B-4: Frame numbers for results table interpretation.

206

Figure B-5: Extruded facility rendering from SAP.

207

Figure B-6: Element joint force SAP results output table (continued in next figure), results used in facility
connection detailed design.

208

Figure B-7: Continued element joint force SAP results output table (continued in next figure).

209

Figure B-8: Continued element joint force SAP results output table.

Figure B-9: SAP rendering of the facility under deflection.

210

Figure B-10: SAP results were confirmed for accuracy using the stiffness method to compare deflections.

211

Figure B-11: Plan view of the control specimen in ANSYS.

Figure B-12: ANSYS renderings showing control specimen deflection (the ANSYS deflected structure
view greatly exaggerates deflections for representation).

212

Figure B-13: ANSYS contour plot showing stress concentrations on the control specimen.

Figure B-14: Plan view of the sheet metal enhanced specimen in ANSYS.

213

a)

b)

Figure B-15: a) Sheet metal enhanced specimen in ANSYS, b) deflected studs on sheet metal enhanced
specimen.

214

a)

b)

Figure B-16: a) Contour plot showing stress concentrations in the studs of the sheet metal enhanced
specimen, b) deflected specimen including sheet metal layers.

215

Figure B-17: Plan view of the gypson/sheet metal composite finite element model.

a)

b)

Figure B-18: a) Gypsum/sheet metal composite specimen in ANSYS, b) deflected studs on gypsum/sheet
metal composite specimen.
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a)

b)

Figure B-19: a) Contour plot showing stress concentrations in the studs of the gypsum/sheet metal
composite specimen, b) same contour plot including composite sheathing showing stress in the sheet metal
but not the gypsum.
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Table B-1: Load steps defined in ANSYS for finite element modeling.
Finite Element Model
Unreinf/Reinf Brick Veneer

Load Step
1
2
3
4
5
1
2
3
4
5
6
7
8
9
1
2
3
4
5
6
7
8
9
10
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Backup Framing

Sheet Metal Enhanced Backup Framing

Composite Enhanced Backup Framing
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Pressure Applied (psi)
1
2
3
4
5
2
6
9
12
14
16
17
18
19
6
10
12
14
16
18
20
22
24
25
2
4
6
8
10
12
14
16
18
20
21
22
23
24
25

Table B-2: Unreinforced brick veneer ANSYS results, measurement points correspond with points
discussed in Chapter 7.
Load (psi)

bv1

bv2

bv3

bv4

bv5

bv6

bv7

bv8

0.125 0.008 0.010 0.010 0.008 0.004 0.010 0.009 0.010
0.250 0.015 0.019 0.019 0.015 0.007 0.020 0.018 0.020
0.438 0.027 0.034 0.034 0.026 0.013 0.035 0.031 0.035
0.719 0.044 0.055 0.055 0.043 0.021 0.057 0.051 0.057
1.000 0.062 0.077 0.077 0.060 0.029 0.079 0.071 0.079
1.056 0.065 0.081 0.081 0.063 0.031 0.083 0.075 0.083
1.082 0.067 0.083 0.083 0.065 0.032 0.085 0.077 0.085
1.093 0.068 0.084 0.084 0.066 0.032 0.086 0.078 0.086
1.098 0.068 0.084 0.084 0.066 0.032 0.087 0.078 0.087
1.099 0.068 0.085 0.084 0.066 0.032 0.087 0.078 0.087
cracked 0.135 0.225 0.287 0.187 0.082 0.268 0.180 0.269

Table B-3: Unreinforced brick veneer tie load distribution ANSYS results, measurement points correspond
with points discussed in Chapter 7.

Load (psi) tie1

tie2

tie3

0.125

4.015

5.648

6.324

0.250

8.031 11.296

tie4
6.234

tie5

tie6

tie7

tie9

tie10

3.488

12.648

12.468 10.811

6.977

0.438 14.054 19.768

22.134

21.818 18.919 12.209

21.769 18.605 12.026 13.219

0.719 23.089 32.476

36.364

35.845 31.082 20.058

35.764 30.566 19.757 21.718

1.000 32.124 45.184

50.593

49.871 43.244 27.907

49.759 42.526 27.488 30.216

1.056 33.931 47.725

53.439

52.676 45.676 29.477

52.558 44.918 29.034 31.916

1.082 34.744 48.869

54.719

53.938 46.771 30.184

53.817 45.995 29.730 32.680

1.093 35.110 49.384

55.296

54.506 47.264 30.501

54.384 46.479 30.043 33.025

1.098 35.274 49.615

55.555

54.762 47.485 30.645

54.639 46.697 30.184 33.179

1.099 35.315 49.672

55.618

54.824 47.539 30.679

54.701 46.750 30.218 33.217

cracked 43.896 13.949 314.475 349.960

6.220

tie8

5.405

5.316

3.436

3.777

12.440 10.632

6.872

7.554

3.232 31.966 351.037
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1.919 31.756 41.196

Table B-4: Reinforced brick veneer ANSYS results.
Load (psi) bv1

bv2

bv3

bv4

bv5

bv6

bv7

bv8

0.125 0.008 0.010 0.009 0.007 0.004 0.010 0.009 0.010
0.250 0.015 0.019 0.019 0.015 0.007 0.020 0.018 0.020
0.438 0.027 0.033 0.033 0.026 0.013 0.034 0.031 0.034
0.719 0.044 0.055 0.055 0.043 0.021 0.056 0.050 0.056
1.000 0.061 0.076 0.076 0.059 0.029 0.078 0.070 0.078
1.056 0.065 0.080 0.080 0.063 0.030 0.082 0.074 0.082
1.082 0.068 0.085 0.084 0.066 0.032 0.087 0.078 0.087
1.093 0.068 0.085 0.085 0.066 0.032 0.087 0.078 0.087
1.095 0.069 0.085 0.085 0.066 0.032 0.087 0.078 0.087
1.097 0.069 0.085 0.085 0.066 0.032 0.087 0.079 0.087
cracked 0.098 0.148 0.172 0.120 0.054 0.167 0.124 0.168

Table B-5: Reinforced brick veneer tie load distribution ANSYS results.
Load (psi) tie1

tie2

tie3

0.125

3.958

5.552

6.216

0.250

tie4
6.126

tie5

tie6

5.311

3.454
6.908

tie7
6.112

tie8

tie9

tie10

5.220

3.404

3.715

12.224 10.441

6.807

7.430

7.917 11.103

12.433

12.253 10.621

0.438 13.854 19.430

21.757

21.442 18.587 12.089

21.392 18.271 11.913 13.002

0.719 22.760 31.921

35.743

35.226 30.536 19.860

35.145 30.017 19.571 21.360

1.000 31.666 44.412

49.730

49.010 42.484 27.631

48.897 41.762 27.230 29.718

1.056 33.448 46.910

52.527

51.767 44.874 29.186

51.648 44.112 28.761 31.390

1.082 35.229 49.409

55.325

54.524 47.264 30.740

54.398 46.461 30.293 33.061

1.093 35.338 49.562

55.497

54.694 47.411 30.835

54.567 46.605 30.387 33.164

1.095 35.378 49.618

55.559

54.755 47.464 30.870

54.628 46.657 30.421 33.201

1.097 35.418 49.673

55.621

54.816 47.517 30.905

54.689 46.710 30.455 33.239

cracked 39.098 33.858 169.601 186.275 27.980 31.359 187.715 27.584 31.543 37.180
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