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Experimental and Analytical Evaluation of Multi-Hazard Ductile Facade Connectors
Abstract
By

LAURA E. RENDOS

A building envelope (or fagade) participates structurally during service and high-hazard
loading. The design of the facade and its connections to structural framing requires
strength and deformation standards for in-plane and out-of-plane loading. This study
examines three multi-hazard ductile fagade connectors (MDCs) designed for performance
objectives under loading including dead load, thermal/moisture movement, wind,
seismic, blast, tornado wind, and projectile impact. The MDC designs resist loading
elastically, accommodate thermal/moisture or seismic drift deformations with limited
force transfer, and plastically deform during low-probability hazardous loading to protect
the facade or enhance the building resistance. Quasi-static experiments, which created
forces or deformations to simulate loading, were conducted on the three MDCs. The
experiments examined each MDC’s behavior during its respective critical hazardous
loading and validated finite element models. The experimental and analytical results of
this study had similar force-deformation behavior and reasonably matched the design-

basis performance objectives.
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1. Introduction and Problem Statement

During many hazardous loading events, the building envelope or fagade of a
structure experiences large forces and potentially plastic deformations associated with the
loading. This is true of loading such as earthquakes, high winds, impacts and blasts. The
hazardous loading then follows the load path from the facade to the structural frame. The
connections between the fagade and the structural frame are critical structural elements
during such loading events. Facade connections are prime locations along the load path
for forcing predictable plastic deformations to occur during hazardous loading events.
Controlled plastic deformations along the load path will reduce the energy and loading
transmitted to the structural frame during the hazardous loading event. It will also limit
the damage done to the fagade and structural frame. In many hazardous loading
situations, it is impossible to completely avoid damaging the structure. By forcing plastic
deformations at multi-hazard ductile fagade connections (MDCs), the building damage
from the hazardous loading is concentrated in localized, repairable areas. These damaged
connections are relatively easy to replace when compared to replacing or repairing the
facade or structural frame. This study seeks to understand the force-deformation and
energy absorbing behavior of three selected MDC designs during the controlling loading
hazardous loading scenario for each design. To investigate the behavior of select MDC
designs, experimental methods and finite element analyses were employed.

A quasi-static experimental setup was designed and constructed in the Case
Western Reserve University Structural Engineering Laboratory (CSEL). This setup was
capable of simulating the appropriate translations, rotations, and gravity loading on two

MDC designs by the fagade panel during the controlling loading scenario. Additionally,
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a 220-kip MTS compression testing machine was utilized to test one of the MDC designs.
The experimental results from the three MDC types, as well as a previous experiment,
were used to calibrate and refine a finite element model for each MDC design. The
experimental test results, finite element analysis results, and theoretical design-basis

criteria are compared for each MDC type.
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2. Literature Review

2.1. Overview of Facade Connections

The building envelope (or fagade) is a critical component that must resist various
types of hazardous loading which may be applied as pressures, often on the exterior of
the facade, or contact resulting from inter-story building deformations. The fagade
encloses the interior building spaces from the outside environment and its failure can
result in further building performance issues (moisture penetration, thermal, etc). The
connection between the building fagade to the building frame must transfer forces (facade
dead load, wind forces, seismic inertia forces), accommodate differential movement of
the structure under serviceability conditions (temperature and moisture expansion and
contraction), allow for construction tolerances, and also accommodate the seismic drift in
the plane of the panel such that lateral force is not resisted by the facade. Furthermore,
for defense critical structures or those near high-energy sources, air-blast and projectile
impact loading on the facade might also be considered in the facade design. All of these
connection functions must be accomplished in a space only a few inches wide between
the LFRS and the structural frame. The design of such connectors requires large elastic
load carrying capacity in some directions and nonlinear force-deformation behavior in
other directions to achieve acceptable performance under all conditions. The type of
fagcade and utilization of the floor slab overhanging the spandrel beam tend to control the
connection design rather than the discussed connection functions (Parker, 2008).

When fagade connections are designed, the type of fagade is a controlling
component of the design. Some of the most common types of facades include brick

veneer, precast concrete panels, and aluminum curtain walls. All of these fagade types
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require different quantities, thicknesses, and tolerances of membranes, backup walls, and
other components between the building frame and the facade. Additionally, the facade
type can control or limit the connection hinge location (Figure 2-1). If the facade
connection can be embedded into the fagade, the connection can directly bear on the floor
slab. This type of fagade connection may be applicable to a precast concrete panel that
allows the connection to be cast into the concrete. However, this type of connection may
not be feasible for all facades, such as curtain walls. Facades connections may need to be
attached to the back of the facade, which creates eccentric forces on the connection. The
type of connections required for a type of facade will cause the loading and eccentricity
to vary, which affects the size and shape of the connection (Parker, 2008).

Just as the facade type is crucial to the connection design, the floor slabs also play
arole in facade connection design. The location the facade relative to the steel frame, the
amount of slab overhanging the spandrel beam, the strength of the slab, and the degree
that the slab edge is similar throughout the structural frame all affect the facade
connection design. The facade connection design normally occurs after these aspects of
the structure have been designed, so the slab design must anticipate necessary
accommodations required for the facade connection design. The connection can apply
the facade load directly to the slab overhanging the spandrel beam, or it can transmit load
through a steel assembly to the slab. Transmitting the load directly to the slab is the most
economical approach to connection design, but transmitting it though a steel assembly
creates a connection more adaptable to the slab design. Although both the type of facade
and the slab design affect the facade connection, connection designs are at the discretion

of the structural engineer and can vary widely across structures (Parker, 2008).
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2.2. Overview of Energy Absorbing Devices

Within current structural engineering design, many types of loads (wind, seismic,
ice, etc.) and loading scenarios must be considered during the building design process.
However, seismic loading, extreme wind loading, and blast loading are unique loading
scenarios that are special design considerations. These loading scenarios require a
structure to absorb the kinetic energy associated with the loading. This energy absorption
can be accomplished with an energy-absorbing device that plastically deforms to absorb
the loading energy (Alghamdi, 2001). A variety of devices that vary in shape, size, and
material properties were studied in this review for their energy dissipating properties.
Yet, no energy-dissipating device has undergone a multi-hazard assessment to determine
its ability to satisfy design objectives for two or more extreme-loading events. This
review will examine previous studies of metallic energy dissipating connectors in order to
determine which dissipaters are most suitable for acting as a facade connection that
experiences a multi-hazard loading assessment.

Within the metallic energy absorbing devices, there are a variety of metals,
shapes, and sizes used. Metallic energy absorbing devices are commonly studied for both
structural engineering purposes and crashworthiness for vehicles. This review focused on
steel, aluminum, and brass energy dissipaters. The review focuses on circular tubes,
square tubes, corrugated tubes, stiffened tubes, multicellular tubes, and frusta.

In the mid-1980s, Mamalis, Johnson, and Viegalahn (1984) studied the plastic
deformation of thin-walled, steel frusta under axial loading. One experimental study
found that the thickness of the steel frusta dictated the mode with which the frusta

collapsed under axial compression (Figure 2-2). When the wall frusta wall thickness
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increased, the peak and post-buckling load increased. The researchers also found that
increasing the semi-apical angle of the frusta increases the peak and post-buckling load
(Mamalis, Johnson, & Viegelahn, 1984). A second experimental study in 1986
concluded that the wall thickness/diameter ratio played a key role in the deformation
mode of aluminum and steel frusta. The narrow ends of frusta with a large
thickness/diameter ratio deformed in circumferential rings, while the larger ends with a
smaller thickness/diameter ratio deformed as lobes (Mamalis, Manolakos, Saigal,
Viegelahn, & Johnson, 1986).

In 2000, Hanssen, Langseth, and Hopperstad studied the static and dynamic
crushing of square and circular aluminum extrusions filled with aluminum foam. The
square extrusion experiments focused on the effects of wall thickness and the density of
the aluminum foam for energy absorption. The researchers found that foam-filled
extrusions deformed less and were capable of withstanding higher loads than the same
aluminum extrusions without foam. The force capacity of the foam filled extrusion also
increased as the foam density increased (Hanssen, Langseth, & Hopperstad, 2000).
Similar results were determined from the circular extrusion experiments. Additionally,
both sets of experiments found that the force capacity of the foam filled extrusions were
higher than the combined force capacity of the separate extrusion and foam (Figure 2-3
and Figure 2-4). An interaction between the extrusion and foam contributes to the higher
load capacity (Hanssen et al., 2000).

Afterwards, in 2002, Kim investigated the properties of multi-cell aluminum
extrusions under axial crushing using finite element modeling. The study modeled a

variety of square extrusions that contained smaller cell extrusions within the square. It
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also investigated a square extrusion with circular cell extrusions inside the corners
(Figure 2-5). The multi-cell extrusions were found to have higher energy absorption and
weight efficiency than a single cell aluminum square extrusion (Figure 2-6). This
increased energy absorption is due to the more complex mode of deformation for the
multi-cell extrusions (Kim, 2002).

After the 2002 study by Kim, Saleghaffari, Rais-Rohani, and Najafi studied the
axial crushing of externally stiffened tubes in 2011. The geometric properties of the
stiffeners located on the outside of the tube determined the crushing stability, energy
absorption, and peak crushing force for the tube. The stiffener spacing/tube thickness
ratio determined if the crushing was unstable or stable (Figure 2-7). The stiffened tubes
were deemed more efficient than circular tubes at energy absorption (Salehghaffari, Rais-
Rohani, & Najafi, 2011).

Lavarnway tested the radial energy absorbing capacity of steel tubes under
building blast conditions in 2013. The tubes were welded radially between two plates,
which simulated the fagade and the structural frame of a building. The tubes were
expected to act as a typical connection between the fagade and frame before dissipating
energy from the blast. During experiments in which the tubes were loaded radially, the
tubes successfully dissipated high blast forces with large deformations (Figure 2-8). It
was determined that the use of a tube shaped section as a fagade connection would
significantly improve the blast resistance of a structure by absorbing the energy of the
blast (Lavarnway, 2013).

During 2014, research projects occurred that tested the energy absorption of a

variety of shapes. Zhang performed one such project, which tested the absorption
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capacity of multi-cell circular extrusions made of aluminum. Single, double, triple, and
quadruple cell circular tubes were investigated. The multi-cell extrusions had a higher
energy absorption capacity than the single cell extrusions (Figure 2-9). The double cell
tube also had a different deformation mode than the triple or quadruple cell (Zhang &
Zhang, 2014).

Additionally, Evyazian, Habibi, Hamouda, and Hedayati tested the crushing and
energy absorption of corrugated tubes in 2014. The corrugations in the tube caused the
tube to plastically deform at predetermined locations. Some tubes that were tested had
the corrugations parallel to the force, while others had corrugations that were
perpendicular to the force. The study found that the mean load of the corrugated tubes
was less than that of a straight walled tube (Figure 2-10), but that the corrugated tube has
a load uniformity during deformation (Eyvazian, K. Habibi, Hamouda, & Hedayati,
2014).

Alavi Nia and Parsapour studied the energy absorption of many different
triangular, square, hexagonal, and octagonal thin-walled, aluminum sections during 2014.
Each type of specimen has a simple, single cell section tested for that shape. Two multi-
cell modifications of each shape were also tested. The multi-cell modifications had a
higher mean load than the single cell of each shape (Figure 2-11). The modifications also
had a higher energy absorption than their single cell counterparts (Alavi Nia & Parsapour,
2014).

2.3.  Overview of AS00 Hollow Structural Steel Material Properties
The Seismic Provisions for Structural Steel Buildings (AISC 341-10) include

guidance to evaluate the expected material yield and tensile strengths of common
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structural grade steels in order to better estimate the true strength of materials (not
minimum nominal). The provisions use factors that can be applied to the nominal yield
and tensile strengths to estimate the expected yield and tensile strengths of a section
(Figure 2-12). The yield strength is multiplied by the R, factor and the tensile strength is
multiplied by the R; factor (AISC 2010b).

Fadden (2013) studied hollow structural steel (HSS) sections to determine if the
sections could improve seismic moment resisting frames. An intensive study into the
material properties of A500 Grade B HSS was conducted as part of this research. Fadden
tested 114 tensile coupons from locations throughout the cross sections of 11 different
rectangular HSS (Figure 2-13). Many of the coupons were from the side-walls of the
rectangular HSS, but coupons were also taken from the rounded corners and the welded
seam of the sections. Coupons were tested from many areas of the HSS cross section to
evaluate the variation of material properties across the cross section. The rolling process
and welding used to create HSS shapes leaves residual stresses in the sections, which
affects its material properties. Fadden determined that while material properties of the
HSS side-walls were not affected by the rolling process, the material properties of the
rounded corners and welded seams had significantly different stress-strain characteristics
as seen in Figure 2-14. The rounded corners and welded seams were less ductile and had
slightly lower Ry and R; ratios than recommended in the Seismic Provisions for Structural
Steel Buildings. The changes in the material properties were localized to the corner and

weld locations (Fadden, 2013).
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The combination of test data from Fadden (2013) and the AISC Seismic
Provisions (2010b) are used in the finite element modeling section to help establish the
material models used in the analysis.

2.4. Overview of Multi-hazard Ductile Connector (MDC) Design

The three MDC designs investigated in this study were developed by Slovenec
(2016). Appendix 1 contains a full report on the design development and objectives for
the various loading scenarios considered. The MDCs were designed and evaluated in this
study were based on a prototype, 3-story building located in Los Angeles, CA with
reinforced pre-cast concrete fagade panels. Wind, seismic, and blast loadings were
considered to determine the controlling load scenario for each design. The edge facade
panels of a building contact each other during seismic drift, which was critical in the
design of the MDCs against seismic hazards. Three blast-loading scenarios of varying
blast intensity were also considered for the MDC design. Three different connection
types are evaluated as part of this study and referred to as MDC1, MDC2, and MDC3.
While each connection attaches to the same prototype panel and participates in many of
the loading scenarios considered, they are evaluated for what was deemed as the most
critical loading scenario for each MDC type. The fabrication drawings for each MDC

type is provided in Appendix 2.
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Figure 2- 7 Stable and unstable specimens plotted with geometric data. S is the spacing
between stiffeners, t is the tube wall thickness, d is the stiffener thickness, and w is the
height of one stiffener (Salehghaffari et al., 2011)
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Figure 2- 11 Mean load for the study specimens (Alavi Nia & Parsapour, 2014)
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TABLE A3.1
Ry, and R; Values for Steel and
Steel Reinforcement Materials

Application Ry R,
Hot-rolled structural shapes and bars:
* ASTM A36/A36M 1.5 1.2
* ASTM A1043/1043M Gr. 36 (250) 1.3 11
* ASTM A572/572M Gr. 50 (345) or 55 (380), 1.1 11
ASTM A913/A913M Gr. 50 (345), 60 (415), or 65 (450),
ASTM A588/A588M, ASTM A992/A992M
* ASTM A1043/A1043M Gr. 50 (345) 1.2 11
* ASTM A529 Gr. 50 (345) 1.2 1.2
* ASTM A529 Gr. 55 (380) 1.1 1.2
Hollow structural sections (HSS):
* ASTM A500/A500M (Gr. B or C), ASTM A501 1.4 1.3
Pipe:
* ASTM A53/A53M 1.6 1.2
Plates, Strips and Sheets:
* ASTM A36/A36M 1.3 1.2
* ASTM A1043/1043M Gr. 36 (250) 1.3 11
* A1011/A1011M HSLAS Gr. 55 (380) 1.1 1.1
* ASTM A572/A572M Gr. 42 (290) 1.3 1.0
* ASTM A572/A572M Gr. 50 (345), Gr. 55 (380), ASTM A588/A588M 1.1 1.2
* ASTM 1043/1043M Gr. 50 (345) 1.2 1.1
Steel Reinforcement:
* ASTM A615, ASTM A706 1.25 1.25

Figure 2- 12 Ry and R; values for standard steel sections and reinforcing (AISC 2010b)
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Figure 2- 13 Tensile coupon locations throughout the cross section of HSS10x6x1/4
(right) and HSS10x8x1/4 (left) (Fadden, 2013)
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3. Experimental Testing of Multi-Hazard Ductile Connectors
3.1 Introduction

The multi-hazard ductile connector (MDC) designs for the prototype
building/panel (Appendix 1) were tested quasi-statically in a setup that was capable of
applying the critical fagade panel gravity loads, deformations, and rotations to each of the
MDC specimens. The testing was intended to physically evaluate the designs and
provide critical data for the calibration and validation of the MDC finite element analysis
model (Section 4). Three specimens were tested representing MDCs connected at
different locations on the prototype building panel as illustrated in Figure 3-1. The
MDC:s are oriented differently with respect to the panel in order to allow for vertical and
horizontal in-plane panel load resistance (Y- and Z-directions) while also having end
plate details accommodate panel deformations due to thermal/moisture expansion and
seismic drift. Each MDC design is controlled by different hazard loading scenarios as
follows (Appendix 1):

1) MDC Type 1 (MDC1): Tested for outward seismic drift compatibility
expected for corner fagade panels, which includes outward (tensile, +xy)
translation and rotation about horizontal (+0,.).

2) MDC Type 2 (MDC2): Tested with constant fagade panel gravity loading (-
zp. direction) and quasi-static blast deformation history including inward
(compressive, -xi ) translation, outward (tensile, +x ) translation, and

rotation (about horizontal, +/-0y1).
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3) MDC Type 3 (MDC3): Tested to determine maximum load carrying
capacity along MDC longitudinal axis (zp). Critical MDC to carry lateral

seismic inertia and contact forces (for corner fagade panel).

3.2 Specimens

The MDC specimens were designed based on the prototype building considered in
Appendix 1. The critical dimensions of the HSS and MDC end plates are provided in
Table 3-1. The MDCs require a nearly identical gap between the facade and steel frame
(MDC3 used slightly thicker end plates). In an actual application, the space between the
fagade panel and structural frame needs to remain consistent because all MDC types are
attached to the same facade panel to protect against multiple hazards. The HSS length
was a critical dimension of the design that was altered to appropriately withstand the
controlling hazard for each MDC (Table 3-1). Additionally, the end plate bolt hole
details are significantly different for each MDC type. Each type needs to accommodate
moisture, thermal, or seismic drift deformations in different directions (vertical Y or
horizontal Z). Drawings of each MDC design are provided in Appendix 2 and annotated
pictures of each MDC specimen are shown in Figure 3-2, Figure 3-3, and Figure 3-4. The
annotated pictures note end plate details and local coordinate systems corresponding to
Figure 3-1. The steel grade of the HSS was ASTM A500 grade C and the MDC end

plates were fabricated from ASTM A36 steel.

Tensile test coupons were taken from the same section of HSS tube used for all
MDC types and the end plates for MDC1. The HSS coupon specimens possessed the
tube curvature across its width. The MDCI1 end plate coupon specimens were machined

from the %4” thick plates into 3/8” thick plates to fit the end grips available within the
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Case Western Reserve University’s Structural Engineering Laboratory (CSEL) test setup.
The coupon dimensions and tension test procedure were based on ASTM standard A370-
12 (ASTM 2012). These coupons were used to determine the stress-strain behavior of

the steel used to fabricate the MDCs.

3.3 MDC1 and MDC2 Experiments
3.3.1 Testing Setup

The experiments were performed in the CSEL. An illustration of the test setup
arranged in the CSEL is shown in Figure 3-5 and the full design calculations are available
in Appendix 3. The key components of the facility used for the experiments include the
strong floor, L-shaped strong wall, a 55-kip actuator with 6 inch total stroke (+-3”"), and
(2) uni-directional shake tables (run quasi-statically in these experiments). Each shake
table had a 22-kip force capacity and 10 inch total stroke (+-5”") and was attached to the
strong floor or strong wall W1 in the positions shown in Figure 3-5.

A reaction frame was designed and installed in the laboratory to resist loading
from the 55-kip actuator. The reaction frame consisted of a vertical column (Reaction
Frame, RF Column) to which the actuator was attached, a foundation beam (attached to
the laboratory strong floor), and a diagonal brace between the RF column and foundation
beam. The RF column and foundation beam were used in prior experiments in the lab
and had adequate capacity for the MDC tests. Minor fabrication was performed on the
RF column and foundation beam at connection points. The frame diagonal and lateral
bracing were designed as part of this test setup. Due to errors in the diagonal brace

fabrication, it did not completely bear on the foundation beam. A mortar pad was made
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to allow the base of the diagonal brace to fully bear on the foundation beam. The mortar
pad was 17 thick at its highest location.

The specimen was installed between the vertical table (attached to strong wall W1)
and a vertical column. The vertical column (Rocker Bearing, RB column) was supported
at its base on a rocker bearing attached to the floor table. The top of the RB column was
attached to the 55-kip actuator. The movements of the 55-kip actuator and the floor table
allowed both translation and rotation of the RB column, which was then imposed on one
end plate of the MDC specimen. In the MDCI test, the 55-kip actuator was directly
attached to the RB column using high-strength threaded rods with some “spacing” nuts.
However, in the MDC2 experiment, there was a steel spacer section between the RB
column and the actuator.

The entire setup was designed to the force limits of the equipment rather than the
expected force demands from the specimens. Early MDC designs suggested that (2) 55-
kip actuators would be necessary to supply appropriate force to deform and rotate the
MDC specimens. All connections and the reaction frame were designed to remain within
the elastic range under the application of a maximum lateral force of 132 kips (2*55 kip +
22 kip) and a maximum vertical force of 22 kips to the MDC specimen. Final MDC
specimen designs only required (1) 55kip actuator. The setup used in the experiments
could apply a maximum lateral force of 77 kips (55kip + 22kip) and a maximum vertical
force of 22 kips.

The floor table and actuator were capable of imposing translation and/or rotation to
the RB column to apply an inward panel (-X, -xp) translation, outward panel (+X, +xr)

translation, and/or rotation on one end plate of the MDC1 and MDC?2 specimens. The
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differential movement between the floor table and the actuator created the rotation of the
MDC specimen. The vertical table attached to the W1 strong wall provided a constant
gravity load (panel vertical in-plane, -Y) for the MDC2 test and held a constant position
(Y) for the MDC1 test.

Lateral bracing was provided to both the RB column, which translated and rotated
significantly during the tests, and to the RF column, which remained essentially
stationary during the tests. The RB column had a lateral bracing system consisting of two
anchors attached to the strong wall W2 and HSS sections spanning between the two
anchors. The RB column was installed between the HSS sections, and a low-friction
plastic was placed between the RB column and HSS sections to reduce the friction
between the two components during test movements. This lateral bracing system allowed
the RB column to move and rotate in the direction of the MDC specimen deformations,
but stopped out-of-plane movement. The RF column also had a lateral bracing system
that directly attached to the strong wall W2. It consisted of two plates, two threaded rods,
and two diwydag bars cantilevered from the strong wall and attached to the RF column.
This bracing system ensured that the RF column did not move out of plane during the
testing. The lateral bracing systems were designed based on the requirements of the
AISC Specifications (AISC 2010b) Appendix 6.

A four channel MTS Flextest 60 controller, with a model number of 494.06, was
used during all experiments. This controller utilized the MTS software model 793.10
MultiPurpose TestWare Version 5.6 to run all of the equipment and record all

experimental data.
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3.3.2 Loading Protocols

The design of each of the MDC types (1-3) considered the various hazardous load
scenarios to the prototype building envelope panel. As discussed in Appendix 1, all
MDC:s participate in each of the loading scenarios. However the design of each MDC
tends to be controlled by a specific load scenario. The experimental program was
established for what is believed to be the most critical loading conditions for each MDC
type. For instance, MDCI1 participates in the blast resistance of the panel but is also
critical for the seismic drift compatibility scenario for corner panels (Appendix 1). The
MDCI specimen was tested to simulate the seismic drift compatibility requirements for a
fagade corner panel where contact between panels from two perpendicular sides of the
building is expected to occur. The load protocol requires application of a radially
outward (tensile) deformation of the HSS tube of 3.1 inches (+x direction) while
simultaneously applying a rotation (about the horizontal) of 0.025 radians (about z;, axis).
These deformations are based on basic deformation compatibility requirements of this
connector when the building is at an inter-story drift of 2.5%. However, the test was run
to deformations and rotations exceeding these design-basis deformations and to the stroke
limits of the testing equipment as discussed in the Section 3.3.1. The deformation
protocol for each of the controlled experimental channels and the intended resulting
MDCI1 deformations and rotations are illustrated in Figure 3-6.

The MDC2 specimen test simulated the tributary facade panel gravity load to the
MDC and the deformations and rotations resulting from the critical blast loading scenario
(Appendix 1). The wall shake table represented the building frame side and the RB
column was the facade panel side of the MDC. This configuration allowed the maximum

MDC deformations and rotations to be applied to the specimen. It fully utilized the
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stroke of the floor table while maintaining the gravity loading and rotation consistent
with the loading and movement of the facade panel during the critical blast load scenario.
The vertical shake table applied the tributary gravity load to a single MDC2 which was
equal to 15.08 kips in z;, direction of MDC2. The gravity load was held constant on the
single MDC2 over the entire test. This loading was applied vertically upward by the wall
table, which represented the vertical support reaction provided on the building frame side.
The design blast deformation required applying a radially inward (compressive)
deformation on the HSS of -4 inches (-xi direction) followed by a rotation (about the
horizontal) of 0.105 radians (about y. axis). The actual rotation of the specimen was
limited to a slightly smaller value of 0.097 rad due to the stroke limits of the 55-kip
actuator and floor table. The max translation applied in the experiment was reduced to -3
inches due to contact between the HSS and plate nuts. The translation was reduced to
limit the influence of contact between the HSS and plate nuts in the experiment. Contact
with the nuts is not considered in the design and was a design oversight. The HSS/nut
contact could have been avoided by moving the connection hardware further from the
HSS on the end plates. The -3 inch translation and 0.097 radians of rotation was
followed by reversing the deformations to a radial translation of -0.945 inches (xp
direction) and rotation of +0.037 radians (about yi. axis) relative to the undeformed MDC
shape. The simulated blast deformation history is based on nonlinear dynamic blast
analyses in Appendix 1. The loading protocol for each of the controlled experimental
channels and the intended resulting MDC2 deformations are illustrated in Figure 3-7.
The MTS controller separately operated each piece of equipment in either a force

or deformation-controlled mode. During the MDC2 experiment, the shake table on
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strong wall W1 was operated in force control mode to simulate the tributary fagade panel
gravity loading to MCD2. The wall shake table was run in displacement controlled mode
with a zero relative displacement during the MDC1 experiment because MDC1 does not
support any of the facade panel gravity load. Both the floor shake table and 55kip
actuator operated in deformation control in the MDC1 and MDC?2 experiments. The
deformation control mode of these pieces of equipment simulated the translation and

rotation imposed on the MDCs by the fagade panel under the relevant loading scenario.

3.3.3 Instrumentation

The instrumentation layout for the MDC1 and MDC 2 experiments is shown in
Figure 3-8. The following instruments were used to collect the raw experimental results:
* Strain gauges (SG1, SG2, SG3, SG4): Four Micro-Measurement EA-06-
250BG-120/L strain gauges were attached to the RB column below the
MDC. Two strain gauges were attached to each flange of the RB column,
which is a W12x58 section. The readings from these gauges were used to
determine the internal shear force and bending moment in the RB column.
These RB column forces were then used to calculate lateral force and
moment acting on the MDC.
* String potentiometers (SPotl, SPot2, SPot3, SPot4): Four Unimeasure
HX-PB-10 string potentiometers were used to record the movement of the
MDC during the test. Each string potentiometer had a 10 inch (+/-5)
total range. SPotl and SPot2 were set up to record the radial (xr)

movement of the MDC to obtain the MDC translation and rotation. The
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other two sting potentiometers were placed to record vertical MDC
movement and differential movement between the MDC plates.

* Actuator Load Cells (Fact, Fur, Fyr) of the 55-kip Actuator, Horizontal
(Floor) and Vertical (Wall) Shake Tables: All of the actuator and table
load cell data was recorded during the experiments. The 55-kip actuator
uses an MTS 661.22C-01 load cell. The 22-kip actuators in the horizontal
and vertical tables utilize MTS 661.20E-03 load cells. The actuator and
the vertical wall table load cell data were used to calculate MDC loads.
Although the horizontal floor table load cell data was recorded, it was not
used in the MDC calculations.

* Actuator LVDTSs (Oact, Out, Ovr): The movement of the 55-kip actuator
and tables were recorded using the standard LVDTs for the MTS 244.22
and 244.31 actuators. This data was not used in the MDC deformation
calculations because these LVDT measurements included elastic
deformations of the test setup components and any slippage within
connections of the experimental setup.

* Camera (duss 1, Opp 1, Orp 1): Both MDC1 and MDC2 experiments were
recorded with a Panasonic HC-V700 video camera. Still shots of the
video were used to estimate the relative deformations of the MDC1 HSS,
panel plate, and frame plate at critical states during the tests.

Measuring the strains, displacements, and forces allowed for calculation of the
following desired quantities: lateral force applied to MDC (Fmpc rat), vertical force

applied to MDC (Fupc vert), moment applied to MDC (Mwipc), total centerline
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displacement of MDC (Ompc), rotation of MDC (Ompc), and the local deformations across
MDCI1 (Ouss_1, Opp 1, Orp 1). All of these desired quantities are calculated from the
measured instrument quantities except the local deformations across MDC1, which were
estimated using video recordings of the test for each component of the MDC (end plates
and HSS). The relevant dimensions between the strain gauges, string potentiometers,
MDC, and equipment relevant to the MDC calculations are shown in Figure 3-5 and
Figure 3-8. The lateral force applied to the MDC (Fupc rar) i equal to the sum of the 55
kip actuator load cell measurement (Fa.) and shear force in the RB column (obtained
from the strain gauges):

Egteer Ix,RBC

drpe * (&s61 — Es62) Eq. 3-1

FMDC_Lat = Fyee + H
SG1

The vertical force on the MDC (Fupc ver) Was determined from the vertical wall table
load cell:

Fupc vert = Fyr Eq. 3-2

The moment applied to the MDC (Mwpc) is determined from the 55 kip actuator load cell
and moment in the RB column (obtained from the strain gauges) and can be determined
using the equation:

Egteer - Ix,RBC

Muypc = * (&s61 — €s62) = Fact * (Hace = Hupc) Eq. 3-3

drpc
—Fupc yore " €RBC

The deformation applied to the MDC (Ompc) is determined from the string pots lateral

movement measurement and calculated from the following:
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Dypc
—D ' (5SPot1 - 55Pot2)
SPot

Eq. 3-4
Smupc = Ospotz + q.3

The rotation applied to the MDC (Bmpc) is also determined from the string pots lateral
movement measurement and can be calculated using the following equation:

(Ospot1 — 55Pot2)) Eq. 3-5

QMDC == tan_l( D
SPot

3.4 MDC3 Experiment
3.4.1 Test Setup

While MDC1 and MDC2 required a specially designed and constructed
experimental setup to simulate the critical hazardous loading scenarios, MDC3 utilized a
self-reacting MTS 220-kip compression machine in the CSEL. The MTS 220-kip
compression machine has a total stroke of 5.8 inches (+/-2.9”). A critical design loading
scenario for MDC3 occurs during seismic loading and requires this MDC to carry the
entire lateral seismic inertia force and the lateral force imposed during contact of the
building corner panels (Appendix 1). This MDC is intended to remain elastic under this
loading scenario. The test’s primary objective was to evaluate the maximum load
carrying capacity of this MDC design. Therefore, this MDC is subjected to a large lateral
shear force in the longitudinal HSS direction (zp. direction). Because the MDC3 end
plates experienced fixed end conditions imposed by the building fagade panel and
connection to the perimeter frame, the MDC experiences equal and opposite end
moments in addition to the applied shear. In the experiment, MDC3 was attached to
loading arms and placed inside the compression machine load frame (Figure 3-9). The

loading arms allowed a compression force to be applied by the machine concentrically
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through the HSS centerline, which resulted in a shear force and equal and opposite
moments on the two plates of the MDC. A cylindrical steel member was placed between
the bottom load arm and the bottom of the loading frame to act as a roller bearing. At the
top loading arm, the spring head of the actuator also acted as a bearing. These bearings
ensured that only a concentric compressive force was applied to the loading arms during

the experiment.

3.4.2 Loading Protocol

The controller applied a slowly ramped deformation history to the MDC3
specimen until it ran out of actuator stroke or the operator stopped the test. Translation

was applied to the MDC at a rate of 0.00235 in/sec.

3.4.3 Instrumentation

The MTS 220kip compression machine was run using the same MTS 494.06
Flextest controller and 793.10 MultiPurpose TestWare Version 5.6 software as in the
previously described MDC1 and MCD2 experimental setup.

The instrumentation used in this test is shown in Figure 3-9. The following
instruments were used to collect the raw experimental results:

* String potentiometers (SPotl 3 and SPot2 3): Two Unimeasure HX-PB-
10 string potentiometers were used to record the movement of the MDC
during the test. Each string potentiometer had a 10 in (+/-5) total range.
One string pot was attached to each of the two MDC plates to record the
vertical movement of each plate separately.

* Actuator LVDT (0ac 3): The deformation of the 220-kip actuator was

recorded using the standard LVDT for the MTS 244.51 actuator.
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Although this data was recorded, it was not used to calculate relevant
MDC3 data.

* Actuator Load Cell (Fac 3): The 220-kip actuator in the compression
frame uses a 661.31A-02 load cell to record the force it applies. The load
cell force is equal to the applied longitudinal shear force on MDC3.

e Camera: The MDC3 experiment was recorded with a Panasonic HC-V700
video camera.

* Vic-3D V7 Digital Image Correlation (DIC) System (euss contours): Two
cameras and software for the Vic-3D V7 system from Correlated Solutions
were used to map the MDC HSS strain contours over the test. A white
background with a black speckle pattern was painted onto one side of the
MDC HSS. The dots in the speckle pattern were tracked by the DIC
system throughout the test. The software analyzed the speckle pattern
movement, which created strain contours on the HSS over the experiment
length.

Measuring the displacements and forces allowed for calculation of the following
desired quantities: shear force applied to MDC (Fumpc shear) and total differential
displacement of MDC plates (dmpc). The vertical force that was applied to the MDC was

determined using the actuator load cell:

Fupc shear = Fact 3 Eq. 3-6

The differential movement between the MDC plates was calculated using the data

from the string potentiometers. The actuator LVDT was not used because it recorded
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both the deformations in the MDC specimen and the deformations in the entire setup
(loading arms, rocker bearings, bolted connections, etc.). The differential shearing

movement between the MDC3 end plates is:

Smpc 3 = Ospot1 3 — Ospot2. 3 Eq. 3-7

3.5 Experimental Test Results
3.5.1 Material Coupon Tension Test Results

A total of four tensile coupons were tested to examine the material properties of
the MDC components. Two coupons were tested for both the MDC1 end plate material
(specified as ASTM A36) and the HSS material (specified as ASTM A500 Gr. C). The
results from these tests were intended to develop material stress-strain curves for the FEA
models of the MDCs (Section 4).

The resulting stress-strain curves for the MDC1 end plate coupons are provided in
Figure 3-10. The yield stress of the MDC1 plate coupons was approximately 50 ksi. The
measured plate yield stress met the criteria of A36 steel (36 ksi minimum). MDC1 was
designed assuming that the plates would have a yield stress of 1.3*F, (46.8 ksi), which is
the expected yield stress (RyFy) for A36 steel based on the AISC Seismic Provisions
(AISC 2010a). During the hardening phase, the MDC1 plate strain hardened from 50 ksi
to approximately 70 ksi. The expected tensile stress (R(F,) from AISC (2010a) is equal
to 1.2*58 ksi (69.6 ksi) and is consistent with the observed measurements. Overall, the
MDCI1 plate material behaved as expected. The coupon stress-strain data for the MDC1

end plates was used in the finite element models in the following section (Section 4).
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The HSS expected yield stress (RyFy) and expected tensile stress (R:F,) were also
determined using the AISC Seismic Provisions (AISC 2010a). The yield strength of the
two HSS tensile coupons varied greatly. Coupon 1 had a yield stress of 52 ksi and
coupon 2 had a yield stress of 36 ksi, which are significantly lower than the expected
yield stress (RyFy) of 64 ksi (Figure 3-11). Additionally, the coupons also had a tensile
stress (R¢F,) that was lower than the expected value of 80.6ksi. These discrepancies may
be due to the machining of the coupon and subsequent modifications required to adjust

the coupon.

The HSS coupons were cut out of the HSS tube section that was used in the MDC
fabrication such that the long side of the coupon was cut from the longitudinal dimension
of the tube. The coupons possessed the HSS curvature across its width. Extracting these
coupons from the tube is a more difficult and involved process than machining a coupon
from plate. As a result, the dimensions of HSS coupons were more variable than those of
the plate coupons. In order to allow the grips of the testing machine to sufficiently grip
an appropriate area of the coupon ends, the curvature of the coupon ends needed to be
reduced. The coupon ends were placed between two pieces of wood and flattened with
an actuator applying a force of approximately 30 kips to the coupon ends. However,
even after this flattening process, the coupon ends were too curved and slipped in the
machine grips. The coupon ends were then ground down to a flatter surface using a
surface grinder. This created a flattened surface on the coupon ends that could be
appropriately gripped by the machine for tensile testing. Although the grip ends of the
coupon were flattened before the tensile tests, the reduced section of both the coupons

maintained the HSS tube curvature. During the tensile tests, the curvature of the reduced
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sections also flattened. This flattening visibly occurred very early in the coupon 2 test,
but was not observed in the coupon 1 test until near the end of the test. Ultimately, the
HSS coupon test results were deemed unreliable and are not used as the basis for the

material model of the finite element analysis of Section 4.

3.5.2 MDC1 Specimen Test Results

During this experiment, MDC1 was deformed to +4.53 inches in the tensile
direction (+xr) while simultaneously rotated (about z; axis) +0.0357 radians. This
deformation and rotation was beyond the design-basis deformations of +3.1 inches and
+0.025 rad. These deformations were limited by the equipment stroke limits. Figure 3-
12 a shows the deformation and rotation of the MDC throughout the experiment. MDC1
was designed to allow yielding of both the HSS and its end plates in order to
accommodate the seismic drift compatibility requirements. Forcing all of the
deformation onto the HSS alone would have resulted in an increase in force due to the
large deformation stiffening of the HSS. The MDC component contributions to the total
deformation are shown in Figure 3-12 b. The MDC plates began deforming
approximately at +0.2 inches and a rotation of +.0025 radians. At +3.1 inches of
translation and +0.025 radians of rotation, the HSS deformed approximately +1.8 inches,
the panel plate deformed about +0.6 inches, and the frame plate also deformed about +0.7
inches. At the maximum MDC displacement of +4.53 inches, the HSS deformed +2.2
inches, the panel plate approximately deformed +1.3 inches, and the frame plate
deformed +1.0 inch. The MDC experienced a maximum force of 59 kips of tension and a
maximum moment of 58 kip-ft, which both occurred at a +4.23 inches of deformation

(Figure 3-12 c-d).
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3.5.3 MDC2 Specimen Test Results

Initially, a gravity load of 15.08 kips was applied to MDC2, which was held
constant throughout the experiment (Figure 3-13 b). Then, a deformation of -2.75 inches
(compression) was applied to the MDC. That deformation was maintained while a
rotation of -.087 radians was applied. Then, a compressive deformation of -0.96 inches
and a rotation of +0.031 radians (both relative to the original MDC position) were applied
to the MDC. All of the deformations and rotations throughout the experiment are
available in Figure 3-13 a. As with MDC1, the prescribed movement of the tables and
actuators were intended to create the desired MDC deformation and rotations described
above. However, the experimental setup components between the actuators and the
MDC also deformed, reduced the deformation and rotation applied at the MDC location.
MDC 2 experienced a maximum force of 23.3 kips of compression and a maximum
moment of 43 kip-ft. Both of these maximum values occurred when the MDC was
deformed to -2.75 inches and rotated to -.087 radians. The nuts that attached at the
MDC?2 end plates to attach to the test equipment contacted the HSS at about -0.75 inches
of compression (-x.) and any further compression. The resulting HSS deformation at a
nut location is pictured in Figure 3-13 f. MDC2 absorbed approximately 43 kip-inches of
energy throughout the entire experiment. The design energy absorption was 42.4 kip-in.
This energy absorption was determined using the trapezoidal rule for the area under the
force-deformation curve in Figure 3-13 ¢ from the undeformed position at 0 inches to the
maximum displacement of -2.78 inches:

energy = area = Ax - (% + v+ Vot +};_”) Eq. 3-8
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After the initial experiment, MDC2 was deformed in three further experiments.
Experiment 2 applied nearly the same deformations and rotations as experiment 1.
Experiment 3 and 4 applied -4.0 inches of compression (-xp) to MDC2 and did not apply
any rotation (Figure 3-14 a). All four of the experiments applied the 15.08 kip tributary
gravity load to MDC2 (z direction) (Figure 3-14 b). Over the course of the experiments,
the maximum force on MCD2 increased (Figure 3-14 c¢). Ultimately, at the end of
Experiment 4, MDC2 failed. The HSS fractured outside the plate weld locations on both
the frame and panel plate. The HSS entirely separated from the frame plate and partially

separated from the panel plate (Figure 3-14 d).

3.5.4 MDC3 Specimen Test Results

The resulting force-deformation plot for the MDC3 specimen is shown in Figure
3-15 b. The data recorded by the instrumentation had a noticeable variance throughout
the experiment. The data was modified by finding a linear approximation from 0 inches
to 0.075 inches and 0.75 inches to 0.22 inches of MDC translation. This linear
modification created a smoother force-deformation curve. The specimen behaved linear-
elastically to a loading of approximately 140 kips, which was the design elastic strength.
At its limit, MDC3 experienced approximately 0.27 inches of differential movement
between the MDC plates and a maximum force of 172 kips. After about 0.27 inches of
deformation, the loading arms began to rotate out-of-plane and the force applied to the
MDC began to decrease. Tearing of the HSS just outside the weld bar (connected into
the end plate) was observed as seen in Figure 3-15 d and is believed to have triggered an
asymmetric failure mode resulting in torsion and twisting of the specimen. The test was

stopped due to the out-of-plane rotation of the loading arms. In Figure 3-15 ¢, a clear
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yield line is visible on the HSS in the picture at the ultimate displacement. This yield line
began developing about half way through the experiment and continued to propagate
until the full yield line appeared.

The Vic-3D DIC software and cameras recorded the HSS speckle pattern
movement throughout the experiment. The first principal strain contours at points
throughout the experiment, including the design loading of 135 kips, are available in
Figure 3-16. The cameras and software did not recognize small areas within the speckle
pattern, so there are small areas on the HSS that do not have principal strain data
available. The DIC recorded principal strain contours that were roughly symmetric about

the center (z-direction) of the HSS.

3.6 Summary

All of the MDC designs and tensile coupons were experimentally tested in the
CSEL. Four tensile coupons were tested for the MDC materials, including two plate
coupons and two HSS coupons. The plate coupons produced results close to the expected
stress-strain curves for A36 steel. However, the HSS coupon results were drastically
different form the expected stress-strain curves for A500 grade C steel. This discrepancy
may be due to the machining and flattening of the coupon. The plate coupon data was
used in the following finite element models, but the HSS coupon data was not utilized for

the models.

The MDC1 and MDC2 designs were tested in a custom experimental setup
designed to apply gravity loads, lateral translations, and rotations. MDC3 was tested in
an MTS 220-kip compression frame that applied a shear deformation to the MDC. Each

MDC was tested using a loading protocol based on its controlling hazardous loading
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condition. All raw strains, deformations, and forces were recorded from the equipment
and through additional instrumentation as applicable for each experiment. This raw data
was used to create force-deformation curves for each MDC, which confirmed each MDC
design and will be used to validate the finite element models described in Section 4. A
comparison of the design objectives and the recorded experimental values are available in
Table 3-2. The MDC1 experimental results showed that the maximum tensile force was
within about 11% of the design maximum tensile force. In the experiment, the MDC1
HSS translated more than expected from the design while the MDC1 plates translated
less than expected. MDC2 dissipated 1.5% more energy than anticipated in the design.
MDC?2 had a higher maximum compressive force than the design maximum compressive
force. MDC3 remained elastic up to the 140 kips design elastic strength. It experienced

an ultimate strength of 172 kips.

Specimen HSS HSS Wall | HSS MDC End
Design Diameter | Thickness | Length | (Panel/Frame)
Plate Thickness
MDC1 6.0in 0.25in 8.0in 0.75in
MDC2 6.0in 0.25in 13.5in 0.75in
MDC3 6.0in 0.25in 16.51n 1.0in
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Maximum Tensile Force (kips) | Maximum HSS Translation (in)
Design Exp. Design Exp.
45.9 50.7 1.6 1.95
MDC Maximum Panel Plate Maximum Frame Plate
1 Translation (in) Translation (in)
Design Exp. Design Exp.
0.75 0.58 0.75 0.58

Energy Dissipation (kip-in) | Maximum Compressive Force (kips)
MDC2 Design Exp. Design Exp.
42.4 43.0 19.1 233

Elastic Strength (kips) | Ultimate Strength (kips)
MDC3 Design Exp. Design Exp.
135 140 N/A 172.2

Table 3- 2 Comparison of MDC experimental results to design values

MDC 1

Facade Panel

X X: Panel Out-of-Plane

Y: Panel Vertical In-Plane
X: Panel Horizontal In-Plane

Y MDC
x,: MDC Radial
v.: MDC Transverse
z,: MDC Longitudinal

MDC 2

Figure 3- 1 Fagade panel and MDC axes
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Frame Panel
Plate Plate

TR

Frame  Panel
Plate Plate

Figure 3- 2 MDC type 1 axes and details

50




Thermal/Moisture
Expansion Hori. Slots

Std. Bolt Holes

Figure 3- 3 MDC type 2 axes and details
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Figure 3- 4 MDC type 3 axes and details
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Figure 3- 12 MDC1 Experiment Results a) Applied radial deformation +xi, and
rotation (about +z1) b) Approximate deformations of the MDC components c) Force-
Deformation curve d) Moment-Rotation curve e) Deformation of the MDC at various

times
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Figure 3- 13 MDC2 Experiment 1 Results a) Applied radial deformation -x; and applied
rotation (about yr) b) Applied gravity load +z.. ¢) Force-Deformation curve d) Moment-
Rotation curve e) Deformation of the MDC at times throughout the loading protocol f)
Nut contact with the HSS at times throughout the loading protocol
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Figure 3- 14 MDC 2 Experimental 1-4 Results a) Applied radial deformations -x;, and
applied rotations (about y1) for four consecutive experiments b) Applied gravity
loads +z;, for four consecutive experiments c) Force-Deformation curves for four
consecutive experiments d) Final fracture surfaces at the end of MDC2 Experiment 4
on panel plate (left) and frame plate (right)
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Figure 3- 15 MDC3 Experiment Results a) The shearing deformation imposed between
the MDC plates in z;, b) Force-Deformation curve ¢) Deformation of the MDC d) Failure
surface of MDC3 (left) and failure locations (right)
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Figure 3- 16 MDC3 Vic-3D DIC first principal strain results

e iMdagubne

220-kip
Actuator

Roller
Bearing

-0.00055 el1[1] -engr. 0.00685

45 secs Sype = 0.043” Fupc shear = 70-4 Kips

65




liﬁﬂi AT ITHITTUER

220-kip Roller
Actuator Bearing
-0.00085 el[1] -engr 0.00635
90 secs Syvpe =0.0727 Fupc shear = 135 Kips
220-kip Roller
Actuator Bearing
-0.0037 el[1] -engr 0.0133

260 secs Syvpe =0.3157 Fupc shear = 116 Kips

66



4. Finite Element Model of Multi-hazard Ductile Connectors
4.1 Introduction

Computational model of the experimentally tested multi-hazard ductile connector
(MDC) designs were developed using finite element analysis (FEA) to simulate the static,
nonlinear behavior of the MDC under various forms of loading expected from each
hazard. The particular MDC considered was that proposed by Lavarnway (2013), which
consisted of a circular, steel hollow structural shape (HSS) connected between two flat
steel plates. Initial baseline MDC models were analyzed and its results were compared
with the experimental test results from Lavarnway (2013). This study was chosen as the
baseline analysis due to the simpler loading protocol compared to that of this project.
These analyses will be referred to as “baseline” or “base” models. Once the base model
reasonably matched the Lavarnway (2013) results, the MDC model was adapted to the
three current MDC designs and analyzed for the loading scenarios that occurred in the
experiments as described in Section 3. This section provides a description and validation
of the base model, development of a more comprehensive MDC model, and comparison

of the FEA model results with design criteria.

4.2 Base Model
4.2.1 Model Description

All finite element analysis was performed using ANSYS Mechanical, Academic
Research Version17.2 (ANSYS Inc., 2016). The MDC considered by Lavarnway
consists of three components, an HSS circular tube between two flat steel plates. A local
coordinate system was used for all the FEA models as shown in Figure 4-1. The end

plates are connected to either the fagade panel or the building frame and are assumed to
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be parallel to one another. The MDC was modeled using shell elements (ANSY'S Shell
181), which are four-noded elements with six degrees of freedom per node (ANSYS Inc.,
2016). The structural behavior of both the HSS and end plate components of the model
are defined by the shell elements. The HSS and plate shell elements are assigned a
plasticity material model that includes kinematic and isotropic hardening with a Von-
Mises yield criterion (ANSY'S Multi-linear Isotropic Hardening Model), and is defined
by a series of stress-strain points. The stress-strain data for the baseline models and the
MDC models are presented in their respective sections.

Contact between the HSS and end plates was simulated because the MDC is
expected to undergo large deformations during high hazard loading events such as blast
and impact loading. Large radial deformations to the HSS will cause it to contact the
plates. Contact elements (ANSYS Conta 173) were used around the centerline of the
HSS with a mesh matching the shell element mesh. These elements sit on the centerline
of shell elements and are part of a pair of elements used to represent contact between 3D
surfaces. Target elements (ANSYS Targe 170) are applied to the end plates. The target
element mesh matches the shell element mesh of the flat plates. The contact and target
elements identify the potential contact surfaces that may occur due to the HSS
deformation during the analysis. However, these elements do not contribute to the
modeled structural behavior, such as stiffness and strength.

The nodes in each flat plate are coupled together to behave as a rigid plane
(ANSYS Cerig) to simulate the relatively rigid bodies to which the MDC end plates are
attached. One plate represents the building frame and acts as a fixed connection that will

not allow movement. The fixed plate is constrained in all directions. The opposite plate
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is then assigned the translational and/or rotational displacements of the facade panel

during the high hazard loading event.

4.2.2 Verification of Base Model Results

Two baseline MDCs, consisting of HSS16x0.375 and HSS10.75x0.25, were
modeled and verified with the results from the Lavarnway (2013) experiments. An
HSS7x.025 MDC was also tested in the Lavarnway (2013) experiments, but that size
HSS was not considered for this verification. Since tensile coupon data was not available
for this size HSS, its material properties were unknown. The stress-strain values
considered in the FEA base model for the HSS16x0.375 and HSS10.75x0.25 are
available in Figure 4-2. These curves were developed from the tensile coupon tests
performed as part of the Lavarnway (2013) experiments. The stress-strain data plots
from these tensile tests are available in Appendix 4. Both the HSS16x0.375 and
HSS10.75x0.25 models were compressed 6 inches radially inward (x-direction). These
deformations were performed to match the Lavarnway (2013) experiment deformations.
Both the HSS16x0.375 and HSS10x0.25 FEA results closely matched with the
Lavarnway (2013) experimental results as seen in Figure 4-3 and Figure 4-4.
HSS10.75x0.25 FEA yield strength is about 5.8 kips and the FEA strength at 6 inches of
deformation (x-direction) is 8.6 kips. Both of these strengths closely match the
Lavarnway (2013) experimental strengths in Figure 4-3 a. Some difference was observed
in the initial elastic strength, but the post-elastic strength and material strain hardening
was well captured. In Figure 4-4 a, the FEA yield strength of the HSS16x0.375 is 7.8
kips and FEA strength at 6 inches (x-direction) is 10.9 kips. The Lavarnway (2013)

experimental yield strength is 8.2 kips and the strength at 6 inches of deformation is 10.1

69



kips (Figure 4-4 a). The HSS16x0.375 FEA model experienced slightly more strain
hardening than the experiment, but there was not a significant difference between the
FEA Lavarnway (2013) experimental results in the hardened region. Despite the small
differences between the FEA and Lavarnway (2013) experimental results, both of the
force-deformation curves produced by the FEA models were deemed acceptably close to
those of the experimental results. Reasonable deformed shapes were created in the FEA
base model throughout the loading procedure (Figure 4-3 b and Figure 4-4 b). The
equivalent plastic strain diagrams for both of the FEA models show plastic hinge yield
lines are developing (Figure 4-3 d and Figure 4-4 d). The plastic hinges occurred in
expected areas of the HSS where large changes in the HSS curvature are occurring. The
maximum plastic strain in these diagrams show both models are experiencing likely
acceptable levels of plastic strain. The Von-Mises stress diagrams in Figure 4-3 ¢ and
Figure 4-4 ¢ show areas of high stress where the plastic hinges are forming corresponding
to the strain levels and specified material model. Again, the maximum stress values

available on these contour diagrams show reasonable values.

4.3 MDC Models of Experimental Specimens
4.3.1 Introduction

Once the base model results were verified against the Lavarnway (2013)
experimental data, the model was adapted to the designs of the different types of MDCs
considered in this research (MDC1, MDC2, and MDC3). The three MDC designs still
consisted of a circular HSS attached between two parallel plates. The plates were ASTM
A36 steel and the HSS were ASTM 500 Gr. C steel. All of the HSS tubes in the MDC

designs were various lengths HSS6x0.25. The MDC plates included standard, short-
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slotted, or long-slotted bolt holes for attaching to the facade panel or building frame.
Although the MDC design models were constructed from the base model, the geometries,
material properties, contact surfaces, supports, and loading of the three designs varied
from the base model. The FEA axis directions remained consistent with those of the base

model as seen in Figure 4-1.

4.3.2 MDC Material Models

The multi-linear plasticity material models for the HSS and plates with stress-
strain properties for each MDC component are shown in Figure 4-5. The material model
of the A36 plates was developed from the tensile coupon data presented in Section 3.
Due to the issues testing the HSS coupons discussed in Section 3, the HSS material
model was developed from a combination of the expected stresses from AISC 341-10
Seismic Provisions for Structural Steel Buildings (AISC, 2010a) and the material tests in
Fadden (2013). The HSS material model yield stress was specified as Ry*Fy and the
tensile stress as R¢*F,. A value of 1.3 was used for R, and a value of 1.2 was used for R;
per AISC 341-10. The model between the yield stress and tensile stress was developed
based on the tests from Fadden (2013). The model was developed using the Fadden
(2013) data from side-wall coupon tests from 0.25 inch thick HSS, the same HSS
thickness used in this study. The coupons from the HSS corners were not used because
the corner curvature is too large to be representative of the circular HSS. The corner
areas experience significantly more strain hardening during the HSS fabrication process
compared to the rest of the cross section. The weld seam coupon data was also not used
because it is not representative of the average material properties over the HSS cross-

section.
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4.3.3 MDC Type 1 Model (MDC1)

4.3.3.1 Model Descriptions

The drawings of MDCI are available in Appendix 2. The long bolt slots on the
frame plate allow relative lateral movement to accommodate seismic drift and those on
the panel plate allow relative vertical movement between the facade panel and connector
for thermal expansion. The MDC type 1 (MDC1) was designed to simultaneously
undergo 3.1 inches of outward radial translation (x-direction) and .025rads of rotation
about the lateral in-plane panel axis (z-axis) (Figure 4-6 a). These deformations were
determined from the critical loading scenario of out-of-plane seismic forces acting on a
facade edge panel (Appendix 1).

Two MDC1 models were considered, which are referred to as Model 1 and Model
2. Each model had different boundary conditions to simulate bounds of potential initial
bolt-hole bearing contact (Figure 4-6 ¢). Neither of the MDC1 models utilized any
contact/target planes because the deformed HSS will not contact the plates during tensile
MDC deformation. Like the base model, the structure of the HSS and plates consisted of
shell181 elements in both MDC1 models. The MDC welded connection at the end plate
was modeled by coupling nodes at the weld slots between the plates and HSS using the
ANSYS Cerig constraint equation.

Boundary conditions were the only difference between the two MDC1 models.
Model 1 applied boundary conditions only to areas of the plates that would experience
bearing on the fagade panel or building frame. These areas were on the top and bottom of
both plates (y-direction) from the center of the bolt slot to the outside of the plate where
plate prying will occur. These areas on each plate in Model 1 were coupled together using

the “cerig” command. The top and bottom edges (y-direction) of the plates act as a rigid
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body while the centers of the plates allowed deformation. For both plates in Model 1, the
boundary conditions were applied assuming that the bolt was in the center of the bolt slot.
The panel plate was a fixed boundary while the frame plate experienced the translations
(x-axis) and rotation (about z-axis) imposed on the MDC. Model 2 had these same plate
boundary conditions on the panel plate plus additional boundary conditions on the frame
plate. The moving frame plate changed slightly in Model 2 to account for the bolts on the
panel plate. On this frame plate, the nodes around the bolt locations were assumed to be
stationary and could not move in the z or y directions. They were free to move in the x
direction with the prescribed movement of the rest of the plate. For both Model 1 and
Model 2, the HSS and the plates in MDC1 are designed to yield to provide the necessary
behavior and create boundary conditions consistent with the connection details. To
determine the appropriate plate thicknesses for MDC1, analyses were performed for
various plate thicknesses including 1in, 0.751n, and 0.50in. Ultimately, a plate thickness
of 0.75in was chosen for MDC1 and used in the experiment. The same plate thicknesses

were applied to MDC2 and MDC3 to maintain the same MDC thickness.

4.3.3.2 Convergence Study

Convergence studies were performed on Model 1 to determine appropriate mesh
size for both MDC1 models. The same final mesh size was applied to both models
because these models are fundamentally the same and differ only in their boundary
conditions. Force- deformation, Von-Mises stress, Von-Mises elastic strain, and
equivalent plastic strain were studied for convergence at four points (P1, P2, P3, P4) on
the MDC cross section (Figure 4-6 b). All of the points were studied near the center of

the MDC length (z-direction). Once the change in the force-deformation, stress, and
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strain was below 3% between each mesh size, these criteria were considered adequately
converged. The average mesh size for each MDC component used in the convergence
study is available in Table 4-1. The force-deformation curve for MDC1 (Figure 4-6 d)
converged before most of the stress and strain at localized points. The force-deformation
data was converged by mesh size 3. The stress and strain generally converged at the
same mesh size at each point. For P1 located on an HSS hinge area, the Von-Mises stress
and equivalent plastic strain converged at mesh size 4 (Figure 4-6 ¢). The stress and
strain at point P2, located between the HSS hinge locations, was near convergence (10%)
by mesh size 6. However, the values did not reach below the 3% convergence threshold
(Figure 4-6 f). The Von-Mises stress and elastic strain on frame plate point P3 converged
by mesh size 5 (Figure 4-6 g). The Von-Mises stress and elastic strain on panel plate
point P4 both achieved convergence at mesh 3 (Figure 4-6 h). After the convergence
study was performed, mesh size 6 was used in Model 1 and Model 2 to accurately obtain

force, stress, and strain data.

4.3.3.3 Results

The force-deformation curves of MDC1 Model 1 and Model 2 are shown in Figure 4-7 a
with the MDCI1 experimental curve. Model 1 matches the experimental curve better than
Model 2 at low deformations. However, the Model 2 force-deformation curve matches
the experimental results better at high deformations. Due to these force-deformation
curves, it can be determined that the boundary conditions in the MDC1 experiment were
a combination of the Model 1 and Model 2 boundary conditions. During the experiment,
the frame plate bolts engaged at higher deformations, which stopped the frame plate from

moving in the y-direction at the bolt locations. The force-deformation plots for each
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MDC component in Model 1, Model 2, and the MDC1 experiment is available in Figure
4-7b. Overall, both models underestimated the deformation of the HSS while
overestimating the deformations of the panel and frame plates. Noticeable differences
between the Model 1 and Model 2 deformed shapes occurred at the design deformations
of 3.1in of translation (x-direction) and design rotation of 0.025 rads (about z-axis)
(Figure 4-7 c). In Model 1, both the panel and frame plates show similar amounts of
deformation at the MDC design deformation and rotation. However, in Model 2,the
frame plate clearly shows more deformation than the panel plate. These differences in
deformed shape were due to the different boundary conditions applied in the models.
The true deformed shape at the design deformation and rotation is closer to that of Model
2 because this model better represents MDCI1 at higher deformations. Although the
deformed shapes of Model 1 and Model 2 vary slightly, there were no significant
differences in the Von-Mises stress and equivalent plastic strain plots at the design
deformation and rotation (Figure 4-8 a-d). In Figure 4-8 c-d, the there are areas of
significantly high plastic strains (40%-50%) in localized areas near the HSS weld
connection to the plates. Such high plastic strains are not realistic and are due to the
highly restrained mesh in these areas. The mesh refinement may also be locally
inadequate in this area of the model. The average strains within the plastic hinge regions

are on the order of 5-10% strain at the design deformation.

4.3.4 MDC Type 2 Model (MDC2)

4.3.4.1 Model Description
The MDC type 2 (MDC2) must withstand the tributary gravity load imposed on it

by the fagade panel in addition to the high hazard loading. The MDC2 drawings are
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available in Appendix 2. The controlling out-of-plane loading for this connector is due to
air-blast effects on the prototype system considered (Appendix 1). The gravity load
applied to each MDC2 on the considered panel connection configuration is 15.08kips
(Figure 4-9 b). After the gravity load is applied, MDC2 was compressed by -2.78 in of
translation (x-direction) then rotated by .087 rads about the horizontal in-plane fagade
panel axis (about y-axis). After this compression and rotation, a rebound phase occurs
that creates an inward translation to -0.96 in (x-direction) and the rotation of -0.031 rads
(about y-axis) relative to the original position (Figure 4-9 a). Lastly, MDC2 is brought

back to its zero position (Figure 4-9 a).

Both the HSS and plates utilized the shell181 elements from the base model.
When the MDC was compressed, the walls of the HSS contact the plates as the HSS
deforms. Therefore, the model needed the contact/target elements from the base model.
The ANSYS “target” elements were copied from the shell plate mesh to ensure they
exactly overlapped. The plate shell nodes, plate target nodes, and the HSS nodes near the
plate weld line were coupled together using the ANSY'S “cerig” command to simulate the
welded connection between the HSS and plates. The boundary conditions were then
applied to each of these rigid areas using a master node. The standard holes on the frame
plate and the short slotted holes on the panel plate were not modeled due to the plates
behaving rigidly and not contributing to the MDC deformation. The frame plate was held
fixed in all directions while the panel plate experienced the translation (x-direction) and
rotation (about the y-axis) imposed by the hazard loading as well as the gravity load (z-
direction) (Figure 4-9 c¢). The panel plate was also constrained from rotating about the z-

axis. The plates for MDC2 were made into rigid components because the plates do not
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deform or yield to absorb any of the loading energy. Only the circular HSS deforms to

absorb the blast loading that MDC2 experiences (Appendix 1).

4.3.4.2 Convergence Study

Convergence studies were conducted to determine an appropriate mesh size for
the model force-deformation, stress, and strain data. The average mesh sizes of the
MDC2 components are available in Table 4-1. Convergence studies were conducted at
two points on the HSS cross section and no points on the rigid plates (Figure 4-9 d).
Both of these HSS cross section points were analyzed at approximately the center of the
HSS (z-direction). Point P1 is at a hinge location on the HSS and point P2 is between the
HSS hinge locations. The convergence studies were conducted at the two design-level
translations and rotations. The first design-level deformations occurred at load step 20
has -2.78 in of translation (x-direction) and 0.087 radians of rotation (about y-axis) and
the second design-level deformations occurred at load step 29 has -0.96 in of translation
(x-direction) and -0.031 radians of deformation (about y-axis). The mesh size was
reduced until the changes of force-deformation, stress, and strain change by 3% or less
between the mesh sizes. The force-deformation curve converged by mesh size 3 (Figure
4-9 e), which was before most of the Von-Mises stress, Von-Mises elastic strain, or
equivalent plastic strain converged. At P1, the Von-Mises stress converged at mesh size
4 during step 20 and 29. The P1 equivalent plastic strain converged at mesh size 5 during
step 20 and mesh size 4 during step 29 (Figure 4-9 f). The Von-Mises stress and elastic
strain at P2 converged with mesh size 2 at step 29 and mesh size 5 at step 20 (Figure 4-9

g). Point P1 required a finer mesh to converge because there is a large stress and strain
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gradient at the HSS hinge. Mesh size 5 was the required mesh size for the convergence

of all relevant FEA data and was used in the final MDC2 model.

4.3.4.3 Results

The MDC?2 force-deformation FEA results reasonably represent experimental
results until approximately -0.75 inches of inward radial translation (x-direction) (Figure
4-10 a). The nuts holding the frame and panel plates to the experimental setup begin
contacting the MDC HSS around this deformation, which is not represented in the model.
The experimental results from -0.75 inches to -2.87 inches of compressed translation (x-
direction) show a larger increase in force than during 0 inches to -0.75 inches of
translation. This is expected because in the experiment the HSS had to deform around
the nuts after contacting them. As the MDC is pulled back out (x-direction) to its original
position, less force is also required to overcome the additional strain hardening caused by
the nut contact. The energy that the MDC absorbed during the FEA was determined by
numerical integration of the area under the resulting force-deformation curve. From 0
inches to -2.78 inches of translation (x-direction), MDC2 absorbed approximately 35.7
kip-in of energy. The FEA reasonably approximated the energy absorption, which was
43 kip-in in the MDC2 experiment. The FEA produced deformed shapes, Von-Mises
stress contour plots, and equivalent plastic strain contour plots (Figure 4-10 b-c). The
maximum plastic strains (Figure 4-10 d) were very high (25%-50%) in a few elements
near the weld of the HSS to the plates. The maximum plastic strain outside these weld
areas were 20-25%. The plates did not experience stress, strain, or deformation during

the FEA loading because they were assumed to be rigid during the analysis.
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4.3.5 MDC Type 3 Model (MDC3)

4.3.5.1 Model Description

The MDC drawings are available in Appendix 2. The MDC type 3 (MDC3) must
withstand all of the lateral in-plane forces applied to the fagade panels and is designed to
have elastic behavior throughout its loading. The analysis applied a 0.315 inch
translation (z-direction) on the MDC3 to determine its elastic strength and ultimate
strength (Figure 4-11 a). Seismic loading controls the critical forces for design of MDC3
(Appendix 1).

Both the HSS and plates utilized the shell181 elements from the base model. When
the deformation is applied to MDC3, the walls of the HSS contact the plates as the HSS
deforms. Therefore, this model also required the contact/target elements from the base
model. MDC3 also has weld slots and standard bolt holes on the plates. Each plate has a
total of sixteen bolt holes, with eight holes above and eight below (y-direction) the weld
slot. It is assumed that no relative movement can occur within these bolt holes. The
contact planes, and end plate constraints were created similar to previous MDC models.
Both the HSS contact elements and target plate elements had the same mesh as the
respective shell elements. Both of the plates were made rigid using the “cerig” command
and each had a master node to control plate movement. The deformation was applied by
holding one plate fixed in all directions while the other was translated laterally in-plane
(z-direction) (Figure 4-11 c). This moving plate was also constrained from moving out of

plane in the x and y directions.
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4.3.5.2 Convergence Study

A convergence study was conducted to evaluate an appropriate mesh size for
MDC3. Average mesh sizes for each MDC component used in the study are available in
Table 4-1. The force-deformation, Von-Mises stress, Von-Mises elastic strain, and
equivalent plastic strain were evaluated for convergence. Convergence occurred when
the difference between force-deformation, stress, and strain values were less than 3%
between mesh sizes. Two points on the HSS cross-section were studied for convergence,
both of which were located near the center of the HSS (z-direction) (Figure 4-11 b). The
force-deformation curve converged at mesh size 3 (Figure 4-11 d). The Von-Mises stress
and equivalent plastic strain at P1 also converged at mesh size 3 (Figure 4-11 e). At the
location of P2, the Von-Mises stress and elastic strain converged at mesh size 4 (Figure
4-11 f). Because most of the desired quantities had converged by or before mesh size 5,

this mesh size was used in the final MDC3 model.

4.3.5.3 Results

The MDC3 model force-deformation curve is compared with the experimental
force-deformation data in Figure 4-12 a. Beyond 0.2 inches of translation, the
experiment specimen began moving out-of-plane. This out-of-plane accounts movement
is believed to cause the large difference between the curves at 0.2-0.315 inches of
deformation. It is observed that the FEA slightly overestimates the MDC elastic stiffness
and strength while the model underestimates its material hardening. The FEA created
deformed shapes and Von-Mises stress contours (Figure 4-12 b-c). In the plastic strain
contours in Figure 4-12 d, small areas of extremely high strain are found at the HSS

connection to the plates. The high plastic strains (50%-60%) in these regions are
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unreasonable and are likely due to the way the HSS was rigidly connected to the plates
within the model. It may also be due to inadequate mesh refinement in these localized
areas. The plate/HSS connection likely caused only a few elements to experience high

strains, while the other element plastic strains are reasonable (1%-5%).

4.4 Summary

An FEA model was created and first validated against the experimental data from
Lavarnway (2013). Following this validation, the model was adapted to three current
MDC designs subjected to more complex loading protocols consistent with the hazardous
loading considered. The MDC models also included more realistic fabrication details.

All three of the MDC designs deformed as expected in the analyses. Under radial
compression (x), the circular HSS of MDC2 initially created four plastic yield lines and
then six yield lines as contact between the HSS and end plates occurred. Under radial
tension, the HSS in MDC1 formed four plastic hinges. The 0.75in thick end plates of the
MDCI1 was also designed to yield and form a plastic mechanism to accommodate the
large radially outward deformations and absorb a portion of the energy from the loading
scenario. The design intent of MDC3 was to resist the prescribed loads in an elastic
manner however the analysis performed determined the ultimate force deformation
behavior of the MDC in addition to confirming the intended elastic strength. Overall,
the analysis of the three MDC designs provided force-deformation behavior, deformed
shapes, stress, and plastic strains consistent with the MDCs design intent. Some of the
models experienced very large plastic strains. However, these high strains occurred on
very few elements in the models in regions where the mesh refinement was likely

inadequate to capture the large strain gradient.
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When compared to the design calculations, the FEA models performed as expected
in terms of critical force, deformation, or energy absorption criteria for each MDC type
(Table 4-2). The maximum tensile force of MDC1 FEA model was 51 kips, which is
near the expected max force of 45.9 kips from the design calculations. However, the
individual components of MDC1 behaved differently in the FEA model than in the
design. The HSS was responsible for less than its design deformation, while the
maximum plate deformation varied from their design deformation. Both plates were
anticipated to deform the same about, and they did do so in MDC1 Model 1. However,
the frame plate deformed more than the panel plate in MDC1 Model 2. MDC?2 absorbed
35.7 kip-in of energy, which is 15% loxwer the design energy absorption. MDC?2 also
experienced approximately the same compressive force in the FEA as expected in the
design (19 kips). Lastly, the MDC3 model showed the MDC remains elastic up to the
design elastic load of 120 kips. MDC3 had an ultimate strength of 151 kips in the model.
The calculations assumed that the shear capacity of the MDC3 tube was dependent on the
center cross section of the HSS. The failure of the HSS in MCD3 may move from

outside the center to the center, which would cause a lower maximum force.
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MDC Mesh1 | Mesh2 | Mesh3 | Mesh4 | Mesh 5 | Mesh 6
Component
MDC1 HSS 1.89in | 0.94in | 0.63in | 0.47in | 0.31in | 0.24 in
Frame Plate | 0.70in | 0.53in | 0.42in | 0.35in | 0.261in | 0.21 in
Panel Plate | 1.16in | 0.70in | 0.50in | 0.39in | 0.27in | 0.20 in

MDC Mesh 1 | Mesh 2 | Mesh 3 | Mesh 4 | Mesh 5
Component
MDC2 HSS 1.35in | 0.791in | 041in | 0.291in | 0.25in
Frame Plate | 1.04in | 0.721in | 0.381in | 0.28 in | 0.24 in
Panel Plate | 1.04in | 0.721in | 0.381in | 0.28 in | 0.24 in

MDC Mesh 1 | Mesh 2 | Mesh 3 | Mesh 4 | Mesh 5
Component
MDC3 HSS 1.57in | 0.67in | 041in | 0.30in | 0.24 in
Frame Plate | 1.58in | 0.70in | 0.421in | 0.321in | 0.24 in
Panel Plate | 1.91in | 0.84in | 0.51in | 0.38in | 0.30 in

Table 4- 1 Convergence study mesh sizes for each MDC component. Final mesh size for
each MDC model is bold.

Maximum Tensile Force (kips) | Maximum HSS Translation (in)
Design FEA FEA | Design FEA FEA
Model 1 | Model 2 Model 1 Model 2
45.9 47.5 50.9 1.6 1.44 1.55
MDCI1
Maximum Panel Plate Maximum Frame Plate
Translation (in) Translation (in)
Design FEA FEA | Design FEA FEA
Model 1 | Model 2 Model 1 Model 2
0.75 0.86 1.17 0.75 0.80 0.38
Energy Dissipation (kip- | Maximum Compressive
in) Force (kips)
MDC2 Design FEA Design FEA
30.9 35.7 36.2 19.0
Elastic Strength (kips) | Ultimate Strength (kips)
MDC3 Design FEA Design FEA
135 120 N/A 151.4

Table 4- 2 Comparison of the FEA results to the desired design values for each MDC
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Figure 4-2 Stress-strain curves input into the base FEA models for HSS16x0.375 and
HSS10.75x0.25. Based on tensile coupon data from Lavarnway (2013) experiments
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Figure 4-3 HSS10.75x0.25 Base Model FEA Results a) Force-deformation response
including comparison between FEA and Lavarnway (2013) experiment b) Deformed
shapes of HSS10.75x0.25 ¢) Von-Mises stress of the HSS10x0.25 at dpyss=6". Stress in
units of ksi. d) Plastic strain of the HSS10x0.25 at dpss=6"
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Figure 4-4 HSS16x0.375 Base Model FEA Results a) Force-deformation response
including comparison between FEA and Lavarnway (2013) experiment b) Deformed
shapes of HSS16x0.375 ¢) Von-Mises stress of the HSS16x0.375 at dpyss=6". Stress in
units of ksi. d) Plastic strain of the HSS16x0.375 at dyss=6"
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Figure 4-6 MDC1 Convergence study at design basis of 3.1in translation and 0.025 rads
rotation a) Deformation (x-direction) and rotation (about z- axis) applied in the FEA b)
Approximate point locations on MDCI1 cross section analyzed for convergence study c)
Model 1 and Model 2 boundary conditions d) Force-Deformation results ¢) Convergence
results of P1 on HSS f) Convergence results of P2 on HSS g) Convergence results of P3

on frame plate h) Convergence results of P4 on panel plate
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Figure 4-7 FEA Results of MDC1 a) Force-deformation curves of the FEA and MDC1
experiment b) Force-deformation curves of the MDC components from the FEA and
MDC1 experiment c) Deformed shapes throughout the FEA
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Figure 4-8 FEA MDCI1 Stress and Strain Contours a) Model 1 Von-Mises stress (ksi)
contours at the design deformation and rotation b) Model 2 Von-Mises stress (ksi)
contours at the design deformation and rotation ¢) Model 1 Equivalent plastic strain
contours at the design deformation and rotation d) Model 2 Equivalent plastic strain
contours at the design deformation and rotation
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Figure 4-9 MDC2 Convergence Study a) Deformation (x-direction) and rotation (about y-

axis) applied in the FEA b) Vertical gravity load (z-direction) applied in the FEA c)

Applied boundary conditions d) Approximate point locations on MDC2 cross section
analyzed for convergence study e) Force-Deformation results f) Convergence results of
P1 on HSS g) Convergence results of P2 on HSS
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Figure 4-10 FEA Results of MDC2 a) Force-deformation curves of the FEA and MDC2
experiment b) Deformed shapes throughout the FEA ¢) Von-Mises stress (ksi) contours at
the design deformation and rotation d) Equivalent plastic strain contours at the design
deformation and rotation
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Figure 4-11 MDC3 Convergence Study a) Deformation (z-direction) applied in the
FEA b) Approximate point locations on MDC3 cross section analyzed for
convergence study c) Applied boundary conditions d)Force-Deformation results e)

Convergence results of P1 on HSS f) Convergence results of P2 on HSS
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Figure 4-12 FEA Results of MDC3 a) Force-deformation curves of the FEA and MDC3
experiment b) Deformed shapes throughout the FEA ¢) Von-Mises stress (ksi) contours at
the design deformation d) Von-Mises elastic strain contours at the design deformation e)
Equivalent plastic strain contours at the design deformation
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5. Summary, Conclusions, and Recommendations for Further Research

This study evaluated three multi-hazard ductile connector (MDC) designs
subjected to their respective critical hazardous loading conditions. Experimental tests
were conducted on each MDC design to simulate the critical translations and rotations
imposed on the MDC by the facade panel during the controlling hazardous loading. A
finite element model of each MDC was developed and then validated to the experimental
test results.

The critical MDC performance measures are compared to the theoretical design,
experiments, and finite element analyses in Table 5-1. The critical loading scenario for
MDCI1 was seismic drift of the corner panel in the facade system, which is expected to
create 3.1 inches of tensile translation and 0.025 radians of rotation. The MDCI1 design
maximum tensile force was 46 kips. Both the experimental results and finite element
results achieved a maximum tensile force at the design translation and rotation within
about a 10% difference from the design force. Yet, maximum tensile force varied by
about 6.5% between the experimental and analytical results. MDC1 was designed to
allow plastic deformations to develop in the HSS and each end plate in order to
accommodate the deformations while limiting the peak force transfer. The HSS
deformation was underestimated by the design and models, while both of the end plate
deformations were overestimated. The MDC?2 critical hazardous loading was based on
carrying both the fagade panel tributary gravity load and deformations resulting from
blast loading on the facade panel. This critical loading scenario created -4 inches of
compressive translation and +0.105 radians of rotation on the MDC, then reduced the

compressive translation to -0.945 inches with a rotation of -0.037 radians. However, the
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experiment did not impose the design-level deformations of the loading scenario due to
limitations of the testing equipment and a desire to limit connection nut contact during
testing. The experiment actually imposed a translation of -2.75 inches and +0.87 rads
and then reduced it to -0.96 inches and +0.031 rad. The energy absorbed during the
MDC experiment was 1.4% different than the design criteria, while the FEA energy
absorbption varied from the design by about 15%. However, the maximum compressive
force in the FEA was closer to the design compressive force than the experimental
maximum compressive force. One source of variance between the MDC2 experimental
finite element results is the nut contact with the HSS that occurred in the experiment.
This contact was not modeled in the analysis and was not accounted for in the theoretical
design. The MDC3 design criteria was based on the lateral seismic inertia force and
lateral force of the corner fagade panel contact. MDC3 needed to remain elastic up to an
applied force of at least 135 kips. MDC3 achieved an elastic design load of 140 kips in
the experiment and 120 kips in the finite element model. Overall, the MDC designs
preformed as expected with differences between the theoretical design, experimental
results, and finite element results likely acceptable for design.

The experimental test setup and validation of finite element modeling allows for
further exploration of similar or potentially optimized MDC designs. Some
recommendations for future research for multi-hazard design of building envelopes
include:

* Considering a similar MDC configuration consisting of a circular HSS
connected between two end plates, additional study of different HSS

lengths, thickness, and diameters is needed to understand how these
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geometric quantities impact the ability of the MDC to deform, rotate, and
absorb energy. Furthermore, analysis could be performed to investigate
the force-deformation behavior of the MDC in all degrees-of-freedom
(independently) and the coupled behavior that could be used to define a
general phenomenological model for the connectors.

Further investigate the behavior and plastic mechanisms forming in the
MDCI end plates to better control the proportions of plastic deformations
between the HSS and end plates.

Evaluate MDC designs for different fagade types including the
deformation, rotations, and tributary loading levels they experience under
similar hazardous loading conditions. New MDC designs may be
necessary due to the inherent strength or plastic deformation limitations
for different fagade types.

Experimental testing of a facade panel with all MDC types attached is
needed to better understand the interaction between the panel and multiple
connectors. Furthermore, development of an experimental test that allows
for testing of multiple in-plane panels or orthogonal panels would allow
for more complete understanding of the complex deformation kinematics
and contact which must occur between panels and between the connectors
to the framing. The Case Structural Engineering Laboratory has a facility

and equipment that could potentially perform such testing.
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Maximum Tensile Force (kips)

Maximum HSS Translation (in)

Design | Exp. FEA FEA | Design | Exp. FEA FEA
Model 1 | Model 2 Model 1 Model 2
45.9 50.7 47.5 50.9 1.6 1.95 1.44 1.55
MDC
1 Maximum Panel Plate Translation (in) Maximum Frame Plate Translation (in)
Design | Exp. FEA FEA | Design | Exp. FEA FEA
Model 1 | Model 2 Model 1 Model 2
0.75 0.58 0.86 1.17 0.75 0.58 0.80 0.38
Energy Dissipation (kip-in) Maximum Compressive Force
MDC2 (kips)
Design Exp. FEA Design Exp. FEA
42.4 43.0 35.7 19.1 233 19.0
Elastic Strength (kips) Ultimate Strength (kips)
MDC3 Design Exp. FEA Design Exp. FEA
135 140 120 N/A 172.2 151.4

Table 5- 1 MDC performance objective comparison between design, experimental, and
analytical methods
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Appendix 1

Multi-Hazard Ductile Facade
Connection Design
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1. Background and Definitions

The use of multi-hazard ductile connectors (MDCs) for fagade panel-to-structural frame
connections in new low- to mid-rise steel buildings is being investigated in an effort to
improve the lifetime performance of such structures. A preliminary design procedure has
been developed which details MDCs for a given fagade panel on a prototype building
considering wind, seismic, blast, and impact hazards with varying performance objectives
(current version: “MDCDesign V4.5.xmcd”). The following directions/degrees-of-
freedom are defined relative to the facade panel as-installed on a building (Fig. 1):

* Out-of-plane (OP): defined by a vector normal to the outer surface of the fagcade
panel.

* Vertical (V): defined as the direction along the height of the panel/building.

e Lateral in-plane (LIP or IP): horizontal direction along the width of the
panel/building; mutually perpendicular to the OP and V directions.

Three MDC types have been developed to resist demands in each of these directions (Fig.
2):

* MDC-I: provides a reaction force only in the OP direction. Includes slotted bolt
holes to accommodate thermal expansion/contraction of the fagade panel in the
vertical and LIP directions, as well as seismic building drift in the LIP direction
(floors connected to panel can move relative to one another without distorting the
panel). One edge of the panel (top or bottom) will contain all of the MDC-1s,
while the other edge has the MDC-2s and MDC-3. Three MDC-1s per panel are
recommended to approximately mirror the OP support condition at the opposite

panel edge.
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* MDC-2: provides OP and V reaction forces. Includes slotted bolt holes for LIP
panel thermal expansion/contraction. Two MDC-2s per panel are recommended
to ease the panel installation process by allowing for simple kinematic adjustment
of the panel at these gravity load-bearing connection points.
*  MDC-3: provides OP and LIP reaction forces. Only one MDC-3 should be used
per panel to allow for both LIP thermal expansion/contraction and LIP seismic
building drift.
2. Facade System Loading and Performance Objectives
Facade systems enclose interior building spaces while providing protection, insulation,
and aesthetic appeal from the exterior. Financial evaluation of typical low- to mid-rise
steel buildings indicates that the fagade system accounts for a significant portion of
building material and construction costs. During seismic events, facade panel damage
and detachment has been observed due to deformation incompatibility between the
fagade panels and attached floor slabs as the building stories undergo lateral drifts
(Hutchinson et al., 2014). Additionally, buildings subjected to extreme external lateral
pressures, such as large explosive or strong wind/tornado/hurricane events, have a
reduced chance of progressive collapse when the fagade system remains intact (NIST,
2007). Therefore, it is in the interest of both public safety and reducing probable
economic losses that the design and detailing of robust, practical facade systems is
developed herein.

A building’s facade system serves as the barrier separating the interior and
exterior environments. Differences between these environments must be resolved by the

facade system to maintain the integrity of the enclosure. Changes in temperature and
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moisture content can create volumetric strains within the facade panels depending on
material properties. Wind pressures incident upon a building’s surface must be resisted
by the facade panels, transferred to the structural frame, and, ultimately, resolved back to
the ground via the foundation. A similar transfer of forces from the panels to the
foundation must occur for any loads caused by the self-weight of the facade system; both
lateral and vertical seismic inertia forces must be accounted for in addition to panel dead
weight. Impulsive loads resulting from explosive blasts or impact debris due to blast or
extreme wind events must also be considered to protect essential facilities from these rare
but potentially high-damage hazards.

A list of credible hazards and desired performance objectives for a low- to mid-
rise steel building frame with reinforced concrete fagade panels and multi-hazard ductile
connectors (MDCs) is provided in Table 1. The proposed MDC design approach
achieves these performance objectives through capacity design principles and
consideration of the interaction between building frame and facade panels.
Characterization of the nature and magnitude of fagade panel demands is the first step in
the proposed MDC design methodology.

2.1 Minimum Fac¢ade System Design Requirements

ASCE 7-10 (2013) details minimum requirements for facade system design, including
thermal/moisture effects and loads due to self-weight (dead load), seismic inertia, and
wind. The system must provide an adequate load path for all out-of-plane (OP; direction
normal to the exterior building surface), vertical (V; direction along the panel/building
height), and lateral in-plane (LIP or IP; direction along the panel/building width, mutually

perpendicular to the OP and V directions) loads. All minimum design loads must be
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resisted elastically by the fagade system. Wind and lateral seismic panel inertia are the
minimum design OP demands. Lateral seismic panel inertia must also be considered in
the LIP direction. Vertical demands include dead weight and vertical seismic panel
inertia. The factored load combinations specified in ASCE 7 must be considered when
determining controlling design demands for both the fagade panel and connections to the
structural frame in each degree-of-freedom.

2.1.1 Thermal/Moisture Effects and Minimum Panel Strength

The volumetric expansion and contraction due to changes in temperature and moisture
content must be accounted for when designing reinforced concrete or brick and mortar
cladding facade systems. These deformations are typically accommodated locally
(within the fagcade system itself) using a combination of gaps between panels and degree-
of-freedom releases in the fagade panel-to-structural frame connections. The material
coefficients of thermal and moisture expansion can be used to estimate the maximum
(relative to nominal) panel dimensions, and joints can then be sized to allow for this
expansion without contact occurring between panels. Joints also ease the installation
process, and allow for some differential seismic displacement of the floors attached to a
given facade panel without panels coming into contact. ASCE 7-10 Chapter 13.5.3
specifies a minimum panel joint size of ’2”, however a typical 13’ by 30’ reinforced
concrete panel requires ¥4 joints to allow for the expansion due to a design temperature
fluctuation of +/- 50 degrees Fahrenheit. Without adequate joints, expanding panels can
come into contact and rapidly develop large forces resulting in cracks and potential

fracture of fagade-to-frame connections.
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The fagade panel-to-structural frame connections must be able to accommodate
both panel contraction and expansion due to thermal and moisture effects to avoid
distortion and potential fracture as the panel deforms in-plane. This is typically achieved
by including slotted bolt holes in the fagcade-to-frame connectors, and arranging these
connections to allow for in-plane panel deformations while also providing reactions in
each degree-of-freedom. The connection arrangement and slotted bolt hole details shown
in Fig. 1 and Fig. 2, respectively, satisfy these criteria; all connectors provide OP
reactions while the panel is free to deform in the LIP direction from the bottom-center
connector (which provides a reaction in this direction), and in the vertical direction from
the bottom edge of the panel, where two vertical reactions are present. This connection
configuration also provides a “simply supported beam” condition considering the panel
loaded in the OP direction (left side of Fig. 1).

For reinforced concrete panels, thermal and moisture effects require a minimum
amount of reinforcement—with a reinforcement ratio of about 0.2%—to minimize
cracking (ACI, 2011). This minimum reinforcement ratio can be used to determine the
minimum flexural strength of the panel when subjected to (say, uniformly distributed)
loading in the OP direction. For other cladding types, code requirements should be
checked to ensure all minimum strength requirements are met. If no such requirements
exist, typical as-built details of the chosen fagade type should be used to calculate the
minimum flexural capacity of the system for comparison with design wind and seismic
OP load demands.

2.1.2 Panel Self-Weight, Seismic Inertia, and Wind Demands
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The design-level wind pressure on a given fagade panel can be calculated from the
procedures in ASCE 7-10 Chapters 26 and 30. The design wind event for fagade panels
can be treated as a sustained, static load. A variety of factors—including building
dimensions, location, and site exposure—are used to formulate a design pressure profile
incident upon each building face. This pressure profile can then be integrated over the
area of the panel of interest to determine a total OP design force. For simplicity, this
design force can be treated as a uniformly distributed load over the surface area of each
panel by dividing the total OP wind force by the panel’s height and width. This
approximation allows for simple calculation of the peak flexural demand (uniformly
distributed load on a simply supported beam) to determine if the system requires
additional reinforcement beyond its minimum flexural strength. For extreme wind
events, such as tornadoes, the design wind pressure profile can be amplified by the square
of the ratio of reference wind speeds—the sustained three-second gust at ten meters
above-grade associated with an event of known annual probability of exceedance—to
determine a “maximum considered” OP wind load.

The fagade-to-frame connections must have adequate strength to support the
panel’s weight (dead load) in the vertical direction. The panel’s mass also results in
seismic inertial forces which act in the vertical, LIP, and OP directions. For panels not
located at the corner of a building (so-called “interior” panels) the controlling vertical
demand is the maximum of the panel dead load (with a load factor of 1.6), and the dead

load (factor of 1.2) plus vertical seismic panel inertia (2/3™

of the design short-period
spectral acceleration value multiplied by the panel weight). This vertical design force is

shared equally between the (typically two) vertical load-bearing facade-to-frame
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connectors. The only LIP load to consider for interior panels is the lateral seismic panel
inertia, which can be calculated using the ASCE 7-10 procedure for determining seismic
loads for nonstructural components (Chapter 13). This same force must also be
considered in the OP direction. The OP seismic inertia force should be divided by the
panel’s surface area to obtain an equivalent uniformly distributed load which can be
readily compared to the design OP wind demand (choose the controlling value
considering seismic, wind, and minimum strength requirements). For “edge” panels
located at the corner of a building, additional forces must be considered in both the
vertical and LIP directions for the seismic load case to account for contact between
panels during building drift.

2.2 Accommodation of Seismic Building Drift

In modern steel buildings, ductile design of the lateral force resisting system (LFRS) is
used to economically resist large lateral forces during seismic events. Yield of the LFRS
results in inelastic story drifts which must be accommodated by the fagade system to
avoid developing large forces due to in-plane distortion of the panels, which generally
have large, axially-stiff in-plane cross sections. This is typically done through detailing
of the fagade-to-frame connections, similar to the approach taken for thermal/moisture
effects.

Panels are anchored to the floor slabs above and below a given story, and
differential motion of these slabs in the OP, V, and LIP directions relative to each facade
panel must be accommodated by the connections. Vertical differential displacement
between floors is typically much smaller than lateral drift and can essentially be ignored

if proper accommodation of thermal/moisture expansion and contraction is included via
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vertical slotted bolt holes and an appropriate connection configuration as previously
discussed (Fig. 1 and Fig. 2). Story drift primarily in the LIP direction requires that the
horizontal slotted bolt holes specified for thermal/moisture effects be expanded to allow
for (plus/minus) the design maximum story drift (possibly considered as the code drift
limit of 2.5% of the story height or C40. where Cq is the deflection amplification factor
for the chosen LFRS and 0. is the elastic story displacement under the elastic (reduced)
design seismic inter-story shear). Building drift in the OP direction can be
accommodated through bending of the connectors about the panel’s LIP axis.

As a given story undergoes drift primarily in one direction, the panels located at
the building’s corners may experience deformation incompatibility due to differences in
the anchorage of adjacent corner panels (Fig. 1). The “OP” panel—relative to the
direction of story drift—is anchored to both the top and bottom floor considering drift in
this direction, while the “IP” panel is only anchored to one of these floors (by its LIP
connection). For the connection configuration shown in Fig. 1, contact between corner
panels will occur if the OP panel rotates towards the IP panel, which is anchored laterally
to the bottom floor. This contact can be avoided if a large, undesirable gap (equal to the
design maximum story drift) is included between the panels. Alternatively, a standard
gap can be used with connections that are detailed to act as a “fuse” along the load path to
limit the force which develops as the corner panels come into contact, thereby
accommodating seismic building drift through yielding of the connectors (Hutchinson et
al., 2014). The latter approach towards resolving the corner panel contact problem is
taken in the proposed MDC design methodology, and the mechanics of this action will be

developed in detail in a later section.
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2.3 Impulsive Loading due to Blast and Impact Hazards

Impulsive loading on a building fagade imparts an initial velocity to the panel mass based
on the principle of momentum conservation; impulse is equal to initial momentum, which
is the product of panel (effective) mass and initial velocity. This type of loading can
result from a force (or pressure) acting over a duration of time which is much shorter
(typically 1/5™ or less) than the fundamental period of vibration response of the structural
system (Chopra, 2011). This is generally an appropriate characterization of an explosive
blast when designing protective structures (DOD, 2008). Impulsive loading can also
result from an elastic collision between a mass-containing body and structure, where
momentum (or kinetic energy) is conserved. This can occur when debris due to a blast or
high-wind event impacts the building’s exterior. In either case, the integrity of the load
path from fagade panels, to connections, and through the main structural frame is critical
for protecting the building’s inhabitants, preventing infiltration of the blast or impact
missile into the building (which can significantly increase economic losses), and
minimizing the potential for progressive collapse due to damage of the primary structural
system (NIST, 2007).

When an explosion occurs, a high-velocity overpressure wave propagates radially
in all directions from the source of the blast. When this wave encounters a boundary
plane, such as the side of a building, it reflects off of the surface, exerting a brief inward
(positive) pressure. The duration of this pressure is typically about 0.01 seconds, which
is much shorter than the fundamental period of vibration response of any typical facade
system. The integral of positive reflected blast pressure over time yields the impulse

value for protective design of the fagade system. This value is a function of the charge
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weight (W; typically presented in terms of equivalent pounds of TNT), straight-line
distance between the charge and boundary surface, and the angle of incidence between
the straight-line distance ray and boundary surface normal (DOD, 2008). A more general
“standoff distance” term (denoted by the variable R), defined as the minimum along-
ground distance between the blast source and building surface, is typically used along
with W to characterize a blast event for structural design. These parameters are
commonly combined into a single “scaled distance” value, Z, equal to R divided by the
cubed root of W.

Design blast impulse values are provided in Table 2 for three ground-level blast
scenarios (BS): BS1, with a standoff distance, R, of 30 feet and a charge weight, W, of
500 1bsTNT; BS2, with R = 100 feet and W = 300 1bsTNT; and BS3, with R = 200 feet
and W = 100 IbsTNT. These values were obtained by integrating the positive pressure
values over time calculated by the numerical procedure developed by Appelbaum (2013)
for each blast scenario over a 30-foot wide by 13-foot high (typical bay width and story
height dimensions; considered the nominal area of each fagade panel) area on each story
centered on a wide, tall building surface (to eliminate edge clearing effects). Note that all
three blast scenarios have an impulse value of zero above a certain story elevation due to
the increasing angle of incidence moving up the building height. These blast scenarios
represent low- (BS3), intermediate- (BS2), and high- (BS1) intensity blast events which
span the range of applicability of the methods used by Appelbaum’s procedure in terms
of scaled distance, Z.

Table 2 also includes design impact missile impulse values, which are adapted

from the United States Nuclear Regulatory Commission (USNRC, 2007) for the
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protection of nuclear facilities against tornado effects. The design missile for “global”
(non-penetrative or local) failure is a car with mass and impact velocity determined by
the mapped tornado wind regions shown in Fig. 3. This impact missile can strike at any
elevation up to thirty feet above grade, and is treated as a uniformly distributed load for
the impulsive/dynamic characterization of the system discussed in subsequent sections.
Although the USNRC guidelines state that plastic deformation (energy dissipation) of the
car can be considered during this collision, this can be conservatively ignored to obtain a
larger design impact missile impulse value. The design impulse values in Table 2 are
compared in Fig. 4.

For a given facade panel, the controlling impulsive loading scenario is a function
of both the magnitude of the design impulse, as well as the performance objective for the
facade system subjected to that event (Table 1). Large impulsive loading events are rare
and the precise design scenario(s) will likely never occur; however, an economical,
protective design can be achieved through consideration of a spectrum of loading
scenarios and performance objectives. This is accomplished using capacity design
principles to induce a desired progression of component damage with increasing demand
along the load path where each behavioral transition is benchmarked by the controlling
load type with the performance objective to remain within that particular damage state.
This concept is illustrated in Fig. 5 for the OP loading conditions and performance
objectives detailed thus far. The design resulting from this approach will ultimately be
more robust when subjected to any load type than a design strictly considering the

maximum magnitude event. The mechanics and design of each component will be
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developed in subsequent sections to formulate a methodology capable of achieving all
desired objectives and improving fagade system performance.

3. Behavior and Mechanics of Components

The structural behavior and mechanics of each component along the facade-to-frame load
path must be understood to develop a design methodology for multi-hazard ductile
connectors (MDCs) capable of achieving all previously discussed performance
objectives. The MDC:s are critical as they link the fagade panels to the primary structural
frame and thus govern the interaction between these systems. An approach to MDC
design which utilizes round hollow structural section (HSS) tubes as key force- and
deformation-compliant elements along this load path has been investigated and is
believed to effectively achieve all MDC design requirements (Lavarnway, 2013). This
approach relies on highly plastic behavior and atypical section demands for an HSS tube
application; the tubes are oriented such that OP demands on the facade panel exert a
radial point force on the circular tube walls. Additionally, the tube wall section is
subjected to eccentric longitudinal forces when supporting the panel in the LIP and
vertical directions, which requires shear and flexural resistance from the tube wall
section. These behaviors will be developed in the following subsections, beginning with
the mechanics of facade panels and the ensuing demands imparted onto the MDCs.

3.1 Facade Panel

Common fagade panel (or veneer) types include precast reinforced concrete, brick
masonry, insulated metal panels, and exterior insulation and finish systems (EIFS). A
facade system’s mass—and, therefore, dead load, seismic inertial forces, and impulse-

momentum—is generally concentrated in the veneer elements. Typical brick masonry
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and EIFS applications include a backup wall consisting of cold-formed steel channel
sections spaced at one- to two-foot intervals (on-center); these systems rely primarily on
the flexural resistance of this backup wall to resist large OP loads. For reinforced
concrete and insulated metal panel systems, both the mass and flexural resistance are
integral to the veneer itself. Brick masonry systems are somewhat unique in that the
veneer is considered as sacrificial (contains mass but has negligible flexural resistance)
when subjected to blast loading (Salim et al., 2005); these systems require regular
anchorage (on, say, a 4-foot square grid) to the stud wall to provide (approximately)
continuous support of the fragile veneer against OP loading. Note that this discussion
refers generally to the fagade “panel” as an integrated mass-and-resistance element (such
as a precast reinforced concrete panel) for simplicity, however some fagade systems have
decoupled mass and resistance elements which conjointly form an effective “panel”;
when considering such systems, the properties of the primary mass and resistance
elements should be ascribed to the “panel” as described below.

3.1.1 Flexural Response to Uniformly Distributed OP Loading

A facade panel supported as shown in Fig. 1 can be idealized as a simply supported beam
where the primary flexural element(s) provide the material and section properties
required to characterize the system’s response to OP loading. The required panel strength
for the controlling minimum OP design load (wind, seismic inertia, and code-prescribed
minimums or typical as-built details) can be calculated assuming these demands
approximate a uniformly distributed load. The performance objective for these loads is
for the panel to remain elastic, therefore the maximum moment due to a distributed load

on a simply supported beam—equal to wh?/8, where w is the load per unit length, and h
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is the panel height—must not cause a maximum bending stress greater than the material’s
minimum nominal yield stress, oy, equal to the maximum moment divided by the elastic
section modulus, Sy. The same calculation with the plastic section modulus, Zy, replacing
S« can be used to determine a design panel strength for extreme wind loads.

The reaction forces at each edge of the panel “beam” are provided by the
combined OP action of the MDCs along each edge. For a uniformly distributed load, the
reaction force per edge, P, is equal to wh/2. A relationship between maximum panel

moment under a uniformly distributed load and the edge reaction force is given by:

L
vy (D

where M is the maximum panel moment, P is the edge reaction force, and h is the panel
height. This relationship is critical for capacity design of the panel and MDCs to achieve
the desired damage progression during extreme OP loading, where the MDCs yield prior
to the panel thereby limiting the maximum moment in the panel and protecting the
cladding from damage or failure. This MDC yield force per panel edge must be at least
great enough to elastically resist the typical design OP demands (wind, seismic inertia,
minimum panel strength requirements), and capacity protection of the panel can then be
achieved through proportional strengthening of the panel’s moment capacity relative to
the strength of the MDCs. This “fuse” concept will be revisited in detail after the critical
mechanics of the facade panel and MDCs have been fully developed.

3.1.2 Generalized Single Degree-of-Freedom Dynamic System

Design for impulsive OP loading relies on work-energy terms which can be derived from

a generalized single degree-of-freedom dynamic representation of the facade system.
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Here, the (maximum) panel deflection at panel mid-height is chosen as the generalized
displacement, and convolution integrals are performed using the section properties and
deflected shape function over the panel’s height to determine the dynamically-equivalent
SDoF mass and elastic stiffness. The shape function, y(x), is assumed to be proportional
to the first mode shape (with unit magnitude) for a simply supported beam with a

constant cross section and is given by:
. (TX
w(x)=sin () 2)
where x is the dimension along the panel height, h. The equivalent SDoF elastic
stiffness, k*, is given by:

b dy(x)
dx?

k*=EI, dx (3)
0

where E is the material’s modulus of elasticity, and I is the cross section’s moment of
inertia. Note that Ix should be taken as the cracked section moment of inertia for
reinforced concrete facade panels (can be estimated as, say, one half of the gross section
moment of inertia). The generalized SDoF mass, m*, is required for calculation of the
panel’s initial velocity and kinetic energy when subjected to an impulsive load, and is

given by:

h
m*=mj(; rn(w(x))2 dx 4)

where m is the panel mass per unit length (along the panel’s height).

The generalized SDoF mass term given by Equation (4) is equal to one half the
total panel mass assuming a constant cross section up the panel’s height. This
generalized “half mass” term is only valid if the panel supports—provided by the MDCs

along each panel edge—remain elastic thereby providing the necessary boundary
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conditions for first mode dynamic response (assumed shape function; Equation (2)) of the
panels. For large impulsive loads, plastic response of the MDCs may be chosen as the
performance objective (Table 1) to limit the edge force (and bending moment; Equation
(1)) imparted onto the panel (Fig. 5). In these cases, the panel mass effectively translates
in the OP direction as a rigid body with a unit shape function. Substituting a unit shape
function into Equation (4) results in a generalized SDoF mass, m*, equal to the total mass
of the panel. In summary, when considering impulsive OP loads where the MDCs are
designed to act as plastic force-limiting elements (plastic MDC performance objective),
the generalized SDoF mass should be taken as the full mass of the panel; otherwise
(elastic MDC performance objective), the generalized mass should be taken as one half
the total panel mass.

3.1.3 Kinetic, Elastic Potential, and Plastic Work Energies

The response of a facade system subjected to an impulsive load can be characterized
using the generalized SDoF dynamic system developed in the previous section and an
expression of energy conservation. The impulse divided by m* gives the initial velocity
of the generalized SDoF system, vi*. The initial kinetic energy of the (generalized)
panel, KEp, is equal to the product of one half m* and the initial velocity squared, which

can be expressed as:

2

KEp= ®)

2m*

where ID is the design impulse value, and m* is the generalized SDoF system mass
(Equation (4)). The inversely proportional relationship between initial kinetic energy and
mass means that, from a design perspective, a more massive facade system (such as

reinforced concrete panel or brick masonry systems) benefits from less kinetic energy
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which must be conserved through elastic storage or plastic work for a given impulse
magnitude.

Equation (5) represents the initial state of the system subjected to an impulsive
load. The system will eventually come to rest, at which time the panel will be at its point
of maximum deformation. The transition between these two states can be represented as:

KEp=PEp+Wp (6)
where PEp is the elastic potential energy stored in the deformed panel, and Wp is the
plastic work performed during any permanent deformation of the panel. Equation (11) is
an expression of energy conservation between the initial and deformed system states.
The right-hand terms in this equation can be calculated from areas under the force-
deformation (or moment-rotation) curve. Deriving these terms requires an understanding
of the panel’s force-deformation response from the elastic region to the point of failure.

The moment-rotation relationship of a flat, simply supported (along 2 edges) plate
subjected to uniform impulsive loading can be approximated as linear-elastic perfectly-
plastic with maximum moment taken as the average of the elastic (SxRy0y, where Ry is
the expected material over-strength relative to the minimum nominal yield strength, oy)
and plastic (ZR,0y) section capacities (DOD, 2008). Substituting this maximum
moment into Equation (1) and rearranging terms gives an expression for the panel edge
reaction force, P, at (dynamic, elasto-plastic) flexural yield. This yield force can be
divided by the equivalent OP stiffness at mid-height of the panel, k*, to obtain the

maximum elastic panel deflection, 8y, calculated as:

2
8y= @ (SX+ZX)RyGy (7)
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where k* is the generalized SDoF stiffness (Equation (3)), and all other terms have been
previously defined. This stiffness and maximum deformation can be used to calculate the

elastic potential energy of the deformed panel, PEp, as:
1o 1
PEP=§k 8y=§P6y (8)

where all terms have been previously defined. The right-most form of this equation is
useful for the capacity design of MDCs as it puts the panel’s elastic potential energy in
terms of the OP reaction force per edge.

The yield deflection given by Equation (7) can be converted to a hinge rotation at

yield, 6y, considering small angle approximations and disregarding elastic deformations:

45
e:

= ©)
where all terms have been previously defined. This conversion is useful when
considering the panel’s plastic work capacity; UFC 3-340-02 provides moment-rotation
relationships with damage states correlated to plastic hinge rotations up to the point of
failure (DOD, 2008). For a flat steel plate, twelve degrees of hinge rotation (six degrees
at each end) corresponds to failure of the panel. Similar rotation limits for reinforced
concrete slabs can be found in UFC 3-340-02, and are justified by examining the section
mechanics of a typical six-inch thick reinforced concrete fagade panel. These rotation

limits, along with Equation (1), can be used to calculate the plastic work capacity of an

(assumed) elasto-plastic fagade panel:

Ph 1
WP= T <6max' E ey) (10)

where Omax 1S the maximum plastic hinge rotation given by UFC 3-340-02 (or otherwise

derived), and all other terms have been previously defined. This expression is put in
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terms of the OP reaction force per panel edge, P, similar to Equation (8). The value
which this panel edge reaction term takes is governed by the force-deformation
relationship of the MDCs, which include round HSS tubes as a critical force-compliant
element in the OP load path.

3.2 Round Hollow Structural Section (HSS) Tubes

The proposed MDC design approach includes round hollow structural section (HSS)
tubes oriented such that OP panel demands apply a radial load to the circular tube walls
(Fig. 1 and Fig. 2). For this type of load, the elastic stiffness, initial plastic mechanism
strength, and post-yield hardening behaviors are of interest considering both crushing
(radial deformation towards the section’s center) and pulling (away from center)
deformations. Additionally, MDCs which anchor the panels in the LIP and V directions
rely on the tube wall section to elastically resist the combined shear and moment
demands caused by these eccentric (relative to the tube’s central longitudinal axis) forces.
3.2.1 Radial Force-Deformation Relationship

The elastic stiffness and initial plastic mechanism strength are identical in the radial
crushing and pulling directions, however the post-yield behaviors differ due to the
difference in boundary conditions resulting from the large deformation mechanics that
develop: when crushed, the circular section is flattened along the (assumed rigid) plates
on either side, while the pulling direction straightens the circular cross section without
rigid boundary constraints until it acts essentially as a tension member. These behaviors
are illustrated in Fig. 6.

3.2.1.1 Elastic Behavior
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The initial plastic mechanism strength is the most critical mechanical property as it must
be large enough to resist the panel edge reaction force for OP demands with an elastic
MDC performance objective, and also determines the magnitude of post-yield forces in
either loading direction. The initial plastic mechanism strength, Py, can be calculated by

the principle of virtual work considering the formation of four flexural plastic hinges:

t#esR, 0,1

I'gss

where tygss is the HSS section wall thickness, lyss is the (longitudinal) length of the HSS
section, ryss 1S the outer radius of the HSS section, and all other variables have been
previously defined. The (linear) elastic stiffness, kyss, of a radially-deformed round HSS

section (both crushing and pulling) is given by Roark’s Formulas (Young & Budynas,

2002) as:
n 2\ [ Elyssts (14779.3ksi)t}eqlyss
kHSS=<_‘_) —— 2 (1) |= 0 (12)
4 n 121755 Tyss

where E is the material modulus of elasticity (29000 ksi for steel), v is the Poisson’s ratio
of the material (0.3 for steel), and all other terms have been previously defined.
Equations (11) and (12) can be used to calculate the elastic potential energy of these

radially-deforming HSS tubes, PEyss, given by:

=— 13
2kpss (13)

where all terms have been previously defined.

3.2.1.2 Crushing Behavior
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The post-yield HSS crushing behavior is critical for sizing the HSS for large design
impulse scenarios, where a conservation of energy approach is used to determine the
required MDC hysteretic work to ensure a desirable progression of damage in the
connectors and facade panel. Both geometric effects and material stress-strain
nonlinearity must be accounted for when formulating a force-deformation relationship for
radial crushing of a thin-walled circular section. A suitably accurate model was
formulated by Reid and Reddy (1978) which includes elliptically-deformed “plastica”
hinge regions which spread along each side tube wall allowing for slope continuity
(geometric effects), and a bilinear material stress-strain model (material nonlinearity).
The resulting (normalized) force-deformation model is included in Fig. 6. This model
has shown strong agreement with both experimental and analytical results (Reid &
Reddy, 1978; Lavarnway, 2013), albeit without an elastic loading region.

For design purposes, the post-yield crushing model is approximated by a linear
function which reaches twice the initial plastic mechanism strength (2P, where Py is
given by Equation (11)) at a radial deformation equal to 2/3 the original tube diameter.
This model simplifies the MDC blast design calculations while providing a nearly
identical hysteretic work term to the conservation of energy expressions used to size the
HSS tube for large blast scenarios. A deformation of 2/3 the original tube diameter is
assumed to be the maximum crushing deformation for design because complete crushing
of the tube is impossible due to the presence of bolts/nuts on the MDC plates.
Additionally, the rapid strength increase observed beyond 2/3 the original tube diameter

would require proportional strengthening of the facade and building frame and is thus
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avoided. With these approximations, the plastic work capacity of a radially crushed HSS
tube, Wyss, 1s given by:

3P0 )

Whss=Po (2rHss- Kores (14)

where all terms have been previously defined. Note that this work term represents the
area under the idealized force-deformation curve shown in Fig. 6 (Equation (14) subtracts
out elastic deformations, which are not pictured in Fig. 6).

3.2.1.3 Pulling Behavior

HSS pulling behavior is relevant for panels located at the corner of a building, where
contact will occur during large seismic drifts. The assumed geometry of a radially pulled
HSS includes rigid rotation of the HSS section about the plate-adjacent plastic hinges,
and straightened “free” hinge regions spanning the points of tangency perpendicular to
the plate surfaces (Fig. 6). The following relationship between pulling deformation, dpui,

and the straightened length of the HSS section, 1, can be derived:

. (Trass-l
Opull=2THss (Sln ( > p) '1) +, (15)

I'gss

where all terms have been previously defined. This changing geometry with increased
pulling deformation reduces the effective radius, r.s, between the plate-adjacent and
“free” plastic hinges, which increases the plastic mechanism strength according to
Equation (11) replacing ryss with rer.  With the assumption that the total length around
the deformed HSS section remains equal to its original circumference, the effective
radius, refr, can be calculated as a function of the straightened length of HSS section by

the following equation:
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Tryss-lp
Tef=Thss | 1-cos s (16)

where all terms have been previously defined. For a given pulling deformation, Equation
(15) can be solved numerically for l,, which can then be used to solve for ry using
Equation (16). The effective radius, res, replaces the ryss term in Equation (11), giving
the following expression for the post-yield HSS pulling force, Pp:

1.5P0rHSS
Pp= Tra LlysstussRyoy (17)
€

where 1.5 is a (conservative) factor to account for material stress-strain hardening, Py is
the initial plastic mechanism strength (Equation (11)), res is the effective radius (Equation
(16)), and all other terms have been previously defined. The terms to the right of the
inequality limit the pulling force to the expected yield force of the tube walls in pure
tension.

The normalized HSS pulling force-deformation curve in Fig. 6 indicates a rapid
stiffness increase as the section approaches the pure tension force limit. It is
advantageous to limit the HSS pulling deformation to a maximum value preceding this
rapid hardening to limit the force which develops when adjacent corner panels come into
contact during seismic building drift. A suitable HSS deformation limit was found by
disregarding the “straightening” of tube walls discussed in the previous paragraph and
simply rotating the HSS section quadrants rigidly about four discrete plastic hinges. The

maximum pulling deformation, Oimit, Which can be achieved by this method is given by:

Syimi=2rnss (V2-1) (18)
where all terms have been previously defined. This value corresponds to rapid hardening

behavior observed in the HSS pulling force-deformation model, as well as finite element

137



12/05/2017 MDC Design Procedure Derek Slovenec

analysis (FEA) simulation results. For design purposes, any required outward OP MDC
deformation greater than the value given by Equation (18) will be accommodated by
yielding of the MDC plates at or below an HSS pulling force of about 3.5 times (Fig. 6)
the initial plastic mechanism strength, Py (Equation (11)).

3.2.2 Tube Wall Section Shear and Flexural Demands

MDC types 2 and 3 anchor the panel in the vertical and LIP directions, respectively, in
addition to their OP action. The tube’s longitudinal axis must be oriented parallel to the
non-OP anchorage direction (LIP for MDC-3, V for MDC-2s) to maximize the weld line
and tube wall section stiffnesses considering these demands. All vertical and LIP
demands have an elastic MDC performance objective (Table 1). To satisfy this criteria,
the combined stresses acting on the tube wall sections must be evaluated to ensure
premature failure of these MDCs does not occur under design-level loading. Yield of the
tube wall section should be checked for the controlling combination of normal (OP) and
shear (LIP for MDC-3, V for MDC-2s) stresses using a von Mises yield criterion (Fig. 7).
Shear yield of the wall section should also be checked, particularly for short MDC-3
lengths on corner panels. As previously discussed, vertical and LIP loads are considered
to act at mid-thickness of the veneer, which creates a moment demand (additional OP
normal stress) for the tube wall section. Note that only OP loads with an elastic MDC
performance objective should be considered when checking the combined stress on the
section (i.e. if the controlling OP demand is a high-magnitude impulse where MDCs are
expected to yield, do not combine this normal stress with others; instead, choose the
largest OP force which requires elastic MDC response to combine).

4. Design of Components to Achieve Performance Objectives
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The most critical MDC component is the length of round HSS tube which is proportioned
between the three MDC types to elastically resist all LIP (MDC-3) and vertical (MDC-
2s) demands while providing equal OP resistance (all MDC types) at the top and bottom
panel edges to achieve all OP performance objectives (Table 1). The total length of HSS
tube on each panel edge must be equal to ensure simultaneous yielding (crushing of HSS
tubes) of the panel supports to capacity-protect the panel. The HSS tube in each MDC is
attached to a steel plate on either side using a full-length steel bar welded to the outer
surface of the tube, and then welded into the thickness of a through-slot in the plate. A
group of bolts on each plate attaches the MDC to the facade panel on one side and
structural frame on the other. Slotted bolt holes and strategic arrangement of the MDC
types allow for accommodation of all thermal panel expansion/contraction and LIP
building drifts without distorting the panel (Fig. 1 and Fig. 2). Each MDC component
must be detailed to resist the expected—and, in the case of the MDC-2s and MDC-3,
combined—forces along the load path to achieve all performance objectives in all
degrees-of-freedom.

The flexural capacity of the fagade panel is determined as a function of the
MDCs’ OP strength per panel edge to capacity-protect the panel during hazardous
loading events. The OP strength of MDCs also determines how much force can be
transferred from the fagade system to the main structural framing. The collective strength
capacity of all MDCs attached to each floor diaphragm whose OP action is parallel to the
principal direction of a set of building LFRS frames can be thought of as a design lateral
force demand for these frames in addition to the typical (wind, seismic) LFRS demands.

The nature and magnitude of the various OP load types on the facade system limits the
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probable proportion of the full MDC strength capacity which can realistically be
considered as a design lateral force for the building LFRS. Capacity design of the LFRS
for the maximum expected force transfer from the facade system represents another step
towards bolstering building performance considering any type of hazardous loading
scenario. This concept will be revisited after the MDC and facade panel design
approaches are fully detailed in the following subsections.

4.1 Multi-Hazard Ductile Connectors (MDCs)

MDC design begins with determining the required length per fagade panel edge of a
chosen HSS section to meet all OP performance objectives. A seismically compact (per
AISC 341) HSS section should be chosen at the start of the design and iterated upon if
the resulting design is impractical. Note that, although the seismically compact section
criteria in AISC 341 is for a round HSS tube compressed along its longitudinal axis
(which is not the load case here), this or some other compactness criteria should still be
included considering the highly ductile behavior expected of the HSS tubes. The total
tube length per panel edge and distribution of this length amongst MDC types must be
capable of achieving all performance objectives summarized in Table 3. Some iteration
may be necessary to find an HSS section which requires a reasonable length per panel
edge. If excessive tube length is required (say, greater than 100”), the required number of
bolts and overall size of the connectors reduces the practicality of utilizing MDCs.
However, if not enough tube length is required (say, less than 30” per edge), strength
issues arise when proportioning the tube length per edge between the MDC-2s and MDC-

3 due to moment demands caused by vertical and LIP load eccentricities, respectively.
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Six-inch diameter HSS sections have been found to be effective for reinforced concrete
panel MDC design

4.1.1 Sizing HSS Tube Length per Panel Edge for Out-of-Plane (OP) Demands

For non-impulsive demands with elastic MDC performance objectives, the controlling
required HSS length (for a chosen section) per panel edge can be solved for using
Equations (1) and (11):

WhrHSS 4MrHSS
- 19
2Ry0yt%{SS hRyGytIz{SS (19)

lyss=

where w is the uniformly distributed (force per unit panel height) load demand, M is the
maximum panel moment resulting from w, and all other terms have been previously
defined. This length should be compared to the maximum tube length obtained
considering the impulsive loading scenarios and associated performance objectives, and
the controlling (maximum) value should be chosen as the trial length per panel edge for
the chosen HSS section moving into the V and LIP load considerations, which determine
the distribution of total tube length to each MDC type. HSS section properties relate to
design-critical OP behaviors by the proportional relationships given in Table 4. This
table can be used to assist in the selection of a round HSS section depending on which
OP design consideration (hazard plus performance objective; Table 1) controls the design
tube length.

Design of the MDCs for the impulsive OP loading scenarios and performance
objectives given in Table 3 relies on the conservation of energy expression given by
Equation (6), with the addition of the HSS energy terms given by Equations (13) and (14)
to the right-hand side, and substitution of the HSS crushing strength (Equation (11), Fig.

6). The lyss terms in the aforementioned equations can be thought of as the required tube
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lengths per panel edge. Considering the generalized SDoF system upon which Equation
(6) is based, the OP force-deformation action provided by the top and bottom sets of
MDCs can be readily added into this system as OP translation at these connection points
translates directly to translation at panel mid-height, which is the generalized
displacement coordinate. To ensure capacity protection of the panel up to the maximum
crushing deformation of the MDCs (Fig. 5), the panel edge reaction force term, P, in
Equations (8) and (10) should be replaced by the maximum HSS tube crushing strength,
2P, (two times Equation (11)). With these modifications to Equation (6), the impulsive
loading design equation is given by:

KEp=2PEgstPEp(2P)+2WgstWp (2P) (20)
where KEp is the initial elastic potential energy of the facade panel subjected to a known
impulse (Equation (5)), PEgss is the elastic potential energy of the radially-crushed HSS
tube length per panel edge (Equation (13)), PEp(2Py) is the elastic potential energy of the
facade panel (Equation (8)) with the maximum crushing strength, (2Po, where Py is given
by Equation (11)) of the HSS tube length per panel edge substituted for the panel edge
reaction force, P, Wyss is the plastic work capacity of the HSS tube lengths per panel
edge (Equation (14)), and Wp(2Py) is the plastic work capacity of the facade panel with
2P, replacing P in Equation (10). Note that the plastic work terms take values of zero
whenever the performance objective for that component subjected to a given design
impulse scenario is to remain elastic.

Substituting the known work-energy expressions into Equation (20) yields the

following (equivalent) expression:
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where all terms have been previously defined. This expression can be solved for Py for a
given design impulse value. For a chosen HSS section, Py can then be solved for lyss per
panel edge. This HSS length can be compared to the minimum length calculated from
Equation (19), and the larger value (rounded up to, say, the nearest quarter inch) is
chosen for MDC design using the chosen HSS section. The eccentric vertical and LIP
demands can then be considered to proportion the total length per panel edge between
MDC-2s and the MDC-3.
4.1.2 Accommodation of Corner Panel Contact during Seismic Building Drift
The previously discussed corner panel contact issue during seismic building drift can be
accommodated through plastic yielding of the MDCs. This issue can be disregarded for
“interior” facade panels, however it can largely control the choice of HSS cross section
and distribution of tube lengths per MDC type for “edge” panels and should, therefore, be
the next design consideration for edge panels once the OP performance objectives have
been dealt with. With the connection configuration shown in Fig. 1 an initial distribution
of, say, equal tube length per MDC can be made to estimate the relevant forces due to
corner panel contact (in general, the MDC-3 will have a greater length than each MDC-
2). This distribution of lengths and resulting contact forces can be iterated as needed
until a reasonable design which satisfies all criteria is achieved.

The connector “fuse” approach is illustrated in Fig. 8 with a combined MDC
mechanism (on the OP panel) which minimizes the internal work performed to
accommodate the required deformation assuming rigid panel behavior. A straight line—

along which the OP panel deformation varies linearly—can be drawn between the point

143



12/05/2017 MDC Design Procedure Derek Slovenec

of panel contact and the perpendicular line about which the OP panel rotates (line of zero
OP deformation). For each MDC, the perpendicular distance from the zero deformation
line can be used to calculate the required OP deformation inwards (HSS crushing) or
outwards (HSS pulling). The HSS crushing and pulling models are then prescribed these
deformations, and the sum of their OP forces is the contact force, Fc, which develops
between the panels during corner panel contact. Deformations input into the HSS pulling
model should be limited by Equation (18), and any additional required OP deformation
will be accommodated through outward yielding of the MDC plate(s); for typical MDC
HSS sections and panel dimensions, the required OP MDC deformation only exceeds the
value given by Equation (18) for the MDC (type 1) nearest to the panel contact location.
The contact force must be resisted elastically by the MDC-3 on the IP panel, as well as
through a vertical force-couple provided by the IP MDC-2s to resist the moment caused
by the location of the contact force. Note that both of the adjacent panels which meet at a
building corner must be designed to act as both the “OP” and “IP” panel to accommodate
seismic panel contact due to building drift in either lateral direction.

The maximum vertical MDC-2 force due to seismic panel contact can be
calculated by considering the panel as a beam (in the LIP-V plane) supported by the
MDC-2s with an applied moment at one end equal to the contact force multiplied by the
panel height (right side of Fig. 8). Resistance of this moment requires an upward contact
force, Fcv, at the far-side MDC-2 given by:

hF
Fev=—=- (22)

where Fc is the lateral force due to corner panel contact during seismic building drift, b is

the width of the fagade panel, and all other terms have been previously defined. This
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force is additive with the (factored) dead load and vertical seismic panel inertia, and
should, therefore, be included when performing HSS tube wall section checks and
connection detailing strength designs considering the seismic (plus factored dead load)
load case. As with all V and LIP loads, the design contact forces given by Equations (21)
and (22) are considered to act at mid-thickness of the veneer. This eccentricity must be
included when considering the combined state(s) of stress which the MDC-2s and MDC-
3 must elastically resist.

4.1.3 Eccentric Vertical (V) and Lateral in-Plane (LIP or IP) Demands

The controlling V and LIP load cases discussed in Sections 2.1.2 and 4.1.2 must include
the eccentricity of these loads. Moment demands can be calculated by multiplying the
controlling force values by a conservative design eccentricity. For simplicity, the facade
panel (at mid-thickness) and structural frame (at the MDC plate-to-structural frame
boundary) are assumed to have equal flexural stiffness; this implies that an inflection
point (point of zero moment) in the deformed shape of the frame-MDC-panel system
exists halfway between the “boundaries” (panel mid-thickness and MDC plate-to-frame
boundary). The design eccentricity—illustrated in Fig. 9—is taken as the distance
between this inflection point and the MDC plate-to-frame boundary. A conservative
assumption that the MDC plates are one inch thick can be used, and the design
eccentricity, €qes, can be calculated as:

U
Cdes™ Z+rHSS+tP (23)

where tr is the thickness of the facade panel, tp is the thickness of each MDC plate
(preliminary assumption of one inch), and all other terms have been previously defined.

The controlling vertical and LIP design forces should be multiplied by Equation (23) to
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determine the design moments for MDC-2s and MDC-3, respectively. All combinations
of the vertical/LIP, moment, and (eclastic) OP demands must be considered when
performing HSS tube wall limit state checks (Section 3.2.2), as well as detailing
calculations for the MDC-to-plate welds and bolted connection designs.

4.1.4 Proportioning Total HSS Tube Length per Panel Edge for each MDC Type
With all design demands for the chosen HSS section and calculated tube length per panel
edge, the distribution of tube lengths between MDC-2s and the MDC-3 can be
determined. The connection configuration shown in Fig. 1 and discussed in Section 2 is
assumed as this arrangement is compatible with all in-plane (thermal/moisture effects and
seismic building drift) deformation requirements while also allowing for kinematic
adjustment of the panel at the vertical load-bearing (MDC-2) connections during panel
installation. The design tube length per edge should be divided evenly among the (three)
MDC-1s along the top panel edge. Ideally, each MDC-1 should contain between one and
two feet of tube because the plates attaching the tube to the structural frame will be at
least long enough to accommodate the seismic drift bolt slots, and it is advantageous—
particularly for edge panels, where plate yielding is used to accommodate panel contact
due to seismic building drift—for the tube to span about the same length as these long
slots. Four bolts are used to connect each MDC-1 plate (frame-side and panel-side): two
above the HSS and two below. The length of the frame-side plate (in the direction of the
tube’s longitudinal axis) will be at least two long slots, plus two bolt-to-edge distances,
plus one bolt centerline spacing distance. Assuming a story height of 13°, an allowable

drift of 2.5%, and bolt diameters of 17, the slot length is calculated to be +/- the building
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drift (13°x0.025 = 4”) plus the bolt diameter (1), or about 9” total. Therefore, with the
edge and centerline spacing, the total plate length will be about two feet.

The distribution of the total required HSS length per panel edge to the MDC-2s
and MDC-3 can be determined once all controlling vertical, LIP, and moment demands
are calculated. The length of tube in the MDC-2s and MDC-3 affects the HSS-to-plate
weld and plate-to-panel/frame bolted connection details, which in turn affect the MDC
plate dimensions. Some practical limits exist on the maximum height of MDC-2s (say,
eighteen inches), as well as the MDC plate thickness which should be no greater than one
inch (or whatever value was assumed for the design eccentricity) based on Equation (23).
The recommended approach is to: (1) assume an HSS length for the MDC-2s; (2)
determine the remaining HSS length per edge for the MDC-3; (3) check the MDC-2 and
MDC-3 tube wall section limit states (Section 3.2.2 and Fig. 7); (4) calculate the required
HSS-to-plate weld and bar sizes (which set a minimum MDC plate thickness); (5)
determine MDC plate dimensions based on bending strength, bolt size/spacing, and
connection limit states; (6) calculate the required number and size of bolts per MDC; and
(7) iterate as needed until a reasonable design is achieved (change MDC-2 HSS length
first, then, if necessary, choose a new HSS section). For interior panels, the length of
tube per MDC-2 should be roughly between six inches and one foot. For edge panels,
achieving the proper balance between HSS length proportioned to the MDC-2s and
MDC-3 is more difficult due to the large seismic building drift panel contact force. For
these panels, the HSS-2 tubes should be roughly eight to eighteen inches long, while the
MDC-3 should have one to two feet of HSS tube.

4.1.5 Connection Detailing Considerations
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The HSS-to-plate welds—illustrated in Fig. 9—consist of two legs spanning the full HSS
tube length which connect the outer surface of the tube to a weld bar, and two full-length
weld legs connecting the weld bar (on the back-side bar surface parallel to the HSS
surface tangent) to the MDC plate through its thickness. The weld size can be specified
by using the elastic vector analysis method (AISC, 2010b) to calculate the required weld
strength per thickness for each source of stress (load and moment), and then combining
these “stresses” using a vector sum of the normal and shear components for all load
cases. Once the maximum weld “stress” is determined, the weld size can be specified per
AISC 360 (2010b). Note that the bar-to-plate thickness welds will have a slightly
reduced effective throat due to the oversize of the MDC plate slot (similar to a standard
bolt hole; slot width 1/16-inch greater than weld bar width), therefore the thickness of
each weld leg should be increased by 1/16-inch to ensure adequate strength considering
the minimum plane area through the weld. The required weld thickness determines the
minimum dimensions of the weld bar and MDC plate thickness; as shown in Fig. 9, the
weld bar must have a width (tangent to HSS surface) equal to at least two weld
thicknesses and a depth (into the plate thickness) of at least one weld thickness, while the
MDC plate thickness is at least two weld thicknesses.

The weld bar width should be increased above the minimum if a larger cross
sectional area (length—equal to the full length of the HSS tube—by width) is required to
develop the full strength of the welds. For ease of construction, all MDC plates (types 1,
2, and 3) should have the same thickness, therefore the minimum MDC plate thickness
for a given panel is the twice the maximum required weld thickness for all MDC types.

The depth (into the MDC plate thickness) of the weld bars for each MDC should be the
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largest nominal bar dimension increment for which the bar-to-MDC plate welds remain
within the thickness of the MDC plate; this allows for easier access to the weld location
during fabrication of the MDCs while maintaining a flat surface on the backside of each
MDC plate. Note that a bevel along the inside edge of the MDC plate weld bar slot (Fig.
9) is necessary for the HSS tube to sit flush against the MDC plates, which is consistent
with the boundary conditions in the round HSS crushing model (Fig. 6). This slot in the
MDOC plates should have a standard oversized width (1/16-inch greater than the weld bar
width), and circular ends (Fig. 2) to allow for expansion of the weld filler material under
stress and to eliminate stress concentrations in the plate due to geometric discontinuity.
From the center of these circular slot-ends, the minimum bolt hole center-to-plate edge
distance (AISC, 2010b) can be added to the length of the HSS tube per MDC to
determine the minimum MDC plate dimension in the direction along the tube’s
longitudinal axis.

The MDC plate dimensions and bolted connection design are highly
interdependent. Example illustrations of the bolts and slotted bolt holes for each MDC
type and plate side are shown in Fig. 2 and Fig. 9. Four bolts are used for the MDC-1s to
prevent the frame-side plates from becoming excessively long due to the long lateral
slotted bolt holes. The length of these slotted holes is equal to +/- the maximum building
story drift (2.5% of the story height for new construction) plus the bolt diameter. These
long slots also serve as the lateral thermal expansion/contraction slots for the MDC-1s.
Standard thermal expansion/contraction slots are included on the panel-side MDC-1
(vertical slots) and MDC-2 (lateral slots) plates. Thermal expansion slots have a length

equal to the expected expansion/contraction of the panel (about +/- 3/8-inch for
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reinforced concrete panels) plus the bolt diameter. Standard bolt holes are used for all
MDC-3 bolts. All bolt hole centers—including at the extreme ends of slotted holes—
should be at least one tube diameter away from the centerline of the HSS-to-plate
connections to allow for access to the bolts/nuts during installation, and to prevent
premature contact between the bolts/nuts and HSS tube wall during crushing as the tube
flattens against the plates. For MDC-2s and the MDC-3, the number of bolts along the
longitudinal axis of the HSS tube should be determined considering the minimum bolt
hole center-to-center spacing (2-2/3 to 3 times the nominal bolt diameter) and available
length of MDC plate in this direction. This close spacing limits undesirable bending of
the plates about the axis perpendicular to the HSS tube’s longitudinal axis. Following
these guidelines, preliminary bolt diameters can be assumed—say, one inch for MDC-1s
and 2-inch for MDC-2s and the MDC-3—and minimum bolt spacing requirements will
determine the number of bolts and trial size of each MDC plate.

Once a trial MDC plate size has been determined, its plastic capacity can be
calculated considering a uniform outward pulling force applied to the plate by the HSS
tube. The plate can be analyzed as a beam with this pulling (point) force acting at its
center and fixed boundary conditions provided by the bolt lines on either side of the HSS
tube (bottom of Fig. 9a). The plastic mechanism of this “beam” requires hinges just
inside the supports (bolt holes) and a hinge at the location of force application. For plates
required to yield outwards to accommodate corner panel seismic contact (typically only
MDC-1 frame-side plates), the rigid body kinematics of this plastic mechanism should be
examined to ensure that the required outward deformation of the plate does not exceed

the recommended limit of ten degrees (DOD, 2008) of hinge rotation for flexural plate
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yield (bolts can be moved farther apart to reduce required rotation, if necessary). If the
strength of the plates is less than the controlling outward MDC demand (with an elastic
performance objective), the plate’s height (along the HSS tube’s longitudinal axis) and/or
thickness can be increased. If a plate which is required to yield outward is calculated to
be stronger than the HSS pulling force at its maximum deformation, the plate section can
be reduced by drilling empty holes between the bolt holes and HSS tube centerline.
Alternatively, another iteration of the MDC design can be attempted with a weaker HSS
tube (larger radius and/or smaller thickness) to increase the required length of tube per
panel edge, reduce MDC weld thickness and, consequently, minimum MDC plate
thickness, thereby weakening the plate.

For plates on the panel side, the required prying stress from the bolt hole to the
plate edge should also be calculated and limited (by extending the bolt-to-edge distance,
if necessary) to less than the maximum compressive stress of the panel material.
Regardless of which side the plate is on, the required prying force from each bolt line
should be calculated to include in the bolt strength design procedure. For MDC-1s, this
prying force plus the maximum OP force on the MDC should be used to size the four
bolts on either side of the HSS tube. For MDC-2s and the MDC-3, these same forces
should be considered along with shear interaction from the controlling vertical and LIP
demands, respectively. If the required bolt diameters differ from those assumed to obtain
a trial plate size, the process must be repeated to ensure all plate strength and bolt spacing
and strength requirements are satisfied. Finally, the bolted connections and plate should

be checked for bolt bearing/tear-out, block shear, net section fracture, and gross section
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yield limit states to prevent premature failure along each MDC load path. A summary of
MDC connection design considerations is provided in Table 5.

4.2 Capacity Design of Facade Panels

The required flexural strength of the fagade panel is a function of the controlling support
strength provided by MDCs. The target behavior of the system is for the panel to reach
its maximum moment capacity when the HSS tubes reach their maximum crushing
deformation corresponding to a force equal to twice their initial plastic mechanism
strength, Py (Equation (11)). Assuming the demands on the panel approximate a

uniformly distributed load, the design panel moment capacity, Mp, is given by:

_Poh

M
)

(24)

where Py is the MDC strength per panel edge (Equation (11)) and all other terms have
been previously defined. Proportioning the of the facade panel and MDCs strengths in
this manner regardless of the controlling OP hazard and performance objective follows
the capacity design philosophy of designing for a desired progression of damage along
the load path. This approach provides a guarantee of some force-limited protection of the
panel’s integrity regardless of the loading type or magnitude.

4.3 Building Frame Interaction

Proportional strengthening of the facade system for high hazard events ultimately allows
larger forces to propagate into the main building frame during such events. An early
question raised in this research was whether this reinforcement would require
proportional strengthening of the building’s LFRS relative to traditional design lateral
loads due to wind and seismic inertia. The resulting inter-story shear forces considering,

say, all MDCs at their initial mechanism strength, Py (Equation (11)) is on the order of—
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and in some cases exceeds—traditional LFRS design demands. However, the nature and
likelihood of an event which would create such a load case is unknown and may be
unrealistic. Preliminary analysis of buildings with MDCs subjected to blast scenarios
suggests that, although several facade panels may develop their ultimate capacities, the
spatial and temporal distribution of these forces acting on the main structural framing
results in peak LFRS demands which are generally much smaller than what might be
predicted considering a “facade strength development” LFRS design force equal to some
fraction of the total potential force transfer from facade-to-frame. The analysis models
used in this investigation included MDCs which frame directly into the main building
floor mass (with rigid diaphragm constraints), and the inertia of this mass may be
adequate to effectively “absorb” the brief, large forces the facade exerts on the main
building frame (impulsive loading relative to the main building systems; see Equation (5)
with large mass term). Additional work is required to determine if local elements at the
MDC-to-frame interface might experience significant damage during these scenarios.
5. Integrated MDC Design Procedure
The detailed procedures from the previous sections will be summarized in this section
with a step-by-step guideline to the proposed MDC design procedure. An example
design of a reinforced concrete fagade panel system with MDCs will be presented, as
well as a discussion of the viability of the proposed approach for other common facade
types.
5.1 Step-by-Step Design Guideline

1. A few known values and assumptions should be established going into the MDC

design procedure, such as:
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Gross building dimensions (BxDxH), location (story, interior or edge
panel) and type (material weight/mass, flexural properties) of fagade panel
to be designed.

Establish performance objectives for panel subjected to various hazards
(Table 1).

Assume a configuration for MDC types (Section 2, Fig. 1).

2. Assume a round HSS section (typically with diameter of four to six inches) and

size the required length per panel edge to satisfy all OP demands (Section 4.1.1).

a.

C.

Obtain design reference wind speed and seismic spectral acceleration
values. Follow the procedures in ASCE 7-10 to calculate the design
components and cladding load for the fagade panel of interest. Also
determine any minimum panel strengths which might provide a lower-
bound limit on the MDC and panel strengths.

Utilize design blast scenario impulse values (Table 2) and conservation of
energy expression (Equation (20)) to determine controlling impulse
scenario and required HSS tube length.

Determine controlling HSS tube length per panel edge.

3. Capacity design the panel for the desired progression of damage during extreme

OP loading (Section 4.2).

4. Calculate the controlling vertical and LIP load demands and their associated

moments due to eccentricity.

a. For corner panels, this includes the MDC demands from panel contact due

to seismic building drift (Fig. 8).

154



12/05/2017

b.

MDC Design Procedure Derek Slovenec

Assume MDC plate thickness of one inch in Equation (23) for design

eccentricity.

5. Proportion the required HSS length per edge between the different MDC types

(Section 4.1.4).

a.

For MDC-1s, the length per edge should be divided evenly among the
chosen number of MDC-1s (typically three).

Follow guidelines (Section 4) and iterate as necessary to proportion HSS
lengths for MDC-2s and MDC-3.

i. Check tube wall limit states (Fig. 7).

6. Detail MDC welds, plates, and bolts (Section 4.1.5, Fig. 9).

Determine required weld and bar sizes from controlling load combination.

Set minimum MDC plate thickness equal to twice the maximum specified
weld thickness among all MDC:s.

Assume trial bolt size and configuration and plate dimensions.

Calculate plate bending strength and adjust dimensions (or iterate HSS
section choice) as necessary to provide adequate strength.

For plates on corner panels which are required to yield, check rigid body
rotation kinematics to ensure plate hinge rotation is no greater than ten
degrees. Modify plate section as necessary to ensure yielding.

Calculate required number and size of bolts per MDC plate considering
shear-axial force interaction and prying action due to plate bending.

Check bolted connection limit states: bolt bearing/tear-out, block shear,

net section fracture, and gross section yielding.
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h. Adjust details and iterate as necessary until a satisfactory design is
achieved.
7. Assess practicality of resulting design and iterate if necessary.

5.2 Example Design of Reinforced Concrete (RC) Facade Panel System with MDCs
Details of an example fagade system with MDCs are provided in Table 6. This design
was formulated for a representative office building in Los Angeles, CA, which is
generally considered a high seismic, normal wind hazard region. The fagade panels are
six-inch thick normal weight reinforced concrete (5 ksi compressive strength, 60 ksi rebar
yield stress) assumed to span the entire thirteen-foot high, thirty-foot wide story and bay
dimensions. Full details of the calculations used to formulate this design are provided in
the accompanying MathCAD document (“MDCDesign V4.5.xmcd”). The facade panel
strength factors shown in this table are relative to the strength of a panel with the code-
prescribed minimum reinforcement ratio per ACI (2011); this minimum strength is
calculated to be about 1150 kip-in for a 6-inch thick 30-foot wide panel with 5 ksi
compressive strength concrete and reinforcing steel yield stress of 60 ksi. Note how the
controlling performance objective changes moving up the building stories, as well as the
differences in total and distribution of tube length between interior and edge panels.

The example MDC designs in Table 6 do not exactly match the cases which were
examined using finite element analysis and experimental testing.  This design
methodology and the experimental testing protocols were developed in parallel, and
recent refinements of the MDC design procedure could not be incorporated into the
experimental test specimens. The original intention was to test all three MDC types

designed for one specific panel on a prototype building, however the tested specimens are
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more appropriately considered as individual components not necessarily installed on the
same panel. Nevertheless, the tested specimens are representative of realistic designs in
terms of tube section, tube length per MDC type, and bolt/weld detailing. FEA was
performed using the experimental test specimens to directly compare and verify observed
results, and the agreement between theoretical, analytical, and experimental values
indicates a good understanding of the critical behaviors utilized in this design
methodology.

5.3 Viability of MDC Design using HSS Tubes for Alternate Facade Panel Systems
The MDC design methodology detailed herein was largely developed considering precast
reinforced concrete fagade panels. This common facade type benefits from the inherent
flexural strength considering even minimum reinforcement and cracked panel section
moduli; the OP strength considering the minimum reinforcement ratio for temperature
and shrinkage is often greater than the requirements for design wind and seismic forces.
This panel type is also desirable for blast protection due to its high mass, which reduces
the panel’s initial kinetic energy and requires less plastic work/elastic energy storage to
achieve a given performance objective (Equations (20) and (21)). Preliminary work has
been done to determine the viability of the proposed MDC design approach for other
common fagade systems, including brick veneer with steel stud backing, exterior
insulation and finish systems (EIFSs) with steel stud backing, and insulated metal panels
(IMPs). Relative to the high-mass, high-strength reinforced concrete system, the brick
veneer system is characterized as “intermediate” mass and strength. EIFSs have low

mass and intermediate strength, while IMPs have low mass and strength.
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The steel stud-backed systems (brick veneer and EIFS) rely primarily on cold-
formed steel channels which comprise the backing wall during OP loading. The plastic
work and elastic energy storage capacities of the proposed MDC design with reinforced
concrete panels on the first story (most demanding/high-strength location) were used to
back-calculate the required OP MDC plastic mechanism strength per edge (Equation
(11)) and fagade panel flexural strength (relative to typical as-built section strength) for
the alternate fagade panel types. Relative to the RC MDC design, the brick veneer design
would require strengthening of the MDCs by a factor of about 1.5, while the steel stud
wall requires 2.3 times its typical as-built strength. This can be accomplished by
selecting thicker-walled sections for the MDC HSS tubes and cold-formed steel stud wall
members. For EIFSs with steel stud backing, the MDCs must be strengthened by a factor
of about 4.5 (relative to the RC design), while the panel/stud wall must be strengthened
by a factor of about 3. This MDC strength can be achieved with a thicker-walled section
and increased total tube length-per-edge, while the panel/stud wall strengthening is
achievable with thicker stud wall member sections. These increases in strength are
reasonable and will only decrease considering panels on upper stories, therefore the
proposed MDC design approach is believed to be viable for typical steel stud wall-backed
fagade systems. The IMP fagade type would require significant strengthening of the
panel (by a factor of about 20) to enforce the capacity design principle (Equation (24))
employed in this design methodology and is, therefore, likely a poor choice for blast-
protected structures.

6. Conclusions and Recommendations for Future Work
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A design approach has been developed for multi-hazard ductile connectors (MDCs) to
improve the performance of building fagade systems subjected to extreme loading
conditions. This approach utilizes large plastic deformation mechanics and capacity
design principles to maintain the integrity of the building envelope considering blast,
seismic, wind, and debris impact events. The proposed design procedure is believed to
be viable for most common facade systems. Interaction forces between the reinforced
facade system and building lateral force resisting system (LFRS) were examined,
however insufficient evidence was found to warrant proportional strengthening of the
LFRS beyond what is required for traditional lateral design forces (wind, seismic).
Additional work is needed to further refine the MDC design methodology to
where these components can be practically implemented. A more thorough investigation
of non-reinforced concrete facade panel fagade systems is needed to fully understand
what, if any, changes to the design approach or detailing practices are required to
realistically incorporate these components into such systems. The corner panel contact
problem should be examined using finite element analysis and (if possible) experimental
testing to ensure the proposed accommodation mechanism can be achieved without local
damage to the panel near the point of contact. The performance of individual panels
(with MDCs), all panels on a given building side, and the entire building including
interaction between the fagade and LFRS are currently being investigated to quantify the
improved performance afforded by the proposed design approach. While these ongoing
research efforts may alter aspects of the design methodology detailed herein, the
preceding discussion details the procedures which were followed to develop all

experimental and analytical specimens.
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e. For plates on corner panels which are required to yield, check rigid body
rotation kinematics to ensure plate hinge rotation is no greater than ten
degrees. Modify plate section as necessary to ensure yielding.

f. Calculate required number and size of bolts per MDC plate considering
shear-axial force interaction and prying action due to plate bending.

g. Check bolted connection limit states: bolt bearing/tear-out, block shear,
net section fracture, and gross section yielding.

h. Adjust details and iterate as necessary until a satisfactory design is
achieved.

7. Assess practicality of resulting design and iterate if necessary.
5.2 Example Design of Reinforced Concrete (RC) Facade Panel System with MDCs

Details of an example fagade system with MDCs are provided in
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Table 1: Structural Hazards and System Performance Objectives

Building Component Performance

Hazard Intensity Return Period (years)
LFRS MDCs Facade Panels
Low 75-350 Elastic or limited plasticity
. . Design-basis 475 Plastic with acceptable max drift ~ Seismic drift .
Seismic : . R . . Elastic
Maximum-considered 2475 Plastic with acceptable max drift ~ accommodation
Collapse-level 5000+ Highly plastic, potential failure
Low 10-75 Elastic Elastic
Wind  Design-basis 300-1700 Elastic Elastic Elastic
Tornado 100,000-10,000,000 Elastic Plastic
Low Maximum 125,000. Elastic or limited plasticity Elastic Elastic
Blast  Moderate Reduced significantly Elastic or limited plasticity Plastic Elastic
High for essential structures Elastic or limited plasticity Plastic Plastic
Impact  Design-basis 77? Elastic Plastic Plastic

Notes:  Return periods given as ranges have exact values determined by building occupancy/usage.
Impact determined from tornado region with probability conditional on the occurrence of blast or tornado events.
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Table 2: Design Facade Impulse Values

Type: Blast Scenario (BS) Impact Missile (Tornado Region, TR)*
Scenario: BS1 BS2 BS3 TR1 TR2 TR3
Parameter®> R (ft) W (IbsTNT) R (ft) W (IbsTNT) R (ft) W (IbsTNT) M (Ibs)y V(ft/'sy M(bs) V(ft's) M(bs) V (ft/s)
Value 30 500 100 300 200 100 4000 135 4000 112 2595 79
Story Design Impulse (kip-s)
9+ 0 0 0 0 0 0
8 0 0 0.110 0 0 0
7 0 0 0.513 0 0 0
6 0 0.842 0.764 0 0 0
5 0 2.603 0.861 0 0 0
4 2.528 3.323 0.884 0 0 0
3 9.949 3.574 0.899 16.784 13.924 6.372
2 14.563 3.768 0.908 16.784 13.924 6.372
1 19.097 3.866 0.914 16.784 13.924 6.372

Notes: a. Adapted from USNRC, 2007. Design impact missile (car) treated as non-deforming body. Applicable up to 30 ft. above grade.
b. R = Standoff distance, W = charge weight; M = missile mass, V = missile velocity.
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Table 3: MDC Load Demands and Performance Objectives

Degree-of-Freedom Loading MDC Type(s) Performance Objective
BS1: R=30ft W=500IbsTNT 1,2,3 Plastic radial crushing (panel flexural yield)
Blast Scenario (BS) BS2: R=100ft W=300lbsTNT 1,2,3 Plastic radial crushing (elastic panel)
BS3: R=200ft W=100lbsTNT 1,2,3 Elastic
Out-of-Plane (OP) . Tornado 1,2,3 Yield (capacity protect panel)
1. Determine total required Wind . .
Design-level 1,2,3 Elastic
HSS tube length per panel - . -
edge. Seismic Inertia (horizontal) 1,2,3 Elastic
Edge panel contact (OP panel) 1,2 Plastic radial pulling (low-strength "fuse")
Impact Missile Wind (high mass llow ve10c.1ty) 1,2,3 Ylelq (capacity protect panel)
Blast (low mass high velocity) 1,2,3 Elastic
Vertical (V) Self-Weight (Dead Downward vertical force 2 Elastic
2. Allot total HSS tube Load) Moment due to eccentricity 2 Elastic (bending + OP normal stress)
length per panel edge to Inertia (vertical) 2 Elastic
MDC-2s to elastically resist Seismic Moment due to eccentricity 2 Elastic (bending + OP normal stress)
demands. Edge panel contact (IP panel) 2 Elastic
Lateral in-Plane (LIP or IP) Inertia (horizontal) 3 Elastic
3. Ensure remaining tube Seismic Moment due to eccentricity 3 Elastic (bending + OP normal stress)
length is adequate for IP dir. Edge panel contact (IP panel) 3 Elastic

163



12/05/2017

MDC Design Procedure

Derek Slovenec

Table 4: Proportionality of HSS Tube Properties for OP Performance Objectives

MDC Proportionality to HSS Tube Parameters
Perf P H HSS P .
gb?iri?\tfe OP Hazard(s) SS Property Radius, r  Thickness, t Length, 1
Plastic Mechanism Strength, P Pooar! Py o t? Poal
Wind, Seismi s
Elastic In;lti;l eismie Elastic Stiffness, k kar? kat kal
Response Yield Deformation, 8, = Po/k By o1 8y ot N/A
Blast (BS3) Elastic Potential Energy, PE PEar PEat PEal
Plastic Blast (BS1, 2) Plastic Work Capacity, W W o -r W o t?-t Wal
Response Seismic Contact Post-Yield Crushing Hardening, oo Py  Hardening is more severe in pulling than

(Edge Panels Only)

Post-Yield Pulling Hardening, o Py

crushing. Want to minimize pulling force.
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Factored Loads per Direction

Derek Slovenec

MDC Type Design Load Case
\% OP LIP
Initial mechanism strength (Po) N/A Py (outward) N/A
MDC-1 Maximum outward pulling force for
seismic drift panel contact accommodation N/A 3.5P) (outward) N/A
(3.5Py; edge panels only)
Tributary dead load (D) at design OP stress due to V loads
e 1.6D . N/A
eccentricity (€des) applied at eges (Omv)
MDC-2 D at eqes + Po 1.2D Py (outward) + omv N/A
D + vertical seismic inertia (sv) and Pulling force due to contact
vertical seismic panel contact force (cv; 1.2D+sy+cv  (cop; edge-most MDC-2 on N/A
edge panels only) at eqes edge panels only) + omv
Initial mechanism strength (Po) N/A Py (outward) N/A
MDC-3 thergl seismic inertia (sup) and lateral OP stress due to LIP loads
seismic panel contact force (cLip; edge N/A SLip + CLip

panels only) at eqes

applied at eges (OMLIP)
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Table 6: Example Design of Reinforced Concrete Panel Fagcade System with MDCs

Location Panel M, MDC:s (all HSS6 sections)
Story Bay Factor® tuss (in) Controlling Consideration length per edge (in)  lussz (in)  luss3 (in)  Poedge (Kips)  tplate (in)

Interior 1.663 0.188  Elastic potential energy (BS3) 32.25 10 12.5 24.5 0.625
Edge 1.385 0.125  FElastic strength (seismic inertia) 60.75 15 30.75 20.4 0.625
5 Interior 2.011 0.188  FElastic potential energy (BS3) 39 12 15 29.6 0.625
Edge 2.011 0.188  Elastic potential energy (BS3) 39 12 15 29.6 0.875
4 Interior 2.089 0.188  Elastic potential energy (BS3) 40.5 12 16.5 30.7 0.625
Edge 2.089 0.188  Flastic potential energy (BS3) 40.5 12 16.5 30.7 0.75
3 Interior 2.127 0.188  FElastic potential energy (BS3) 41.25 12 17.25 31.3 0.625
Edge 2.127 0.188  FElastic potential energy (BS3) 41.25 12 17.25 313 0.875
) Interior 3.729 0.312  Work capacity (BS1) 26.25 8 10.25 54.9 0.875
Edge 3.675 0.188  Work capacity (BS1) 71.25 15.5 40.25 54.1 0.75
1 Interior 6.464 0.375  Work capacity (BSI) 31.5 10 11.5 95.1 0.75

Edge 6.435 0.28 Work capacity (BS1) 56.25 15.5 25.25 94.7 1

Notes: a. Relative to flexural strength of reinforced concrete panel considering minimum temperature and shrinkage (T+S) reinforcement.
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Panel Degrees-of-Freedom
OP: out-of-plane
LIP: lateral in-plane
V: vertical

Solid double arrows indicate reaction forces.

Dashed arrows indicate direction/motion.

Capacity-designed
MDC “fuse”

Panel response to
OP loading

.
e

Capacity-designed
MDC “fuse”

MDC-1
\

MDC Design Procedure

Fig. 1: Fagade Panel with MDCs
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MDC Type Assembly Frame-Side Plate Round HSS Tube  Panel-Side Plate

IC\)/[DtC-fl lane (OP) reacti B 8

ut-oi-plane reaction

4 """""""" "
T~ . |

OP Long bolt slots for LIP
seismmc dnft and thermgl Short bolt slots for thermal panel
panel expansion/contraction expansion/contraction
MDC-2 — n e
OP and vertical (V) reactions ( ®) &
v | 5 S I - :
& o
« =
oP Plate slots for HSS-to-plate weld

using full-length weld bar
(typical for all MDC types)

MDC-3

OP and lateral in-plane ’
(LIP) reactions / """"""" ‘ """""
>< Standard bolt holes, both sides

LIP OP

Fig. 2: MDC Illustrations
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Fig. 3: Design Tornado Wind Regions (Adapted from USNRC, 2007)
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Fig. 4: Design Facade Impulse Values for 13°x30’ Fagade Panel
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Fig. 5: MDC and Facade Panel Out-of-Plane Performance Objectives and Progression of Yielding
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Corner Panel Contact During Seismic Building Drift
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IP Panel Free Body Diagram
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Fig. 8: Seismic Building Drift Corner Panel Contact Accommodation Mechanism
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OBJECTIVE

The objective of this calculation is to develop a systematic design approach for fagade panels and their connection to the
structural frame which results in a system that achieves specified performance objectives when subjected to a variety of
credible seismic, wind, blast, and impact hazards.
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BACKGROUND AND ASSUMPTIONS

This research is focused on improving the lifetime hazard performance of new low- to mid-rise steel buildings. The use of
blast resistant ductile connectors (BRDCs) to improve blast protection of structures was investigated by Lavarnway (2013),
and the proposed use of round HSS tubes as an energy absorbing “fuse™ element is adopted in this research. Design-basis wind
and seismic hazards are taken from ASCE 7-10 (2013). Analytical tools for calculating the time history of a blast pressure
wave on a building developed by Appelbaum (2013) are used in this research to calculate design blast impulse values
assuming a story height of 13 feet and bay width of 30 feet. 6-inch thick reinforced concrete panels are currently assumed for
the facade, although additional panel types will eventually be considered. Design blast and windborne projectiles are adopted
from USNRC (2007).

METHODOLOGY

Design details for the fagade panel and multi-hazard ductile connectors (MDCs) for the building story and location (interior or
edge bay) of interest are generated from this step-by-step design process. A round HSS section is chosen by the user, and the
required length of tube per panel edge is calculated considering the out-of-plane (OP) wind, seismic, blast, and impact hazard
scenarios and performance objectives. This length per edge is divided among connectors of different types which provide the
desired combination of reactions and releases to allow for thermal expansion of the panel and lateral in-plane (LIP or IP)
seismic building drift accommodation. The current approach is to use three so-called MDC-1s on the top panel edge; these
MDCs provide only OP reactions by including vertical short slotted bolt holes (for thermal expansion) in the HSS-to-panel
connection, and long horizontal slotted bolt holes (for seismic drift and thermal expansion) in the HSS-to-frame connection.
Additionally, the plates on either side of the MDC-1 HSS tubes are designed to yield to accommodate panel contact at building
corners due to seismic building drift. On the bottom edge of the panel, the required total HSS tube length is divided into two
MDC-2s, which provide vertical and OP reactions but include slotted holes for LIP thermal panel expansion, and a single
MDC-3, which carries all LIP forces as well as an OP force in proportion to its HSS tube length.
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Geometry Hi= 391t h:= 13ft Total buiding height, story height
Building B:= 180ft Total building width (design side)
Py:=2 Vertical position of design panel. Story #

hyjo=ie(Py—03)= 1958 Mid-height of design story

Lateral position of design panel. "Interior" or

P = "Edge" "Edge".
MDC HSS
gy = 3in dysgi= 2 Thss HSS radius and diameter
tygg = 0.25in HSS wall thickness (use nominal)
ly max HSS = 18in Maximum vertical length of HSS tube
Iy minHSS = 12in Minimum vertical length of HSS tube
11 min HSS = 6in Minimum lateral length of HSS tube (MDC3)
Hazards
Wind Vp:i= 115mph Design wind gust speed (3s at 10m)
a Tornado wind region (see USNRC map).
Rw:=3 From most to least intense: 1, 2, 3.
Seismic Sgi= 1.5 Short period spectral acceleration
Sp:=1

1-second spectral acceleration

Connection configuration

ng:=3 MDCs per facade panel edge
fy =2 MDCs with vertical reaction
npp:= 1 MDCs with lateral in-plane reaction

nop = NE+ Ny + np =6 MDCs with lateral out-of-plane reaction

Facade panel hg:= 13ft Height of facade panel
bg:= 30ft Width of facade panel
tp:= 6in Facade panel thickness (total)
cei= lin Facade panel cover concrete
Op:= 6deg Maximum allowable facade panel end rotation
OF max = 29 = 12-deg Maximum panel plastic hinge rotation
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Material properties E:= 29000ksi vgi= 030 Steel modulus of elasticity

Steel E, 4 Steel Poisson's ratio
Gy= 2(1+vy) = LIS 10 ksi Steel shear modulus
Ty HSS = 1.4 46ksi = 64.4-ksi HSS material yield stress
aunss = 1.3-62ksi = 80.6ksi HSS material utimate stress
Oypi= 36ksi Plate material yield stress
oypi= 58ksi Plate material uttimate stress

Y = HSS material yield strain
SHEE oot sen0™? y

EyHSS =

HSS material ulimate strain (taken from

gyHss = 0.04808 ANSYS material model)

a, il
Ep]-]ss = _EES~ yHss = 353.254 ksi HSS material plastic tangent modulus
€uHSS ~ EyHSS
Reinforced concrete f = Sksi OyRS = 60ksi Panel concrete maximum compressive stress

Rebar yield stress

£ 1000 3
E,:= 57000- .—— = 4,031 x 10”-ksi Panel concrete modulus of elasticity
ksi 1000

e i= 145pef Concrete volumetric weight
wg = Yo hpbp tp = 28.275kip Weight of facade panel
Facade panel SDoF model X \ Shape function
PY(x) ;= sin| —
hg
bt
e FF A T Panel cracked moment of inertia.
oS T, T et m Assume lcr = 1/2 Ig
w ( hp 5 . _Sz Effective mass for elastic panel (half-sine)
me=——| @ an= 0.037. 25
ghgp 0 in
W kip- % Total facade panel mass
mp= —= 0.073 ——
g in
hg 2 3eneralized SDOF stiffness for panel in
) i lexure
ko= Bely|  [5w(0  dx= 1675332
dx j in
J()
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Round HSS tube force
deformation model

HSS tube crushing
stiffness

Maximum deformation
and force of HSS

Yield deformation of HSS

Pe(lgss: Opss) =

HSS tube pulltension
model

Aforce-deformation
model which
approximates the HSS
tube’s behavior as itis
pulled outwards radially
is formulated here using
simple geometry,
observed FEA results,
and theory similar to that
which forms the basis for
the HSS crushing model.
This model is needed to
calculate design-critical
forces which develop
during seismic panel
contact.

OP HSS force

2 e
IS tHSS “OyHSS InManoI!apse
PO(]HSS) = 7 mechanism strength for
'HSS HSS tube
3 B ;
‘ E¢lgss tHss N 2 1 From Roark's formulas
konss(lnss) = T S P Ve =)
12‘1—155
2 From "MDCCrush xmcd" at MDC
dHSS max = 4 dyss deformation of 2/3 HSS diameter with

2 material model assumed in this sheet,
PSH('HSS) =2 PU(IHSS) required force is double the initial collapse
mechanism strength. Here, a bilinear
PO( l HSS} force-deformation model is assumed for
bss.y(lHss) = Tl
uHss( HSS)

simplicity.
Bilinear HSS crushing force-deformation model
kopiss(lnss) Suss if Spss < Suss .yl lss)

e Psh(lnss) — Po('Hss)
H88 8155 max — Suss y(luss

Py(Inss) ] if 8piss.y(tHss) < BHss < BHSS max

Deformation where force increases

Spull.max ‘= (V2 - 1)'dHSS =i significantly due to axial tension of section

lp = lin Initial value for plastic (straightened) length
Given
N s [ ™THSS ~ lp\ , \ . Relationship between total pulling deformation
pull = “THSS'| ¥ 1 *'p  and straightened length of tube
uss ) )

L(Byir) := Find(Ly)

Reﬂ“(épull):= rHSS'{1 - COS[

Calculates the distance between
plastic hinges perpendicular to the
direction of pulling as a function of
total puliing deformation

TIHSS Lp(apull) AN
2183 )

_(1:5Pq(lss) tHss )
Pp{lyss: 8):= [min| —————— .2 Iygetuss oynss | if 8> dyss y(lnss)
Reg(d) )

koHSS(IHSS)'E’ otherwise

Pp(liss: Aop) if Agp > Oin
“P{lss: [Aop|) if App < 0in

Pop(lHss: Aop)
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Normalized
force-deformation models
for pulling (top plot) and
crushing (bottom plot)
behaviors. Force is ) 8
normalized by initial PP( Lin, 'Splnt) 6
yield mechanism Po(lim) 4
2

Bplot:= 0. 0.1in.. 8pyqg max B8pm’= “OHSS.max> ~OHSS.max + 010 d4SS max

strength, while
deformation is
normalized by the
diameter of the chosen 0 02 04 06 08
HSS section. These
plots are a function of
the HSS diameter and dyss
wall thickness, i.e. these

behaviors do not depend

on tube length. >

4

PC( lin, aplol) 3

Po(lim 2 //
1

0
0 02 04 06 038

6p|0t

éplot
dnss
Combined pulling 3
(positive) and crushing
(negative) model plot
6|
4
POP( lin, épm)
P (1lin)
0
-2
-4
-1 -035 -05 -025 0 0.25 0.5 0.75 1
pm
dyss
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WIND

Velocity pressure
exposure coefficient

Height variable

Velocity pressure
exposure coefficient

Gpi= 0.85

K= 10

Kd:= 0.85
0 )

20
25
30
40
50
60
K, height= | 70 |[ft
80
90
100
120
140
160
180
200 )
2= Oft, 0.25ft.. H

K,(2) = Tinterp(K, height Kz coetfs2)

Gust Factor
Topography Factor
Directionality Factor

0.85
0.85
0.9
0.94
0.98
1.04
1.09
113
Ky coefr = | 1117
121
1.24
126
131
1.36
1.39
1.43
1.46 ]

40, T T T T

0
0.75  0.875 1 1:125 1.25
K,(2)
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Velocity pressure

Wind on building
envelope facade panels

Low-rise buildings
(h<60ft)

Mid-rise buildings (h>60ft)

2

V
D
z):= 0.00256-K (z) K - K4 | —— | -psf
a( K2y Ky Ky [m,,h )
40, T T T T
30 =1
z
= - _
ft
1o~ 1
0 1 1 1 1 1
20 225 25 275 30 325 35
a7
psf
qp, = a,(H) = 2.066 x 10 4k51‘ Velocity pressure at mean roof height
= 055 Product of internal pressure coefficient
GCP1'7 ' and gust response factor

-Use Chap. 30 of ASCE 7-10 to calculate wind pressure on components and cladding
-peak pressure is critical load parameter since design objective is elastic panel respanse

GCp.cc.LR =-1.0 Fig. 30.4-1 (conservatively using H x 3')

Pecr= |9 [GCp ce 1k ~ (GCq]| = 46122 pst Pressure on panel

p hpbg REBCHGH L edae (lowr
Fypi= SR T ok eaction force per panel edge (low-rise)
2
Using 13'x30" = 390ft*2, 4 =-0.72, 5 =-1.1 Fig. 30 6-1
GCpeeMr = |-0.72 if Pp = "Interior" = -1.1

-1 if P = "Edge”

Pee. MR |4 OCp ce MR qz(hM)-GCpil = 46.897-psf Pressure on panel

_ PeeMR PFPF

Reaction force per panel edge (mid-rise)
E =
eMR 2

= 9.145 kip

Few:= |FeLp if H<60f = 8.994%ip

Reaction force per panel edge for wind
FCMR otherwise
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Tornado wind Vopi= |230mph if Ry, =1 = 160mph

200mph if Ry =2

Tomado wind (from USNRC)
160mph if Ry =3
Pyrwi= | 12psi if Rpy =1 = 0.6psi
0.9psi if Ry =2 Tornado pressure drop (from USNRC)
0.6psi if Ry =3
S hp bp Pyrw . TR Reaction force per panel edge for tornado
eTP= 7 5~ 6.848 kip pressure drop.
Loee 1400006 if R =7 = 55 ]03 Iblmpam missile mass, velocity, and impulse
M-~ HRrw =1 = 227X 00 D iom USNRC). Design impact missile is a
40001b i Ry =2 (plastically deformable) car. Note that the
energy absorbed by the car deforming is not
25951b if Ry =3 included in the impact missile design
calculations. Maximum height where impact
. ft . _ ft missiles are considered is 30 ft.
lyi= [135= if Rpy =1 =79=

ft . -
12~ if Ry =2
ft . _
79 i Ryyy =3
I:= Ipng Iy = 6.372-kips

Vi 2 Rgaction force per panel edge for tornado
FpT:: Fow| — = 17.409kip wind.
VD)
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SEISMIC

Seismic inertia force for
panel

Temperature and
shrinkage panel strength

Controling edge reaction
force for elastic response
design considerations

Minimum required elastic
moment capacity

Spg:= 0.67-F; 8¢ =1.005

Sp1i= 0.67F, 8 = 0.67

Ip:= 10
ay = 1.25
Rp =1

) ) 0.4—ap-SDS-wF
FS.: ma 0'3'SDS‘ leF,mn _—

(ﬁ\
g

Fs
Fegi= ? = 14.208 kip

£ — 4ksi
BF:=085-005——m=108
1ksi

Mrg:= 0.0018bptp O’yRS’[‘F Co—

Py(lin) ) Mpg4
. 0 TS .
eTS:[ = 14.712kip

Pgp(lin) ) by

Fep = max(Fgrg, Few, Fogs Ferp) = 16.848 kip

0.0018 tp oy pg )
281,

Site Coefficients

Design short period spectral acceleration
Design 1-second spectral acceleration

Facade panel importance factor

) ;
1+ 2»?), 1.GSDS~[F»WF‘ = 28.416kip

Seismic reaction force per panel edge

Coefficient for RC panel design

= 1.148 x 103»kiprin

Temperature and shrinkage panel strength
reaction force at yield (capacity protect
panel). Dividing by strain hardening factor is
for blast protection - panel Mp at 2P0.

Pg(1in) ) Fophg ]
SH F g
M pi= ma{— e ,MTSU if Fop# Forg = 1314 103in-kip

Po(lin) ) 4

Mg otherwise
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BLAST

Blast Scenarios

Impulse values

These values are
obtained using a Matlab
procedure assuming a
panel height of 13ft and
width of 30ft. For all
scenarios, there is a
height at which the blast
pressure (and, therefore,
impulse) is calculated

as zero.

Design values taken
from interior panel
impulses because these
always control over
edge, are slightly easier
to calculate, and are not
significantly greater than
the edge panel impulse
values.

Performance objectives

Blast Scenario 1:
Blast Scenario 2:
Blast Scenario 3:

Conservation of energy
PE = potential (elastic)
KE = kinetic

W =Work (hysteretic)
F = facade panel
M=MDCs

Standoff distances (ft)

Ry := 30ft

R, := 100ft

2001t
19.097 )
14.563
9.949
2.528

L= 0

R3 =

kip-s

o o o 2

18.574
14.429
9.949
2528

e1= kip's

o © O O

Iy = li]pv
laz= Ligp,,
ly3= liSpV

Facade Panel

lepi=

3.866 )
3.768
3574
3323
2.603
0.842

0 )
3.584 )
3.497
3.324
3.118
2455
0.809

o )

Yield and reach maximum end rotation

Remain elastic

Remain elastic
With MDCs

BS1:

BS2:

BS33:

KEp - Wy = PEp

KEp = PEg + PRy

KEp - (Wp+ Wyy) =0
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kip-s

kip's

Charge weights (Ibs TNT)
W) = 5001bf
W, := 3001bf
W := 1001bf
0914
0.908
0.899
0.884
0.861
0.764
0.513
0.110
o)
0.868 )
0.863
0.854
0.840
0.817
0.725
0.492
0.107

o )

kip-s

ey
%
i

kip's

Blast scenario 1

Blast scenario 2

Blast scenario 3

MDCs

Interior panels

Edge panels

Yield and reach maximum deformation

Yield

Remain elastic
Without MDCs
KEp - Wgp =10
KEp = PEp

KEp = PEg



Kinetic energy of panel

Panel edge reaction force

Panel maximum
deflection at flexural
yield

Facade panel flexural
capacity

Facade panel hinge
rotation at onset of
flexural yield

MDC work

MDC elastic
potential energy

Panel work

Panel elastic potential
energy

I
ve(l,m):= —
F(L,m) -

Velocity = impulse/mass

1 2 Kinetic energy for elastic panel motion
KE(T):= 5 me-(v]:(l, me))

KE (D)1= %mF(v];(I, mF))Z Kinetic energy for rigid body panel motion

Fee.F(lHSS) = PO(IHSS)'UE For elastic panel and MDCs

Pp.F(IHSS) = PSH(IHSS) ng For plastic MDCs

3 "
B S'Fcc.F(lHSS)' hg Elastic panel and MDCs

8ee #lniss)

192E I
3 .
; (1 . S'Fp.F(lHSS)‘hF Plastic MDCs
RS ) Ky ——
192E 1.,
. Fee.F(IHSS)'hP Elastic panel and MDCs
M i liss) = — a3
 Fpr{luss) br Plastic MDCs
M, f(luss) = — &
) 4’5ee.F(1HSS) Elastic panel and MDCs
O H{lHss) = h
F
o, o(se): 48, F{luss) Plastic MDCs
FUHSS) T T
p hF
op

Wannc{luss) = T'(PSH(IHSS) + Po(IHss))(®Hss max ~ PHss.y(lHss))

nop duss .yl Hss) PollHss
PEvpc(mss) = m Y(;{ roltass)

Wi(lpss) = Mp.F(‘Hss)‘(ef.max ~ lz ep.F(lHSS))

PEee b Iss) = "<s'5ee.F(les)2

g ﬁpF(]HSS)2

i
2
1
PEcpAF(l HSS) 5
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Functions to solve for BSI(IHSS) = KEp(ldl) = (WMDC(IHSS) + WF(IHSS]] "Plastic” facade panel kinetic

each blast scenario. energy used whenever MDCs
-For a given |mp_u|se, Bsz(lHSS) = KEp(le) - (WMDC(IHSS) + PEep.F(]HSSD will crush because this uses
set these equations full panel mass, whereas
equal to zero and find BS3(1yss) = KE143) = (PEee Fl'Hss) + PEMpC(THSS "elastic" KE uses effective
the roots, which are the ( } L( ) ( e ( ) ( )) SDOF panel mass
HISS fube I_e ngth per_ FcF' THSS . HSS tube length from T+S, wind, and seismic
MDC required to satisfy 1 = —————————— =4.1861in ; ; .

e HSS design considerations
the stated performance g Tpss THSS
objectives ¥

LHss = leHss

Given BSj(Lygg) =0

; ; 3. s
HSS tube lengths IBS] 1SS ©= Fmd(L“SS) = 13.2961n Mpg) = Mp.F(‘BSl.uss) = 4174 x 107 in-kip
which satisfy blast
scenario performance Given Bsz(LHSS) =0
objectives. Choose
tube length which Igs2 Hss = Find(Lygg) = 2.06in Mg pi= M, p{Igs2 Hss) = 646.85 in'kip
maximizes required
panel strength Given BS}(LHSS) =0
y . 3 .

Ips3 Hss = Find(Lygg) = 8.639in Mpgs pi= Mo f{1gs3.pss) = 1:356 % 107 in-kip

RequiedHSSkength  T1(lrss) = KEy(1r) ~ (Wnmpc(lnss) + Wi lnss))

for impact missile. L _
Same performance Given TI(LHSS) =0
objective as BS1. ITI,HSS = [0in if h-Py — hp230ft = 2485in

Find( LHSS) otherwise

M= M, Bl psg) = 780.122 inkip
Required HSS length

for tornado wind ) FDTerSS Py(lin) \ ]
(maximum HSS ITw.HSs = 2 | Pgy(tim) /l: 2.163 in
crushing deformation). nE Oy HSS HSS S

ng Psu(lTw Hss) be ,
Controling plasticHss ~ MTw'= —— ;= 07897inkip

design length and .
hazard Ip gss = max( sy yss: lps2 pss: Tw. gss b pss) = 13-296in

Controling HSSlength 1, 3 := max(le pyss» lp Hss» Ips3 Hss) = 13296 in

Controlling average

tube length per MDC lges Hss = Ceil(l, prgg. 0.25in) = 13.5in
Panel capacity for ni Porr( 1 -h
: EPsHlldes. 1 F
yield to occur at max Mes = M = 4238 x 107 in-kip
HSS crushing def. : 4
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Contolling C
elastic design
consideration

elastic'=

Conplling Cplastic =
plastic

design

consideration

Contoling HSS
performance
objective

Chss =

Lateral tube length on
bottom edge - single
tube, MDC3

Vertical tube length on
bottom edge per
MDC2

Lateral tube length on
top edge per MDC1

Tube length per edge

Length, initial plastic
mechanism, and panel
strengths for each
performance objective

Comparing minimum
(temperature and
shrinkage) panel
strengths to those for
each performance
objective.

"Strength: T+S" if Fyp = Forg = "Strength: tornado pressure drop"

"Strength: design wind" if FeF = FeW
"Strength: tornado pressure drop"  if F.p = Forp
"Strength: seismic” if Fop = F.q

"Potential energy: BS3" if 1, ygg = Igg3 Hss

"Work capacity: BS1" if lp.HSS =1gsi Hss =
"Work capacity: BS2" if Ip,HSS =1ggs HsS

"Strength: tornado wind" if ]p_IlSS = ITW.IISS

"Work capacity: impact missile" if lp.HSS =111 Hss

"Plastic performance” if I, 1ygg = lp.HSS

"Work capacity: BS1"

= "Plastic performance"

"Elastic performance” if 1. oo = 1o ygs v e gss = Ipga pHss

lss 3= |max{(nE Lges Hss = 1 1V min HSS: 1LminHss) i ldes HSS > W.minHss = 16

lL.min.HSS otherwise

11s8.2 = Iy min.Hss = 12n

_ Myvlpgsatlnsss .

lpss.1 = ——— ——— = 13.5in
E

Hsg.E= "y Iss2 * lpgs 3 = 40.5in

Ipg] Hss = 13-296in Py lBSl.llSS) = 17.839 kip

152 Hss = 2-06in Py(lps2.Hss) = 2764 kip

Irw Hss = 2163 in

(

(
Ipga Hss = 8639 in f’o('sss.nss) = 11.59 kip
PO(ITW‘HSS) = 2.902 kip
(

171 HSS = 2485 in Po(ITr1ss) = 3-334 kip

Mps = 4174 % 10 inkip
Mps, p = 646.85 in'kip
Mpga p = 1356 % 10" inkip
My = 678.97inkip

My = 780.122 in-kip

Mg = 1.148 x 10 in-kip Mgp = 1.314 % 107 in-kip Mg N
M M Mpg M M

F BS3.F BS2.F BSI.F I

& s =22 i = 0.564 =3638 — =068
Mrg Mg Mrg TS Mg
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Edge panel seismic
contact geometry
Determine required OP
deformation of all MDCs
during contact based on
known mechanism and
each MDC's distance
from the point of
contact.

Top MDC closest to edge

Top middle MDC

Lges. HSS Yooop= st
0, 1= min| ——— + 11t, 21t
2 J
2-0, — hp
,— bg
my = ——— = —0.823
bp
— iy
2
myi= == = 1215
gy~ 1B

bF
by:i=o0, - m|-7 = 166.875 in

by:= hp— mybp = ~281.468 in

by — b )
Xii= =219.98in

m=—mg
yji=mp-x;+ b =-1415in

dg:= (b ~ )7 + (hp - ;)] = 220356 1n

Ag:= 0.025-h = 3.9in

byi= (hF* "v) s ml‘(bF* 01) = 403.875in
bish

3
—— = 336.265in
my - my

Xq 1=

y3:=mp-x3+ by =127.157in

t5:= f{or =55 (=35~ 73530

Ag(dp - d3)
S1H0 3 3
AOP.TE:: d— = 3.239in
0
b
by:= (hp— o)~ mp- 7 )" 285.375 in
by-by ;
Xg1= —— =278.123in
my - my

y41= mp-X4 + by = 56.5031in

s J(bF _ x4)2 + (g - MJZ: 128,855 in

Ag(dp - dy)

Agp.TMi= —p—— = 161%in
0
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Assumptions for lateral and vertical offsets
from panel corners to the location of the MDC
HSS center

Slope of line with zero OP deformation

Slope of line perpendicular to zero
deformation line (displacement line)

y-intercept of line of zero deformation

y-intercept of displacement line

x-coordinate of line intersection

y-coordinate of ine intersection

Distance from contact point to zero
deformation

Maximum seismic inter-story displacement

y-intercept of line perpendicular to
displacement line going through MDC
location

Coordinates of this MDC line's intercept with
the displacement line
Distance from intersection to contact point

OP deformation of top MDC closest to edge

y-intercept of line perpendicular to
displacement line going through MDC
location

Coordinates of this MDC line's intercept with
the displacement line

Distance from intersection to contact point

OP deformation of top middle MDC



Bottom MDC closest to
edge

Bottom interior-side MDC

Limit HSS pulling
deformation based on
rigid body rotation
geometry of HSS
section. If the required
deformation in the
connection (A) exceeds
the HSS limit (), plate
yielding will need to be
incorporated into the
design of that MDC.

Total contact force

by = (Ov) = ml‘(bF - o]) = 285.375in
by—b
Xgi= ——— = 278123in

T‘I'L] e m2

y5:=mp-xg5+ bg=56.5031in

ds:= \/(bF = "5)2 + (b - ys)z = 128855 in
Ag(dg - ds)
dp

AgpRE:= = 1.619in

bg:=(0y) = my(0}) = 48375 in
by~ bg .

Xg:= ——— = 161.838in
ml - le

Yg:=my-Xg + bg = —84.804in

dg = j(bF = xg)’ + (= vg)" = 311857
Ag(dg - dg)

dg

Agpr= = -1.619in
8 HSS lim = Y2 1ygs — dygg = 2:485in
Sop.TE =

AOPATF, otherwise

y-intercept of line perpendicular to
displacement line going through MDC
location

Coordinates of this MDC line's intercept with
the displacement line

Distance from intersection to contact point

OP deformation of top MDC closest to edge

y-intercept of line perpendicular to
displacement line going through MDC
location

Coordinates of this MDC line's intercept with
the displacement line

Distance from intersection to contact paint

OP deformation of bottom far-side MDC

SpHSS.lim if 20P.TE > S HsS.lim = 2485 in

dop. M= |Sprissiim i Aop.T™ > dpiss lim = 161910
AOP.TM otherwise
dor.BE'= |8pHsslim if A0OP.BE > 8p HsSlim = 1-619in

AOP,BE otherwise

Fe = Pop(lnss.1-80p.TE) + Pop('ss.1-30p.m™) + Pop(l1ss 2- 3op.BE) + Pop(lss.2- Aop pi) = 111652 kip

hyF,
F'C :
Foyi= b_ = 48.383 kip
F
Fc.v = FC.V = 48.383 kip
Fg o
Fe = —=111.652kip
np
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Total vertical force due to contact

Maximum downward vertical force one MDC
will take due to contact

Lateral in-plane force per MDC due to contact



Calculate load
combinations for each
MDC

Veertical design loading
under seismic hazard

Vertical design loading
for dead weight alone

Lateral in-plane design
force (seismic hazard)
Inwards out-of-plane
design force (blast)

Outwards out-of-plane

Ll o Panel dead load (V/
Fyqyi=— = 14.137kip A

y

2.
3 SpsvE
Fyyi= —— = 9.472kip
y

Vertical seismic inertia force (V)
Foyi= |Fey HEy—Fay—Foy>Foy+ Fay+Fgy =48383kp

FC_V otherwise

Foooe I’S 28416k F - FS ATk Lateral seismic inertia
L gopi— =&bkp force (LIP, OP)
P oP
o . S
W.OP= - = 1p Wind load (OP)
Fgyi= |12F;y + Fy if Pp = "Interior" = 74.82 kip

L2Fgy + Fyy + Fe, if Py = "Edge”
Fpyi= 1.6Fqy = 22.62kip
Fipi= |Fgp if Py = "Interior" = 140.069 kip
Fo+ Feop if P = "Edge"
Fi.op.i('nss) = Pc(luss: OHss.max)

Fi or.ofluss-8op) = |Po(luss) if P = "nterior"

design force (blast) PP(IHSS*‘SOP) if P = "Edge"

Seismic OP design .

force Fg op:= Fg op = 4.736 kip

Design eccentricity of 1 (e Assumes 1in MDC plates and inflection point

loads e = _.[_ + dppgg + 2in - lin=4.5in at halfway distance between facade panel
2\2 J centroid and connection point to frame. This

is the distance between the inflection point

i and the frame-side HSS-to-plate welds.

2 Mg v 1= Fg v €4qg = 336.689 in-kip
to eccentricity of loads

Mp v = Fpyedes = 101.791inkip

M]’p = F”"edes = 630.309 m‘kip
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HSS tube section 2r E

= ) _ ~THSS s .
checks - seismic Scompact:= "Compact" if < = "Compact"
compactness, stress Hss OyHSS
due to longitudinal loads
and bending caused by

"Not Compact” otherwise

eccentricty of loading, ¢y =09 Yield limit state resistance factor
Theval nplire Rupture limit state resistance factor
strength b= 0.75
Cross section moment of 3 1
inertia and maximurm _ 2wss(lussa)” g S i
distance from neutral axis ~ 'HSS.2°~ 12 21 ’ 2
P 3 IHss.3
oo Pwss(assa) L4 yggae - 825in
Normal stress due to HSS.3-7 12 = elirem
bending x(M M ) M
max{ Mp y. Mg v) YHSS 2 P YHSS.3
Normal stress due to OP OHSS 2= =28.057ksi  opgg3i= ———— = 27.782ksi
forces Thss.2 Thss 3
max{Fg op: Fw.op: FB.op.i(luss.2)- FB.op.olluss.2-%opBE)) . v
OHSS.0P2 = 3 " if P ="Edge" = 5.88ksi
sy luss2
max(Fg op: Fw op: FB 0P i( lss 2)- Pollss 2)) )
otherwise
2 sy lHss 2
_ max(Fg op. Fyy op: Fp.op.i(Hss.3)- Po(lss 2)) e )
OHSS.OP3 = ” : if Py ="Edge" =5476ksi
'HSS 'HSS.3
max(Fg op: Fw op: Fg op.i( s 3)- Pol s 2)) )
otherwise
2tyss1yss 3
Shear stress due to max(F. F F
g : DV Fsy P
longitudinal loading THSS 21— M{;) = 12.47ksi THsS 3 = T = 16.978ksi
2tyssnss.2 2tysslnss 3
Check shear yield 141 147
strength Vhsg2:= Wi 15 0.502 VHsS.3:= i, il B 0.683
0.6 &y Oypss 0.6 by Typss
Chssvoi= |"Vield" if Vyggo>1 ="OK" Chgsyai= |"Yield" if Vgggy>1 = "OK"

"OK" otherwise "OK" otherwise

Check section yield

a; +a o + 0
with reduced capacity % .o HB827 THSSOP2  _ hene v _ _OHSS3VOHSSOPY oo,
HSS.2 HSS.3
due to shear stress \2 2
UyHSS 3 ) GyHSS \ D 2
14 ) il 14 ) HSS.3
Camang= [ U i Pgaal =0 By |[PHdd i Fyges 21 = 0%

"OK" otherwise "OK" otherwise
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Weld Design

2 weld legs on either
side of small bar which is
welded into plate gap

Design weld force per
length.

-Factor of 1.5 included
where weld is loaded
normal to its longitudinal
axis (AISC 360 Eq.
J2-5).

Weld stresses for each
hazard are calculated
separately since the
design stress is
calculated from the
controlling load
combination, which is
unknown at this stage.

Weld bending properties

Weld lengths for MDCs
taken as the total HSS
length. Two plates
joined by the HSS weld

lweld.1:= lgss,) = 13:5in

lweld.2:= lggs.2 = 12in

Lyeld3 = lggg 3 = 16.5in bar connect the MDC to
the panel and frame on
 Feopilluss.1) 0913 ko Slipersce
B.OP.i 7T 7, 1'5'(1HSS_1) - P Inward out-of-plane loading (blast)
Fp op.o(lHss.1- 50P.TE) |47 oy Qutward out-ofplane loading (vlest)
I = = 1. 1
B.OP.ol 3. 1'5'(1HSS‘I) p
) _ Fporolluss.2-SoppE) N
B.OP.o2° 215(Tz55) 20X
F
g op = e HE 0.019 kpi Seismic out-of-plane loading
- 2. |,5-(2-|HSS’E)
F
W Op:= W—OP = 0.024 kpi Wind out-of-plane loading
: 2. 1.5»(2-1IISS.E)
Fpv ; Vertical dead load
rpoi= T = 0943 kpi
T Zlyelda
Fsv . Vertical seismic inertia plus dead load
rg 9= —— = 3.117kpi
21yeld.2
F z B i .
P Lateral in-plane loading carried entirely b
ryi= ——— = 4.245kpi MDC3 P 9 yoy
2'lwa:ld.S
3
2 (lwe]d.z) 3 Moment of inertia per thickness for vertical
[W.Z:: T = 288 mn welds
3
2{1 8
I, 3= (L]‘”) = 748.688-in3 Moment of inertia per thickness for lateral
’ 12 welds, MDC3
- lweld:2 o Maximum distance from neutral axis for
Yw2'= = =6 vertical welds
) lweld.3 825 Maximum distance from neutral axis for
Twgs Ty - el lateral welds, MDC3
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Maximum weld bending
stress

Combined stress due to
load combinations

Vertical welds for
MDC2

Lateral welds for MDC3

Determine controlling
combined stress to use
for design

Design weld size
specifications

MDC1 welds

MDC2 welds

MDC3 welds

Design forces for weld
bars.

M
DV Yw2 i i
M= T S 2.121 kpi Vertical welds
w.2
Mg v¥w 2
QM2 = l— = 7.014 kpi
w.2
Mip-
P Yw.3 ;
V3= : = 6.946 kpi Lateral welds, MDC3
W.D

2 2 .
"DB.weld.2 = J(ma"(rﬁop.isf}a_op_oz) +pM2) + p2 = 3241 kpi

2 2 )
DS.weld.2 = J (fs,op + Vsmz) +1g," = 7.694 kpi

2 2 :
DW.weld.2 = J(rW.OP+ rD.M2) +1py = 2.342kpi

TBW.weld3 1= Mg 0p.i» fw.0p) = 0-913 kpi

2 2 .
15 weld 31 {(TS.0p *+ T3] + 137 = 8156 kpi

Tweld 2= M3 TDR weld 2: "D weld. 22 TDW weld 2) = 7-694 kpi

Tweld.3 = mnx(rBW.Weld.3=rS.weid 3) = 8.156 kpi

Iweld.1°= MaX(1g Op i+ TR OP o1+ "W 0P+ Is.0p) = 1471 kpi
bypi= 075

FEyy = 70ksi

Winin = iin Minimum specified weld size
16

Weld strength reduction factor
Electrode material strength

Dead+Blast

Dead+Seismic

Dead+Wind

Blast or wind

Seismic

J2r lin ﬂ Function for determining specified

Wepeclt) = max| wo Ceil| ————, — o e for a aiven st
P 0.6Fpxx Py ]f,)} eld size for a given stress

r . r in
Wweld. 1= “’spcc(rwcld.l) = 3';
in

Wyeld.2 = Wspec(rwe]d.Q) = G‘R

) . in
Wweld.3= “spec(rweld.S) = 6']_6
FMDC. 1= 06 FExe V2 Wygeld 1 liss. 1 = 150.349 kip
FMDC 2 = 06 FExtxe V2 Wyyelq 2 liss 2 = 267286 kip

FMDC 3= 06 FExx V2 Wyyeld 3 lniss 3 = 367.519 kip
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Design of weld bar

For bars, thickness is
typically specified in 1/8"
increments, while width
is specified in 1/4"
increments. Here,
"thickness" is taken as
the dimension going into
the MDC plates because
more control over the
exact length in this
direction is needed.

NOTE: above note is
valid for variable names
(wit), but the specified
increments have been
swapped to minimize gap
between plate hole and
weld bar in the width
dimension’s direction.

Bar widths based on
strength and geometry
requirements

Gaps in plates are 1/8"
wider than bars

MDC plate minimum
thicknesses based on
geometry of welds - take
maximum of these as
minimum plate
thickness for all MDCs
for ease of construction

Length of weld bars into
MDC plates (1/4"
increments) with space
for through-thickness
weld plus a minimum
1/16" edge spacing
between weld and plate
corner

v i)
L = Ceif] —2el 10 3751
bar.str.1 p
oyplusst 8§ )
F o)
Whar,str,2 = Cell| ———— = ; 1 025 in
= 1 8
OyP weld 2 )
[ T™mpca 1111\ _
Whar str.3 -= Ceil] ————, 8 = 0.6251in
Iyp weld3 )

1 lin
Whar.min.1°= Cel](z Wyeld 1~ m —l]— 0.25in

. . 1. Iin\| i
Whar.min.2*= Ceill 2 Wyelg 2 — EHLT)= 0.625 in

o 1. linY
Whar.min3 = (,ell(Z- Wiveld3 — Em, ?) = 0.625m

Whar.1°= max(“’h;u str. 17 Whar.min. ]) = 0.3751in
Whar.2'= max( Whar str.2- Wbar.min.l) = 0.625in

Whar.3°= max(“’har.strﬁ’Wbar.minj) = 0.6251in

Weap.1 = Whar.1 +0.125in = 0.5in
Waap.2 = Whar2 + 0.125in = 0.751in
Woap.3 = Wpyp g + 0.125in = 0.75in
lin
lp.min.1 = = 2Wyea 1+, = 0.625in
. , lin .

tp'mi".2.= Z'WWEId,2+ —=1lin

= lin

lin
p.min.3 = 2 Wyeld3 * o

lpw= max(tp.min.l’ Up.min.2: t1:;.m1'n.3) = lin

tpar.1 3= Floo(ty \ — 0.0625in — wye1q  + 0.00001in, 0.25in) = 0.75in

Yhar,2 = Flum(tpW

lhar.3:= Flum(lp_w = 0.0625in — wy 14,3 + 0.00001in, 0_251'11) =05in
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Plate Design

Design plates for
outward OP yielding

Distance between plate
and bolt hole
centerlines. Controlled
by allowable plate
rotation and required
OP deformation for
edge panels, otherwise
limited by access to
bolts.

Qutwards pulling force
per MDC

Moment caused by
pulling force ata
distance from bolt
centerlines

Plate thickness based
on this loading - for
edge panels, want
minimum plate
thickness, for interior
panels, want yield
stress < My/l.

Set all plate thicknesses
to the maximum value
(for ease of construction)

[E}
epc;: 10deg epb;: L S-deg Rotation of plastic hinges which
accommodate OP deformation
| [(Sorrs-sopre) ]
] i) Vi [ 2EE_SCBIE .tygd if Py ="Edge" ,0.25i} = 8.75in
b.TE lan(e ) HS L
) )
rysg if Py = "Interior" J

[ A -3 A |
OP.BE ~ °0OP.BE
lb.BE = Cell ma{(W ‘rHde if PL = "Edge” ‘0_25“‘ =3in
P
L 1SS if Py = "Interior” J
Tp.1:= |Pp(luss.1-fop.E) if PL = "Edge" = 59.564 kip
max(Fp op o lss.1- 50p.TE)- Fw.op Fs op) otherwise
Tpa:= |Pp(luss2-Sop.pE) If P = "Edge" = 35281 kip
max(Fp op oSS .2: 50p BE)- Fw.op: Fs.op) otherwise
Tp 3:= max(Py(Iyzgs 3)- Fw op- Fs.op) = 22.138 kip
Te 1'lb.TE
M g = ————— = 130297 inkip
Tp o1
P.2 'b.BE oo
Mgy = T = 26.461 in‘kip
Tp ol
P3'b.BE o
Mcyi= T = 16.603 in-kip
o= 1pAw if Py = "Edge" n Agp g > 30p.TE =1lin
_ &M | O _
max]| Ceil| |——————,0.125in !tp.w otherwise
IHss.1°yp ]
tc2= |hw if Py ="Edge" A Anp gE > S0p BE = lin
[ Mca R .
max| Ceil| | ——,0.125in 'tp.w otherwise
lHss.2'Oyp J =)
tc3:= tp.w if pp = "Edge" = lin
6 Mc3
max| Ceil] | —————,0.125in "tp.w otherwise
lHss 3 Typ g ]

tp.des = malc 1.1c 001 3) = 1in
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Actual plate moment
capacity considering
bending in the plane of
the HSS cross section -
full plastic strength for
edge panels requiring
additional OP
deformation, elastic for
all other panels.

Design minimum edge
distance from bolt hole
center based on prying
action of plate on
concrete panel

Prying force per line of
bolts

-Reduced due to the
reduction in plate
moment capacity due to
presence of bolt holes.
Factor of ~0.75 for MDC2
and MDC3, ~0.5 for
MDCA1

Total length of plate
along the HSS tube's
longitudinal axis

2
1 L
HSS.1" 'p.des . @ i L
Mp.l = flcryp if Py ="Edge" A Agp g » dop g = 121.5inkip
1 At 2
HSS.1 'p.des therwi
—6 pr otherwise
. IHSS.Z'lp.dcsz e _
Mp.Z': frcryp if Py ="Edge" A Apgp g > %op g = 72inkip
2
lHss.2 . des o
. -ayp otherwise
| t 2
HSS.3" p des 5,7
p3= Oy = 99 in-kip
R = Ceil ,0.125in = 2in
'HSS] fe )
2M, 2 3
lepai= Ceill [——="—,0.125in = 1.625in
lpss.z fe )
3 3
ep3 = Ceil P L 0. 125111 = 1.625in
Iyss.3 e
Mp 1
Ppry‘l = 05 = 60.75 kip
e.p.l
My 5
Po2= 075 = = 66.462 kip
pry. le 9
.
M, 4
Pory.3i= 0.75—2= = 91385 kip
ep.3

hp.1:= lggs | + 2in= 155
p2= lggg 2 + 2in= 14in

p3= Iggg3 + 2in= 185in
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OP force per MDC due to
design bending moment,
(2/3*L*P=M from
moment diagram
assuming N.A. at
mid-height of plate)

Total OPforce per MDC
plate including OP
loading, prying force, and
design moment (where
applicable).

Limit length between bolts
along longitudinal axis of
HSS tubes to keep plate
elastic when bending in
the plane of this axis and
the plate's thickness.
-This dimension should be
atleast 1" o allow for CL
spacing of 2+2/3 bolt
diameters for smallest
structural bolts (d=3/8").
Increase minimum plate
thickness (above) if
necessary.

Total number of bolts
required per plate.
Minimum of 4 (one at
each comer)

= ——— max(M M = 42.086 kip
D.V: ™8V
2lygs.2 { )

5 “Mpp = 57.301 kip
HSS.3

5.1:= 2Ppry 1 + Tp g = 181.064 kip

= Pyo + 2Ppry 2 + Tp o = 21029kip

i

= Pyp3+ 2Py 3 + Tp 3 = 262208 kip

P

Considers 1" width of plate "beam" between
bolts in line. "Beam"” assumed to be
fixed-fixed at bolt centerlines.

Lp1:= Lp(lgss.1-Pp1) = 2317 in
Lbz = LbC(lHSS‘Z’ vaz) =2.027in

Ly3:= LbC(IHSSJ, PM) =2.129in

[ bt V]
fpg 1 1= Ma Z[Ceﬂ{L‘]‘:, 1)— 1),4J =12
| hpo VY
Ny o= max 2| Ceil p_.l,l 5] ,4 =10
bs.2 i [ [ i o]
n = ma I o1 hp_3 \, \ —‘,
bs.3'= Z{C l[ 1,_3‘1) 1),4J_ 16

Set number of bolts on MDC1 equal fo
minimum - long slotted holes make more
bolts impractical. Larger bolts will be
specified for strength and the prying
bolt-to-edge distance will be applied in both
directions to account for plate yielding in both
directions.
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Bolt Design by, := 075 Bolt strength reduction factor

A325 bolts, threads not Fpi= 90ksi Tensile stress capacity
excluded . ;
Fyi= 54ksi Shear stress capacity
MDCH plate bolt 7 AP, . 3 3 3 v
diameter db 1= max Ceil] |[————,—in ,—in = 1lin
' ¢b’ T Fpp g1 8

4 max( F, F
DV 'SV
dy o min'= |[—7T——————=038in
o 1370 by npg 7 Fry

fovi= Foy dpv= db.2.min

Design bolt stress Given
considering shear-axial

interaction (AJSC 360 Fo  4max(Fp . Fgy) . h

Eq. J3-3a). fp.y = min| 1.3F; - op F ) JFy =0
W mdp y nps g )
db‘v 2 db.fl,min =0
. 4P RER
db_v=max Ceill | ——————,—in ,—in
Pyl yips2 8 )8 )
MDC2 piate bolt dp 2:= Find(dy ) = 07510
diameter
F,, 4max(Fpy.F 3
pv-Fsv
£ 2:= min| 13Fp -~ —= = ).Fm - 85.638ksi
' $y Fay a2
Tdp o Ny 2 )
4Frp
d ;o= [————— = 046in
b.3.min
1.3 ¢h I‘lble‘ an
fh.L= Foy dp.L = db.3.min
Given
f in| 1.3F Fon “Fip F ) 0
= min| 1. - - — =
b.L nt d’b‘an 5 5 nt
mdpL Nps3 )

dp.L > 9p.3.min

4Pp3 TRER
dh.L= max| Ceil| | ——————,—in ,—in
byl papgy 8 )8 )
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MDC3 plate bolt
diameter

Minimum bolt hole
centerline spacing

Minimum bolt hole
centerline to plate edge
distance based on
AISC specification.

Spacing of bolts in a row

dy, 3:= Find(d}, ) = 0.75in

fly.3:= min| 1.3F, -

Fat

oy F

4F
1P
1 Fnt

’ 2
Womdy3onpg3 )

lemin(dp):= |03in if 0.374in < dy < 0.376in

b1t

leb2=

leb3=

0.75in if 0.49%in < d}, < 0.501in
0.875in if 0.624in < dy, < 0.626in
lin if 0.74in < dy, < 0.76in
1.125in if 0.874in < dy, < 0.876in
1.25in if 0.999in < db < 1.001in
1.5in if 1.124in < db < 1.126in
1.625in if 1.24in < dy, < 1.26in

1.25-dy, otherwise

I min(dp.1) = 1:25 10
le.min(‘:]b.Z) = lin

le.min(db,3) = lin
8 .
g'db.l = 2.667in

8
—dy, 5= 2in
3 b2

8
—-dy, 3= 2in
3 b.3
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Determine final (gross)
plate dimensions and
perform base plate
checks

Plate heights (dimension
along longitudinal axis of
HSS tube)

Plate widths
(perpendicular to HSS
tube's longitudinal axis).

Base plate design checks
Pseudo-flange width

taken as HSS radius

Determine critical
cantilever dimensions

hp g = Ceil(max(hy, 1,21y p § + Igp () 0.251n) = 15.5in

' L T T I
hp 5= Ccﬂ{maulihp‘z.z-lc‘b‘z + ( B 1jlshﬂj,0,25n{J = 14in

_ Lo N T _
hp 3= Cell{maxl:hps,l lp3+ (T - lj-ls_béj,o.ZSn{J = 18.75in

bp,j = Ceill2(max{l, ; 1.1e 1, 1) + Ip.7E) — 0.001in, 0.25in] = 21.5in
bp 5= Ceill 2:(max(ly , . le b 2) + Iy BE)- 0.25in] = 9.25in
bp 3:= Ceill 2:(max(1, | 3,1. 1 3) + Tpygg), 0-25in] = 9.25in
b= rggg =3in

bra=rygg = 3in

b3i= thgs = 3in
s, _ bpy - 08B,
mpll = 72 = 1. mn npl = 72
hpp — 0.951ygg 2 ) bp,— 08bpy
l'ﬂ.p.zf: f: 1.31[1 ﬂpz —_—
hp 3~ 0.951ygg 3 bp 3~ 08byy
mp‘3:: f = 1.537in "pj': f
1 b
J'HsS.1°b51
- . 15911
LIS N 1.591 in
_ Jlmss2Pr2 s
ﬂpp.z‘— o 4 = 21N
1 b
J'HSS 3bf3 )
"pp.3 = T = 1.759in

lc.l s max{mp.l’np.l*npp.l) = 9.551in

max(mplz, 52 npp‘z) = 3.425in

IC,Z‘

Ic‘3 % max(mpj, M3 “ppj) = 3.425in
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Minimum plate
thicknesses based on
base plate design

Check to see if these
thicknesses are greater
than the design
thickness

FMmDC.1 )
thp1:= L) [T = 1.127in
09 0ypbp -hp |
F
M e

R gy N
bp.2°7 'c2
P 0.9-aypbp 3 hp 5

t =1 —FMDC'S 0.876 in
bp: 3= e =
09 0ypbp 3hp 3

Cbp.t.l = |"OK" if tp.des & thp.1 = "Plate yield expected"
"Plate yield expected”  otherwise

Copa2i= |"OK" if tg g 2ty ~ "OK"
"Plate yield expected” otherwise

Cppt3:= ["OK" if ty ges 2 thyp 3 = "OK"
"Plate yield expected" otherwise
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Check various limit
states for final detailed
design

Gross section yielding

Net section fracture

Bolt bearing/tear-out

Block shear

a 3-Pyolussz 32441 o One inch plate strip subjected to flexure
. linf = T Sasatnll " under service load
Y

'p.agy.2*=

lp.anf2 =

pbto.2

lp.blo.3 -

(bp2— 2dy o) oyp

max| F » b F,
bp > Oyp = bp 3 0yp
max(Fpy v Fg y) Fip ‘
D o) -4 =0312in

=0.166in tp.anf.3 = (

bp 3~ 2dy, 3 oyp

FyF
max(Fp v Fs.v) 0,065 in

) 2o py24oup+ LY nyg o - 2)(Igp 0 — dp o) oyp

Fip :
= 0.094 in

) 2o py24oup+ LY npg 3 2)(lgp 3~ dp3)oyp

Nps2 ) 1 .
av2i= 2-{1%_2 E [T - 1).15_b_gj = 22in

hva= lgv.Z - (nbs.2 - l)'db.2 = 13.75n

loy 2= 2ma"(]e.b.2’ lc.p.Z) =3.25in

max(Fp v, Fg )

t = =0.112in
pbv.2 . ) .
lop 2 Oyp + 0,6max(lgv‘2 Typ: Iy O-UP)
My
Igv.3 o 2'{]ub‘3 ¥ [ 5 l)'ls,b.ilJ =30in
lny.3:=lgy3 — (tps3— 1}dp 3= 18.75in
lgt.3 e 2nlax(le_b_3, le.p.3) =3.25in
F
1P
tp.bV,3 = =0.167in
lngo‘up + 0‘6max(lgv‘3-rryp. Livs o‘up)
Cpﬂgy = |"OKR" if max{lp.agyl‘[p‘ﬂgyj‘) = tpAJcs SHOK
"Increase plate thickness" otherwise
Cp.anf:: "OK" if max(tp anf 2> tp.;mf.S) <lpdes = "OK"
"Increase plate thickness" otherwise
Cpbto= |"OK" if max(tp.hml*tp.bto.?v} <thdes = OK"
"Increase plate thickness"  otherwise
Cpbyi= |"OK" if max{ty 0.ty by 3) <tydes = "OK”

"Increase plate thickness" otherwise
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SUMMARY

Hazard magnitudes

Facade panel

HSS tube

Shear rupture and
section yield checks for
tubes subjected to
multiple loads with
eccentricity

Check for seismic
compactness of chosen
HSS section

Py =2
Py = "Edge"
Spg = 1.005 Spp = 0.67
Vp = 115mph V= 160mph
B o
M jes F = 4238 x 107 in-kip
M
L _ w65y
Mrg
dyygg = 6in
tygg = 0.25in
Celastic = "Strength: tornado pressure drop"
Cplastic = "Work capacity: BS1"

Crss = "Plastic performance”

lges Hss NE = 40.51n

Po(ldes rss) = 18.112kip

Ppi(lges Hss) = 36225 kip

lyss | = 40.5in
nVlHSS.Z = 24in
IHSS.Z =12in
liygg 3 = 16.5n
Chss vz = "OK
Chss.y.2 = "OK'

Chss.v.3 = "OK"

CHss.y.3 = "OK

Scompacl = "Compact
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Building story
Location of panel - building "interior" or "edge™
Seismic short (S.DS) and 1-second period

(S.D1) design spectral acceleration values

Design (V.D) and tornado (V.T) reference wind
velocities

Required facade panel moment capacity

Factor of increase for panel moment capacity
relative to T+S

HSS tube diameter

HSS tube wall thickness

Controlling elastic performance objective
Controlling plastic performance objective
Controlling overall HSS performance objective

HSS total tube length per panel edge required
for OP design objectives

MDC initial collapse mechanism strength
MDC strength at large crushing deformation

HSS total tube length per panel edge

Total HSS tube length with vertical reaction
(MDC-2s)

HSS tube length per MDC-2 (vertical reaction)

MDC3 HSS tube length (single tube)

MDC2s - if either rupture or yield limit state
are expected, increase variable |.V.min.HSS
on first page of this document

MDCS3 lateral reaction tube - if either rupture
or yield limit state are expected, increase
variable LV.min.HSS on first page of this
document



HSS plates

HSS plate limit state
checks.

HSS plate thickness
check from AISC
manual base plate
design calculations.

Welds

-Lengths shown are
per tube and per weld
leg. See summary
page 1 for MDC info
(number of tubes,
orientation, etc.)

Weld bar dimensions
-Width is the
dimension tangent to
the HSS tube wall,
thickness is the
dimension into the
thickness of the plate

Bolts

-Number of bolts per
MDC split evenly
between plate on either
side of the HSS tube.

tp.des = 1in

hp ;= 15.5in ng=3

bp | =21.5in

hp 5 = 14in

bp 5 =9.25in Dy~ 2

hp 3= 1875in

bp 3 =9.25n

Cpagy = "OK

Cp.anf = "OK”

Cp.bto = "OK"

Cp.bv ="OK"

Cbp.l.l = "Plate yield expected”

Cpp.r.2 = "OK”

Chp.t3 = "OK”

Wweld.1 = 3-% lweld 1 = 13.5in
Wyeld.2 = 6‘% lweld2 = 12in
Wield.3 = O i—né lyeld3 = 16.5in
Whar,1 = 0373 in thar.] = 0.75in
Whar 2 = 0.625in lpar2 = 0.5in
Whar 3 = 0625 in tpgr 3 = 0500
Nps.1 =4 dp ;= lin
Nps.2 = 12 d 5= 0.75in
Mps.3= 16 dy 3= 0.75in
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Plate thickness for all MDCs

Plate height for MDC1s (assuming 3 on top
edge only)

Plate width for MDC1s

Plate height for MDC2s (assuming 3 per
edge)

Plate width for MDC2s

MDC3 (lateral IP tube)

Gross section yield
Net section fracture
Bolt bearing/tear-out
Block shear

MDC1s

MDC2s

MDC3

MDC1 welds

MDC2 welds

MDC3 welds

MDCH1 bars
MDC2 bars
MDC3 bars
MDC1s
MDC2s

MDC3



Minimum distance from
bolt centerlines to plate
edge in the direction
perpendicular to the HSS
tube's longitudinal axis.
Based on prying strength
of concrete. Should not
be taken as less than
l.e.b.min below.

Minimum distance from
bolt centerlines to plate
edges in any direction
based on AISC
specification and bolt
sizes.

Minimum
centerline-to-centerline
spacing of bolts based
on AISC specification
and bolt sizes.

Values for testing
-Limits: OP = ~60k,
LIPN =22k

lp g = 8.75in

lpgg =3in
Iup.l =2in
]c.p.z = 1.625in
le.p.3 = 1.625in

lebl = 1.25in

lepa=1in
lep3=1in
I = 2.667in
lgp2 = 2in

Is.b.?: =2in

Pp{lyss. 1+ 30p.TE) = 59564 kip
Pp(l1iss 2+ 80p. pE) = 35281 kip
Pspi(lss. 1) = 36.225kip
Pspi(IHss.2) = 32:2kip
max(FDvV‘ FS.V) = 74.82 kip
Fpyy = 22.62 kip

Fip = 140.069 kip
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MDC1s

MDC2s and MDC3
MDC1s

MDC2s

MDC3

MDC1s

MDC2s

MDC3

MDC1s

MDC2s

MDC3

OP pulling force for MDC1

OP puliing force for MDC2

OP crushing force for MDC1
OP crushing force for MDC2
Vertical design force per MDC2
Dead load per MDC2

LIP design force (MDC3)



Appendix 2

Multi-Hazard Ductile Facade
Connection Fabrication Drawings
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Appendix 3

MDC1/2 Experimental Setup
Design Calculation
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Determination of Maximum Actuator and
Table Forces Based on MDC Specimen
Loading Scenarios

Revision: 2

Project: MDC
Date: 3/2/2017
Performed By: Laura Rendos
Checked By: Dr. Michael Pollino
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Maximum Loading for Facade Panel Connections

Yield Strengths Are From Slovenec Design (Appendix 1)

Considering Out-of-Plane (OOP), Lateral In-Plane (LIP), and
Vertical In-Plane (VIP) for a 3 Story Building.

Each Facade Panel Is Assumed to Have 6 Connections to the LFRS

|:|. |.".;.|_|,\ /
Out-of-Plane / MDC-1

Vertical In-Plane l M3
i
Laieral In-Plane l

[ : MDC-1

Gy

MDC-]

MDC-2 MDC-2
B—
@ 4
/] /
e

MDC Tvpes

MDC-1

MDC-2

|/,¢ MDC-3

6 Connections Experience OOP Loading, 3 Connections Experience VIP,
1 Connection Experiences LIP

Peak Loading, Deformation, and Rotation Per Connection

OOP Max Loading:

Lateral Seismic Inertia
(Outward/Tension):

Blast Scenario 1
(Inward/Compression):

Max Inward Deformation:

Rotation Associated with
Inward Deformation:

Max Outward Deformation:

Rotation Associated with
Outward Deformation:

Pgo = -7.1kip

Py := 107.02kip

A oop_in = 4in
eoop_in := .105rad
Aoop_out = -3.9in
eoop_out := —.025rad
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LIP Max Loading:
Lateral Seismic Inertia :
Contact Force:
Max Lateral Deformation:

Rotation Associated with
Max Deformation:

VIP Max Loading:
Panel Dead Weight

Vertical Seismic Intertia:

Contact Force:

Max Vertical Deformation:

Rotation Associated with
Max Deformation:
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P = 60.3%ip

Allp :=3.9in

ehp = .025rad

Pp := 15.08kip
P, = 20.13kip

A = .75in

vip

(S] = Orad

vip

(15th Story)
(3rd Story)

(All Stories)

(All Stories)
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Experimental Setup for Loading Scenarios

My
L

Y D!_ Q o
| »] 0 o]
=roH° DT H
= Ei] o ©
= E 1 o} o}
= Ol o o
EE'|
=0 r::_o o)
T TTTTITI]
— 0 [ |V B |
L7 /]

A loading diagram that includes load from the floor shake table, wall shake table,
actuator, and MDC. This reperesents compression on the connection. Tension on the
connection will result in forces acting in the opposite directions

F.=Force in MDC

H, := 9.07ft = Height of center of actuator

_ . to RB pin
Fa= Foree In actuator H, := 7.75ft = Height of center of connection
F;= Force in floor shake table to RB pin

e := 10in = Eccentricity from top of table

Fp,= Force in wall shake table

Ry= Horizontal reaction at floor

to RB pin
e, := 2ft = Height of floor shake table

table base ey = 9.5in = Total width of MDC

R,= Vertical reaction at floor table base

M= Moment at floor table base
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zlzl

- Fﬂ
F{;_ I =
H, Rocker Bearing Column
He
_'lj _..___Rh
EY
&
Mo
Ry —
"J&_Fn Rocker Bearing Base

The free body diagrams for the rocker bearing base and the rocker
bearing column. The two components are conected with a pin.

Mp = Moment about the pin
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Deformations and Rotations for Loading Scenarios 1 & 2
(OOP and VIP Loading)

5
|

tait

A diagram showing the MDC, rocker bearing column, and rocker bearing and
floor shake table. The required MDC rotation and the deformations resulting
from the rotation are included. The diagram reperesents positive defomrations in
the calculations.

0:eq = Required rotation on connection with respect to vertical axis
A, = Required stroke of actuator

A. = Deformation of MDC

A;= Required stroke of floor shake table
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Loading Scenario 1: MDC 2 Experiences OOP Blast Loading

Required MDC A, = Aoop in = 4in
Deformation (OOP): - -
Required MDC Rotation: erecu = eoop in = 0.105
OOP Loading (Blast): F. | =Pg =107.02-kip
VIP Loading (Panel Dead): Fi5 1 :=Pp = 15.08-kip
Ae {in) B
4 —
34 S
éu 15'1] 2'?4] 3'31} 4'54} Time (sec)
Be (Rad)
105+
T f T E] :
30 150 270 330450 Time (sec)

MDC OOP Deformation and Rotation

The panel dead load will be applied to the MDC vertically before any other loads are
applied. The MDC rotation does not begin until the required MDC deformation has
been reached.The required deformation is achieved by moving the table and actuator
simulateously at the same rate. The required MDC deformation is constant while the
rotation occurs. The rotation is then applied by moving on the table and actuator
simultaneously at different rates and different directions. Once the required rotation and
deformation are achieved, the MDC deformation will reduce due to the change in
pressure direction of the blast.
Sum of Moments About (Fc 11He—Fpp 1-e3)
Bottom of RB Column: Fpoq1=—"= = = 90.129-kip

_ Ha

Sum of Horizontal Forces

on RB Column: Ry =Fc | —F, ;=168 kip
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Sum of Vertical Forces R, 1 =Fp 1 = 15.08:kip
On RB Column: - -
Sum of Horizontal Forces Ftl_l = Rh_l = 16.891-kip

on Rocker Bearing Base:

Sum of Moments About .
= R . = 14. 'k 'ft
Bottom of Rocker Bearing Base: Mp_l h_1°°1 076-kip

Final Actuator and Floor Table Stroke:

Given
(A ~-A )H
a1~ 8¢ 1) _
Ay g+ i, =0¢
Ay 1=By 1
H - ereq_l

a
0.1016-m + 0.1 3859999999999999999-ftj

FlndA aA -
(85 1284 ) ( 0.1016-m — 0.81375-ft

A, | = 0.1016-m+ 0.13859999999999999999-ft = 5.663-in
Ay 1= 0.1016:m— 0.81375-ft = ~5.765-in

The floor shake table and actuator will move a stroke length of 4in simultaneously.
Once this stroke length is reached, the floor table will move back to a stroke length
of'-5.765in and the actuator will move forward to a stroke length of 5.663in over the
same period of time. This will cause the MDC rotation to occur while maintaining the
maximum MDC deformation.
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Equipment Force & Deformation Summary for Scenario 1 (OOP Blast on MDC 2)

Maximum A ctuator Force:

Maximum A ctuator Stroke:

Maximum Floor Table Force:

Maximum Floor Table Stroke:

Maximum Wall Table Force:

Maximum Wall Table Stroke:

Fa 1 = 90.129-kip
A, | = 5663in

Atl_l = —-5.765-in

A t2_1 = 011’1
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Loading Scenario 2: MDC 1 Experiences OOP Seismic Loading

Required MDC Deformation: A, ,=A oop_out = -3.9-in
Required MDC Rotation: er%z = eoop out = —0.025
OOP Loading (Seismic): F. 5 =Pgo=-7.1-kip
VIP Loading (Does Not Carry VIP): Fi5 5 := Okip
D (im)
3.0 =
1|2.|3. Time (sec)
Oe (Rad)
025+
T
120 Time (sec)

The MDC rotation and connection deformation occur simultaneously. The floor table
and actuator will be both be moved at constant rates over a period of time to achieve the
required MDC deformation and rotation.

H
Sum of Moments About C ‘
F, ni=|—|F. » = -6.067-k
Bottom of RB Column: a2 [Ha] ¢ 2 = ~6.067kip
Sum of Horizontal Forces . ‘
on RB Column: Rh_2 = Fc_2 - Fa_2 = —1.033-kip
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Sum of Vertical Forces Ry 2 :=Fp o =0kip
On RB Column: - -

Sum ofHorizon@ Forces F{1 2 =Ry o =-1.033-kip
on Rocker Bearing Base: - -

Sum of Moments About .
Ml? = Ry, H-ey = —-2.067-kip-ft
Bottom of Rocker Bearing Base: 2 h 2°¢2 067-kip

Final Actuator and Floor Table Stroke:

Given
(A S\ )H
a2~ Bt 2) e _
Ay o+ i, =4
Ayor=By 2 5
= VYreq 2
H, q_

—-0.09906-m — 0.032999999999999999999-ftj

FlndA aA -
(3_2 t1_2) ( 0.19375-ft — 0.09906-m

A, 5 :=-0.09906-m — 0.032999999999999999999-ft = —4.296-in

Ay = 0.19375-ft — 0.09906-m = ~1.575-in

The floor shake table will move to a stroke length of -4.3in and the actuator will move to
a stroke length of -1.575in simultaneously. This will cause the maximum MDC
deformation and rotation to occur simultaneously.
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Equipment Force & Deformation Summary for Scenario 2 (OOP Seismic on MDC 1

Maximum A ctuator Force:

Maximum A ctuator Stroke:

Maximum Floor Table Force:

Maximum Floor Table Stroke:

Maximum Wall Table Force:

Maximum Wall Table Stroke:

F, 5 = —6.067-kip

A, 5 =-4296in

Ft1_2 = —1033k1p
At1_2 = —1.575-in

Ft2_2 = Oklp
At2_2 = 011’1
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Summary of Maximum Equipment Forces

[+
Maximum A ctuator Force:

Maximum A ctuator Force
Loaing Condition:

Maxiumum A ctuator Stroke:

Maximum A ctuator Stroke
Loading Condition:

Floor Table Max
Actuator Force:

Maximum Floor Table
Loading Condition:

Maximum Floor Table Stroke:

Maximum Floor Table
Stroke Loading Condition:

Wall Table Max
Actuator Force:

Maximum Wall Table
Loading Condition:

Maximum Wall Table Stroke:

Maximum Wall Table
Stroke Loading Condition:

F = 90.129-kip

a_max

Loadingmax_act = "Blast OOP, Scenario 1"

A = 5.663-in

a_max

Stroke = "Blast OOP, Scenario 1"

max_act —

F = 16.891-kip

tl _max

Loading ... = "Blast OOP, Scenario 1"

Atl_max = 5.765-in
Stmkemax_tl = "Blast OOP, Scenario 1"

Loading ... » = "Blast OOP, Scenario 1"

A‘[2_max = 0-in

Stroke "Seismic OOP, Scenario 2"

max t2 ~
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Calculations for Equipment Used in
Experimental Test Setup

Revision: 4

Project: MDC
Date: 5/17/2017
Performed By: Laura Rendos
Checked By: Dr. Michael Pollino

All calculations were performed in accordance with AISC 360-10: Specifications
for Structural Steel Buildings (AISC 2010b) using steel section properties from the
Steel Construction Manual Thirteenth Edition (AISC 2011).
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Envelope Loads on Rocker Bearing (RB) Column

= ol Jo o
- _"_.I_Fa — (@] (@] (@]
M_ 1 1 :
e o ol DT H
Fc— ~| B |
= | — O O
Ha =
- E
H. = oL o o
= of lo o
1 \/ "]
Y,
JAN 611 =0 oo o)
e smunadiNNAN
]
YAVAVEYVE Wi S S/ =39 O , S (-
KLY AS AL S
My
Py
-
F_= Force in connection
F, = 110kip =Maximum force in actuator

Fyy = 22kip = Maximum force in floor shake table
Fyy = 22kip = Maximum force in wall shake table
R;= Horizontal reaction at bottom of RB column

R,= Vertical reaction at bottom of RB column

H, := 9.1ft = Height of center of actuator to RB pin
H,, := 7.6ft = Height of center of connection to RB pin
ey := 10in= Eccentricity from top of table to RB pin
e, := 2ft = Height of shake table

ey = 15.5in = Width of connection and plates
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Fe—71— Rocker Bearing
\ M. Ha (RB) Column
He
_QZ ...._.L_R
o7 h
'
M
i A Rocker Bearing Base
" A

‘._FH

Moment at Connection from Table 2: M, := Fyy-e3 = 28.417-kip-ft
Sum Moments About Bottom of RB Column: 0=Fpey-FH.+F,H,
F.-H, + M
Foi= ——° = 135.45.kip
He
Sum Vertical Forces on RB Column: R, := Fy, = 22-kip
Sum Horozontal Forces on RB Colunu Ry, := F .- F, = 25.45-kip

R}, is over the force capacity of the table actuators.

Horizontal Force on RB Base Ry, := 22kip
Sum Horozontal Forces on RB Colunu F, := F, + Ry, = 132-kip
FoHe—FgHy

Vertical Force on RB Column: Fyy = = 1.703-kip
e
3

Both tables and the actuators are within their force capacity.
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RB 1687.2 k ﬂ—_wy RB Column Bending

110K \
Column \ Hy, Mmax = 167.2kip-ft

Shear

m

HC Hc “\

S22 K

Although all both tables and the actuators cannot all be at their capacities at the same
time, assume so for the experimental component design.
Adjusted Vertical Force (For R, = 22kip
Design of Experiment Components): Fy = R, = 22-kip
T v

Compactness Check

Rocker Bearing Column is a W12x58 section and is 11.4' tall.
Yield Stress (Preffered for W Shape): F,, := 50ksi

y
Steel Modulus of Elasticity: E := 29000ksi
Compactness Criteria: )‘p = -38'/FE = 9.152
Flanges: Ap =782 ’ Flanges are compact
Web: Ay =270 Web is not compact

The flanges do not need to be checked seperately because they are compact.

Yielding Check:

g3
Section Modulus: Sy = 78in

OM,, := 9-F,-S, = 292.5-kip-ft

Moment Capacity: ¥ Ox
M
max
Demand to Capacity Ratio: DC := oM = 0.572
n

Because the demand to capacity ratio is less than 1, the RB column will not experience
yielding under the maximum actuator loading.
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Lateral Torsional Buckling Check

Braced RB Column Length: Ly, = 10ft

Minor Radius of Gyration: ry = 2.51in

Limiting Length: L, = 1.76-r, | — = 8.866-ft
p y Fy

L, <Ly ; Further checks required

RB Column Moment Capacity (Based

on 11.4' Unbraced Length): oM, = 309kip-ft

M

DC = max

Demand to Capacity Ratio: oM = 0.541

n
Because the demand to capacity ratio is less than 1, the RB column will not experience
lateral torsional buckling under the maximum actuator loading.

Flange Prying Check (at specimen to rocker bearing column connection):

Force Normal to Flange: F, = F, = 132-kip
Flange Thickness on W 12x58 te = 64in
Rocker Bearing Column: £
Yield Strength of Flange: Fy = 50ksi
Flange Local Bending Strength:  ¢R  := 2-.9-6.25-Fv-tf2 = 230.4-kip
Fp
Demand to Capacity Ratio: DC = — = 0.573
n

The DC ratio is less than 1, therefore the rocker bearing column will not exerience flange
prying at its connection with the testing specimen.

Flange Prying Check (at actuator to rocker bearing column connection):

Force Normal to Flange: F, =F, = 110-kip

Flange thickness and yield strength the same as above. The flange local bending strength

1s also the same as above.
Fn

Demand to Capacity Ratio: DC = = 0477

n
The DC ratio is less than 1, therefore the rocker bearing column will not exerience flange
prying at its connection with the actuator.
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Attaching Actuator to Reaction Frame (RF) Column

The RF column is a W24x103 and is 12t in height. The actuator plate will be bolted to
the W24 section with a minimum of 4 bolts. Assume that the actuators will be acting at
full capacity in tension.

Force in Actuator: F, = 110-kip

Bolt Sizing:

Minimum Tensile Strength a .
= — =275k

Per Bolt: n_min 4 7.5-kip

Tensile Strength of 3/4" Bolt ¢r,, = 29.8kip
(A325 Strength): F

Demand to Capacity Ratio: DC := 7. 0.923

4-¢r

Assuming that the actuators reach their maximum capacity, 4 3/4" diameter bolts of A325
strength are adequate to attach to actuator plate to the RF column.

Flange Prying Check (at actuator plate to RF column connection):

Force Normal to Flange: F, =F, = 110-kip
Flange Thickness on W24x103 tp := .98in

RF Column:

Yield Strength of Flange: F,, := 50ksi

y
Flange Local Bending Strength: @R , = 2-.9~6.25-Fy-tf2 = 540.225-kip

Fa

Demand to Capacity Ratio: DC = = 0.204

n
The DC ratio is less than 1, therefore the RF column will not exerience flange prying at its
connection with the actuator plate. The same force will be normal to the flange on the
other side of the RF column where the diagonal brace connects to the RF column. The

connection of the diagonal brace to the RF column will not experience flange prying either
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Capacity of Reaction Frame (RF) Column

Fa—™ ;

Free Body Diagram at the Center of the RF
H, . Column were the Diagonal Brace and
Actuator Forces Intersect

R——-—-h 1
VAV EVES BY Y AN AN AN

F4= Force in diagonal brace

F,= Force in actuator

Ry, = Horizontal reaction at RF column base

R, = Vertical reaction at RF column base

H, . := 10.75ft = Height of actuator from RFcolumn base

H := 10.75ft = Height of diagonal brace from pin

a4 = 43deg = Angle of diagonal brace from vertical axis

Sum Moment Around RF Column Base: Mpgase = 0 = Fo(Hy ) - sin(og)F g(Hg)

F_-H
Fyi= ———=— = 161.291-kip
sm(ad>-Hd
Sum of Horizontal Forces: Ry o =-Fa+ sin(ad)-Fd = 1.309x 10 14-kip

Because the diagonal brace force intersects the actuator force, the diagonal brace
takes all the force and the W24 RF column does not experience shear or bending over
its length.
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Reaction Frame Column Diagonal Brace

N

VAN

/////////////‘\
F

d

F4 = force in diagonal brace
L4 := 12.33ft = Shortest length of diagonal brace
F,, := 46ksi
E := 29000ksi
Assuming a HSS 6x6x3/8 that is a pin-pin column

Flexural Bucking Check
Effective Length Factor: k:=1.0
Minor Radius of Gyration: ry == 2.28in

k-Ly
KL/r Ratio: ratio := = 64.895

r"
Gross Section Area: Ag = 7.58in2
, E
Ratio: ratio := 4.71- | — = 118.261 Greater than KL/r
' Fy ratio

'IT2E

Elastic Buckling Stress: Fo = ——— = 67.964-ksi

2
kg
Ty

240



Yy
.. . FC
Critical Buckling Load: F.. = .658 -Fy = 34.652-ksi
Nominal Compressive Strength: ¢oP, = 9F A, = 236.396-kip
Fq
Demand to Capacity Ratio: DC = — = 0.682

n
The DC ratio is less than 1, the diagonal brace will not experience flexural
buckling

Flange Prying Check (at connection of diagonal brace to RF column):

See above calculation for flange prying at the actuator plate connection to RF column.

Weld Capacity Check (at both plate to diagonal brace connections)

Length of Weld (Around 4 Faces of Lyeld = 24in
6" Len%lth of the HSS Diagonal):

Strength of Filler: Fw = -6:70ksi
Appoximate Weld Depth: Dyeld = -3125in

. . _ .2
Area of Weld: Aye = -707-Dye1q' Lweld = 5-302-in
Strength of Weld: OR ) = 75F  Aye = 167.029-kip
Force Acting on Weld: Fq = 161.291-kip

Fq

Demand to Capacity Ratio: DC = — = 0.966

n
A weld thickness of 5/16" is required to bring the demand to capacity ratio of the
welds below 1.

Flange Prying Check (at connection of diagonal brace to foundation beam):

The unstiffened foundation beam is a W14x145. This section was checked without
stiffeners to be conservative

Force Normal to Flange: F, = Fd-cos(ad) = 117.961-kip
Flange thickness of . .
Foundation Beam: t = 1.09n

Flange Local Bending Strength: gR | := 2-.9-6.25-Fy-tf2 = 614.842-kip

Fi

Demand to Capacity Ratio: DC = =0.192

n

The DC ratio is less than one, therefore the foundation beam will not experience flange
pyring at its connection with the diagonal brace.
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Rocker Bearing Base Plate Design Using Max Actuator Capacity

Reference:\\labhomes\LabHome$\ler56\Desktop\2-55kip setup\columncalcs_Rev3.xmcd

f— D!_ o o
'_:I'I _"_J_Fa —iE o (] ]
Bl = 5 D H
F{;_.l_"" — | !
— | — ] o
Ha =
Hc — E 1 o o
p— EZ:II_ o o
) X E——3
Ty
Ei" =0 t::l_o O
e T I TTTTT]
Sl S =30 1o o |

F = Force in MDC
F, = 110-kip = Force in actuators

Fi1 = 22-kip = Force in floor shake table

Fiy = 22-kip = Force in wall shake table

R;= Horizontal reaction at bottom of RB column

R,= Vertical reaction at bottom of RB column

H, = 9.1-ft = Height of center of actuator to RB pin
H, = 7.6-ft = Height of center of connection to RB pin
ey = 10-in = Eccentricity from top of table to RB pin
¢y = 24-in = Height of floor shake table

ey = 15.5-in = Total Width of MDC
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———— FE
Rocker Bearing
(RB) Column
\ cTT
Me Ha
He
—QZ -—p
o h
'
Me
A Rocker Bearing Base
" TmA

F, = 132-kip =Force in MDC
Ry, = 22-kip = Horizontal reaction at bottom of RB column
R,, = 22-kip = Vertical reaction at bottom of RB column

F, = 110-kip = Force in actuators
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Base Plate Under Rocker Bearing

Rodker Elesrng Plate
s oc 4_‘ 72 0c
r Y

HiBEEEFh‘E

¥ 1 777 x’ 7

| &) Q| —— 123 4hokes
o) &

17y *

2y 123
e R
—0 Q|5

e EE— 1'_9.3E-" ——

e — 348 -

—-— )

[l—

l
VAN
bp L (oL,

FH
Mhas&

Initially assume that t;, is 1"

£

~

1<—_
q'_'
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Ry (4in + lin)

Total Vertical Force Acting Fiotal = Ry + ————— = 25.188:kip
on Base Plate: 34.5in
Force Acting on Left Base Fleft = - = 12.047-kip
Plate Bolt Line: 34.5in
Force Acting on Right Base F.on=F —Fi.q = 13.142:-ki
right total ~ " left p

Plate Bolt Line:
Plate Yielding Check
Maximum Plate Width Between .

e = 8.9375
"¢ and 1 5/16"¢ Holes: bpr1rne 8.9375In
Tributary Length of Plate . : :

X = 23.25in - 2(1.3125in) = 20.625-
(Excluding Bolt Holes): P 3:25m = 2( in) 1n
Yield Strength (Preferred Fy := 36ksi
For Plates:

Min Required Strength for a Bolt Lin¢ T := max(Fj.g,F. = 13.142-ki
left>* right p

Minimum Plate Thickness ¢

(No Prying): min_yield = = 0.838-in

Plate Hole Shearing Check

The diameter is 1 5/16" on top plate, so calculations assume 1 1/4" bolts.

Required Nut Thickness: thut = 1.21875in
Yield Strenght of Nut: Fy_nut := 132ksi
Minimum Plate Thickness y_nut :
) : t == = 4.469-
to Avoid Hole Shearing: min_hole ( Fy j fnut mn

However, the top plate bolts are very overdesigned for this application. Adjust the plate
thickness based on the ratio of bolt capacity to needed capacity

Required Tensile Capacity of a Bolt

T
F =— = 6.571ki
(2 bolts in each Line): bolt > 6.571-kip

Available Tensile Capacity in OR,, := 82.8kip
1 1/4" Bolt:
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Modified Minimum Plate Thickness ‘. o Fholt L 035510
to Avoid Hole Shearing: min_hole - $R, tmin_hole = -
Minimum Base Plate Thickness: tmin = max(tmin_yield=t1nin_hole) = 0.838:in

Use a 1" thick plate as assumed for the rocker bearing base plate.

(tmin) ?
(1in)?

The demand to capacity ratio is less than 1, therefor a 1" thick plate is adequate for the
rocker bearing base plate.

Demand to Capacity Ratio: DC = =0.703

Plates of Reaction Frame Diagonal Brace

Fa— ]
~—{ Oy Fd
Ha__l:u{'.
H,
Ry be ™ ‘
_bc
VA A A 1’ VA aYi
A

=

F4=161.291-kip = Force in diagonal brace
g = 43-deg = Angle of diagonal brace

Fqnh=Fg sin(ad) = 110-kip = Horizontal force in diagonal brace

Fqv = Fd-cos(ad) = 117.961-kip = Vertical force in diagonal brace
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Foundation Beam to Diagonal Brace Plate Calculations

o 44" -
- 10— 24" —— 1" -
T o) (Ht— T 1" @, 4 holes
15k —— 19 5" —= 163 —=
l O O

— - {2 L
164“’11} .'!{" ’q— l’ tmin
| \I | | *
Fo
The above dimensions assume that a 1 3/4" thick plate is used at t ;.
The diagonal is an HSS6x6x3/8.

: Fq -(10.25in+ .5-1.3125in)
d
Force Actlng on Left Flof = v ‘ _ 53.604-kip
Plate Bolt Line: 24in
Force Acting on Right . _ .
Plate Bolt Line: Fright o Fd_V ~Fleft = 64.356-kip
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Plate Yielding Check

Maximum Distance Between
HSS and Hole Line:

Tributary Length of Plate
(Excluding Bolt Holes):

Yield Strength (Preferred
For Plates:

Required Strength for
Bolt Line:

Minimum Plate Thickness
(Prying Included):

Demand to Capacity Ratio:

Byrime = 19-1875in — 10in = 9.188-in

p := 15.5in - 2(1.3125in) = 12.875-in

Fy = 36ksi

T := max(Flefy, Frign) = 64.356-kip

2-T-b

prime _
toe = = 1.684-in
min_yield -
9-p Fy
2
tmin_yield
DC := m = 0.926

(1.75in)°

The demand to capacity ratio is less than 1, therefor a 1 3/4" thick plate is adequate for
the diagonal brace plate on the foundation beam.

Required Number of Bolts Based on Combined Shear and Tension

(Diagonal foundation beam plate to foundation beam)
Assume 4 1 1/4" diameter bolts will be used

Force on Bolt Line Due to Prying:

Max Tensile Force Per Bolt:

Minimum Required Tensile
Stress Per Bolt:

Factored Nominal Tensile Stress
Per Bolt:

Factored Nominal Shear Stress
Per Bolt:

p~(1.75in)2-Fy

4 .
Fpry = 5 = 53.23-kip
= |10in
3
Fien = -5(T + Fppy) = 58.793-kip
F
t
f = = 47.909-ksi

1.25in)
T
2
OF ¢ == 67.5ksi

GF,y := 40.5ksi

(fi/ OFno) + (£, / 9Fpy) = 1.3
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f
t .
Required Shear Stress fy=[13- [—q)F ] OFpy = 23.905-ksi
. nt
Per Bolt:

. \2
1.251n .
Available Shear Strength of Per d)rn = fv{ﬂ( 5 j :| = 29.335-kip
Bolt:

F
dh )
Shear Force Acting Per Bolt: Fshear = T4 = 27.5-kip
F
shear
Demand to Capacity Ratio: DC := o = 0.937
n

4 bolts of 1 1/4" diameter are adequate to resist the combined tension and shear force at
the diagonal brace plate to foundation beam connection.

Reaction Frame Column to Diagonal Brace Plate Calculatons

L -

17" @ 4 holes *
0 T 1
8%" O——r
79 {

jﬂT 1632 26
I
Fp 8l

——1 o 97 @__L

tmin

The above dimensions assume that a 1 3/4" thick plate is used at t ;.

Force Acting on Top . i Fd_h'(8'25m +.5-1.31251n)
Plate Bolt Line: top - 16.9375in

= 57.841-kip

Force Acting on Bottom

Fi,¢ = F —F,  =52.159-ki
Plate Bolt Line: bot d h™ "top 52.159-kip
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Plate Yielding Check

Maximum Distance Between
HSS and Bolt Line:

Tributary Length of Plate
(Excluding Bolt Holes):

Yield Strength (Preferred
For Plates:

Required Strength for 4
Plate Bolts:

Minimum Plate Thickness
(Prying Included):

Demand to Capacity Ratio:

bprime = 9.5in - 5in = 4.5-in

p := 9in - 2(1.3125in) = 6.375-in

Fy = 36ksi

T := max(Fyoq. Fyop) = 57.841-kip

2T-b,...
prime .
t : = = 1.588-in
min_yield .
9p Fy
2
tmin_yield
DC := m — 0823

(1.75in)°

The demand to capacity ratio is less than 1, therefor a 1 3/4" thick plate is adequate for
the diagonal brace plate on the RF column.

Required Bolts Based on Combined Shear and Tension
(Diagonal column plate to actuactor column)
Assume 4 1 1/4" diameter bolts will be used

p-(1.75in) > F
-y
4

Force on Bolt Line Due to Prying: Fpry = : = 52.713-kip
(—jSin
3
Max Tensile Force Per Bolt: Fen = -5 '(T + Fnrv) = 55.277-kip
P SV
Minimum Required Tensile t— = 40.044-Ks1

. \2
Stress Per Bolt: |77'r ( 1 -25lnj j|
2

Factored Nominal Tensile OF ¢ == 67.5ksi
Stress Per Bolt:
Factored Nominal Shear
Stress Per Bolt:

GF = 40.5ksi

(fi/ OFno) + (£, / 9Fpy) = 1.3
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f
t .
Required Shear Stress fy = {1-3 - (q)Ttﬂd)an = 25.624-ksi
n

. N\2
Per Bolt: 1.251n )
Available Shear Strength Per Bolt: bry = fv'[ﬂ( > j —‘ = 31.445-kip

F
: dv .
Shear Force Acting Per Bolt: Fehear = e = 29.49-kip
F
. . h

Demand to Capacity Ratio: DC = :)ear = 0.938
I
n

4 bolts of 1 1/4" diameter are adequate to resist the combined tension and shear
force at the diagonal brace plate to RF column connection.

2- 55kip Actuator Plate (Without Current Stiffening)

i
--12%"—-! |<121—"—.—
.I 1_1&_“ EI =£|
4 holes
201" 31"
Actuator ———* {
3 %ﬂ{:ﬂ: 4—‘ Fi 5 1’&"
||
fp——————— 31" ——————— -

g 13— L
St
]

Ly

=

Lk

Ly
1 .

15

.
1

— -I-I"' |——

The above drawings do not show the current stiffening on the plate. The calculation:
below will provide conservative results for the required plate thickness.
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Plate Yielding Check

Maximum Distance from Fp, .
b e = 3.3125in
to Inner Bolt Hole: prime
Tributary Length of Plate . . .
= 31in - 2(1.062 = 28.875-
(Excluding Bolt Holes): p:= 31in = 2(1.0625in) 8.875-In
Yield Strength (Preferred F,, := 36ksi
y
For Plates:
Required Strength T := 55kip = 55-kip
Per Bolt Line:
Minimum Plate Thickness - 4'T'bprime — 0.883-]
tmin_yield == 9-p-F = Y.eeo-n
(No Prying): y
2
tmin_yield
Demand to Capacity Ratio: DC = m = 0.499

(1.25in)°

The demand to capacity ratio is less than 1, therefore a 1 1/4" thick plate is
adequate for the actuator plate.
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Lateral Support Bracing Calculations

Reference:\\labhomes\LabHome$\ler56\Desktop\2-55kip setup\plate calcs_revl.xmcd

Approximated Lateral Loads on the Columns

A R, = 22-kip = rocker bearing column axial force

be = Ny

Age = Fd-cos(ad> = 117.961-kip = reaction frame column axial force

Pipe = -05-A. = 1.1-kip = 5% of the rocker bearing column axial force

P .= .05-A,, = 5898 kip =5% of the reaction frame column
axial force

Capacity of Rocker Bearing Column (Minor Axis)

The rocker bearing column is a W12x58 section and is 11.4' tall. It was previously
calculated that the flanges are compact while the web is noncompact.

Unbraced Length of Rocker

Ly, = 11.111
Bearing Column: b !

Moment on Rocker Bearing

M = P4, Ly, = 12.21-kip-fi
Column Due to Lateral Loading: ~Max rbc’ b Pt

Yielding Check:

Section Modulus: Sy = 21.4in3

vegsmgb Oured s

Moment Capacity: oM, = '9'Fy'sy = 80.25-kip-ft
Mmax

Demand to Capacity Ratio: DC = = 0.152

The demand to capacity ratio is less than 1. Therefore, the rocker bearing column will
not experience yielding under the approximated lateral loading.

Flange Local Buckling:

Flange local buckling is not applicable because the flanges of the rocker bearing
column are compact.
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Capacity of Reaction Frame Column (Minor Axis)

The reaction frame column is a W24x103 section and is 12' tall.

Unbraced Length of

Ly, =7.
Reaction Frame Column: b 7.2t

Moment on Reaction Frame .
. =P, .- Ly, = 42.466-kip-fi
Column Due to Lateral Loading: MaX ac’ b 66-kip-ft

Yielding Check:

Section Modulus: Sy = 26.5in3

rgsman (e ok

Moment Capacity: oM, = '9'Fy'sy = 99.375-kip-ft
Max

Demand to Capacity Ratio: DC = = 0.427

The demand to capacity ratio is less than 1. Therefore, the reaction frame column will not
experience yielding under the approximated lateral loading.

Flange Local Buckling:

Steel Modulus of Elasticity: E =29x 10%ksi

f E
Compactness Criteria: >‘p = .38 T = 9.152
Flanges: Y

Ap =459 Flanges are compact.

Flange local buckling is not applicable because the flanges of the reaction frame column
are compact.
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Lateral Bracing for Rocker Bearing Column

o e

L := 2.72ft = distance from center of pin to center of rocker bearing column

L, := 5.33ft = distance from center of rocker bearing column to center of wall anchor

L3 = 1.9ft = distance from center of wall anchor to center of reaction frame column

Ltotal = Ll + L2 + L3 = 9.95.ft = total beam distance

I:‘Irt:m:

Appe = deformation of bracing at the rocker bearing column

The lateral bracing will be provided by 2 sections that are conservatively equivilent to

an HSS 6x4x1/8.
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Stiffhess Check:

Major Moment of Interia of
HSS 6x4x1/8:

.4
IX = 11.4in
2 2
Prbc'Ll 'L2

Deformation of Lateral A = = 0.05:in
Bracing at RBC: 3'E'IX'(LI + LZ)
P .
b k
Stiffness of Setup: 3= % 2198322
rbe n
Unbraced Length of Rocker Ly e = 1111t
Bearing Column: -
Required Bracing 1 Ape Ki
p
Stiffness: Breq = (—) =0.22.—
75 Lbfrbc m
) Breq
DC Ratio: DC = = 0.01

The DC ratio is less than 1, therefore the lateral bracing stiffness is suitable for laterally

bracing the RB column

Strength Check:
Sum of Moments Around Pin: 0 =-Py,. (L;) + R (L + Ly)

. . Pl :
Pin Reaction (Closest Rioll = = 0.372-kip
to Rocker Bearing Column): Li+L
Sum of Forces: 0= Rpin + Rygli - Pri
Roller Reaction (Closest o 3 B o
to RF Column): Rpll’l = PI'bC RI'OH = 0.728 klp
Shear Dlagram P - 1
of Bracing HSS

L]
T3k pe— L
Moment Diagram 188 kft
of Bracing HSS -
Maximum Moment on .
M = R,;.-L1 = 1.981-kip-ft
Lateral Bracing: max pin"*~1 P
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Yielding Check:

Major Elastic Section Modulus Sy = 3.81in3

(HSS 6x4x1/8):

Yield Strength (Preferred Grade): Fy = 46ksi

Section Moment Capacity: oM, := '9'Fy'sx = 13.145-kip-ft
. Mmax

Demand to Capacity Ratio: DC = = 0.151

My

The DC ratio is less than 1, therefore the lateral bracing HSS will not experience
plastic yielding.

Web Local Buckling Check:

The webs are compact based on a flange width of 6". Web local buckling is not applicable
to this lateral bracing.

Flange Local Buckling Check:

The flanges are compact based on a web height of 4". Flange local buckling is not
applicable to this lateral bracing.
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Shear on Threaded Rods Connecting HSS Lateral Bracing to Wall Anchors:

©

— ]

= |

HES — B" —

1 threaded rod will connect the HSS 6x4x1/4 to the channel of the wall anchor. One of
the threaded rods will be centered on the channel and the other will be 1" off-center.

O O @7
O 4 0
|
] ]
a|lo|@|a] a|a °u *3‘ e
||:|]-D ofnch]lo olo;‘l;ﬁ o O I

Required Threaded Rod Size Based on Combined Shear and Tension

(Rods Connecting Lateral Bracing to Wall Anchor)

Assume one 1" diameter threaded rod will be used to connect each side of the lateral
bracing to the wall anchors. The rod which will be in double shear due to going through
2 walls of the HSS lateral bracing.

Maximum Shear at Anchor Locations: Phax = maX<Rpin’Rroll) = 0.728-kip

2in :
Max Tensile Force Per Rod (Sum Fien = (ﬁj'Pmax = 0.486-kip
Moments About Top Right Corner of HSS):
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PO ST
Minimum Required Tensile t=F 7 — V0Oleksi

. \2
Stress Per Rod: |:7'r (B) }
2

Factored Nominal Tensile Stress OF ¢ == 67.5ksi
Per Rod:
Factored Nominal Shear Stress ¢OF, = 40.5ksi
Per Rod:

(f/ OFno) + (£, / 9Fpy) = 1.3

fi
Required Shear Stress £, = {1-3 - [—d)F ﬂd)FnV = 52.279-ksi
Per Rod: nt

1in)? _

Available Shear Strength d)rn = fV' T (7) = 41.06-kip
of Per Rod: b

max
Demand to Capacity Ratio: DC := or = 0.018

One threaded rod of 1" diameter can adequately resist the forces being transfered from
the lateral bracing to the wall anchors.

Lateral Support (RB Column) -

Y

Using MC8x21.4 sections for the vertical wall anchor component, MC10x28.5 for the
horizontal wall anchor component, and HSS 1 1/4"x 1 1/4"x 3/16" for the diagonal. The
wall anchor sections are approximations because the sections were available in the
structures lab. The wall anchors are attached to the strong wall with a top and bottom
threaded rod.
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Loading Scenario 1 (Left HSS Loaded):
&»
% i o i
| 7 b Dy
V T—' ~ L = 1‘
] ’ )
E
Dy := 3.875in = Height of Channel
L :=30in = Length to Center of Diagonal
L, := 50.375in = Length to Center of Left HSS
a4 = 42deg = Angle of Diagonal
V = max(Rpin. Rygy) = 0.728 kip
2in :
Treq = (E)-max(Rpin,Rrou) = 0.486-kip
Sum of Moments About 0= -Fy 1sin(0g)Ly + TreqLs - VD
Top Right Corner: -
Treqlo = V:Dy
q :
Fq1:= - = 1.078-kip
- sm(ocd) Ly

Sum of Horizontal Forces: Ry | :=Fy l-cos(ad) -V = 0.073-kip

Sum of Vertical Forces: RV_I = Fd_l'Sin(ad) B Treq = 0.236-kip

49 Kips
Channel Shear
Diagram
-.23 Kips
Maximum Moment: Mmax 1= Treq'(L2 ~L1) = 0.824-kip-ft
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Loading Scenario 2 (Right HSS Loaded):

G
}ﬂd
f —

v
- L, -
= L -]
£
'_

Dy := 3.875in = Height of Channel

JJRUI:I

o
— )

Ly := 33.75in = Length to Center of Right HSS

L, :=30in = Length to Center of Diagonal

Sum of Moments About 0 =-F4 »sin(ag)Ly + Treqly - VD,

Top Right Corner:

TreqL] — VD)

req’
sin(ocd) Ly

Sum of Horizontal Forces: Ry 5 :=Fy 2-cos(0cd) -V = -0.226-kip

= 0.676-kip

Fd_2 =

Sum of Vertical Forces: RV_2 = Fd_l'Sin(ad) B Treq = 0.236-kip

49 Kips
Channel Shear
Diagram _23 kips
Maximum Moment: Mmax 2 = Treq'(L1 ~L2) = 0.152:kip-ft
Max Moment for Wall Anchors: M .. = maX(Mmax_l °Mmax_2) = 0.824-kip-ft
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Yielding Check

Yield Strength: F,, := 36ksi

y
Elastic Modulus of MC 10 3
(Horizontal Wall Anchor Component): Sy = 3.99n

Nominal Flexural Strength: OM,, := .9-F-S,, = 10.773-kip-ft

Mmax

DC := = 0.077

Demand to Capacity Ratio:

The DC ratio is less than 1, therefore the wall anchor will not experience plastic
deformation.

Flange Local Buckling Check

Flanges are compact on the MC 10x28.8 with a yield strength of 50 ksi (yield strength of
channel section being used in the wall anchors is unknown). Assume that the flanges are
compact and flange local buckling is not applicable.

Weld of Channel Sections (Where 2 Channels Form 90 deg Angle)

™\
™\
N\

_d_,a—'.".'eld Location s

AN

Maximum Force on Weld (Resultant of the horizontal and
vertical reaction forces of each loading scenario):

Fpax = max|: / (R 1)*+(Ry 1) / (Ry 2)*+ (Rv_zﬂ — 0.327-kip

Approximate Length of Weld
(Around 3 Inner Channel Faces of
Vertical Channel):

LWGld = 8in
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Strength of Filler: Fw = -6-70ksi

n
Appoximate Weld Depth: Dyeld = -251n

. L . .2
Area of Weld: Awe = -707-Dye1q-Lweld = 1-414-in
Strength of Weld: OR = 75-F Ay = 44.541-kip
Force Acting on Weld: Fax = 0-327-kip

. . Fax -3

Demand to Capacity Ratio: DC = = 7.333x 10

n
A weld thickness of 1/4" is adequate for the connection of the channel components
of the wall anchor.

Lateral Bracing Diagonal Sections

____,-'-"'_'_--
r— Weld Cocations

i

AN

Assuming 2 Diagonal Sections Per Wall Anchor, Each 1 1/4"x 1 1/4" x 3/16"

Maximum Diagonal Section Force: Fy ... = .S-max(Fd 1-F4q 2) = 0.539-kip

Weld at End of Diagonals:

Approximate Length of Weld Lyeld = 4-1.25in = 5-in

(Around 4 Faces of a Diagonal):

Strength of Filler: Fw = -6-70ksi

Appoximate Weld Depth: Dyeld = -25in

Area of Weld: Awe = 707-Dye1d Lweld = 0.884-in2
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OR,, = T5F - Aye = 27.838-kip

Strength of Weld: nw “‘we
Force Acting on Weld: Fq max = 0-539-kip
F
d
Demand to Capacity Ratio: DC = _;nax = 0.019
n

A weld thickness of 1/4" is adequate for the connection of the diagonal compnents
to the channel components of the wall anchor.

Diagonal Capacity
Diagonal isan HSS 1 1/4x 1 1/4 x 3/16

Maximum Force in the Diagonal: Fy ... = 0.539-kip
Eftective Length Factor: k:=1
Length of Longest Side L = 41in
of Diagonal:
Effective Length of Diagonal: Logr = k'L =3.417-ft
. : 4kip :
Allowable Concentric Load: Pailow = 12kip — (4ft - Leff)' e = 9.667-kip
F
d
Demand to Capacity Ratio: DC = _hax _ 0.056
Pallow

The DC ratio is less than 1, therefore the diagonal sections of the wall anchors can support
the load on the lateral bracing.

Lateral Bracing Support (RF Column)
Aac = 117.961-Kip _ R Column Axial Load

P,. = 5.898-kip =5% of RF Column Axial Load

Loading Scenarios for the bracing:

Loading 1: RF column/column plate is in center of wall plate during the blast loading
scenario experimental setup

Loading 2: RF column/column plate is off-center of wall plate during seismic loading
scenario experimental setup

Assume that actuators are at 110 kip capacity during either loading
scenario.
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Threaded Rod Capacity (Between Column Plate and Wall Plate):

2 threaded rods transfer forces between the column plate and the wall plate. The rods
will each receive half of the RF column lateral load due to being centered with respect to
the RF column and the lateral bracing column plate

[y "

Ed t.u
=
-
m

2 holes l

-—10% ——‘ }-—11};4'—-

Zftd
12/ d —————=
Zrd

2
]
T

— 1|| — 1..

P

Tension in Threaded Rods: T = % = 2.949-kip

rod
Tensile Strength of Threaded Rod

:= 29.8ki
(Using Equivilent Bolt Strength): d)rn T9 8kip
. . d
Demand to Capacity Ratio: DC := q)ro — 0.099
r
n

Two threaded rods of 3/4" diameter are adequate to connect the column plate and the
wall plate in the actuator column lateral bracing.
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RF Column Plate During Loading Scenario 1 or Loading Scenario 2

—————————— Df" ————————— -

Ed t.u
=
-
m

2 holes l

=— 10§ ——‘ }-—11};4'—-

0 [ 0

T

) ]
Lo Lo
z = trin
SIS

[— 1" - 1
Plate Yielding Check
gg’s“ﬂgnR]z:ﬁf; Between borime = 10.25in— lin— 5-1in = 8.75-in
Tributary Length of Plate . . .

:= 15in — .8125in = 14.188-
(Excluding Rod Holes): P Sin = .8125in 1n
Yield Strength (Preferred Fy := 36ksi
For Plates:
Required Strength T = Tyoq = 2.949-kip
Per Threaded Rod: 16
Minimum Plate Thickness o T-byrime — o474in
(No Prying): min_yield - '9'p'Fy )

2
tmin_yield
Demand to Capacity Ratio: DC = % = 0.399
(.751in)

The demand to capacity ratio is less than 1, therefor a 3/4" thick plate with the above
dimensions has adequate strength for the column plate of the RF column lateral bracing.
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Plate to RF Column Welds

Assuming 15" welds along each flange.

Approximate Length of Weld: Liyeld = 30in
Strength of Filler: Fw = -6-70ksi
Appoximate Weld Depth: Dyeld = -251n

. L . .2
Area of Weld: Awe = -707-Dye1d'Lweld = 5-303-in
Strength of Weld: OR, = .75-F  Aye = 167.029-kip
Force Acting on Weld: P,. = 5.898-kip

. Pac

Demand to Capacity Ratio: DC = = 0.035

A weld thickness of 1/4" is adequate for the connection of the actuator column
lateral bracing plate to the RF column.

RF Column Wall Plate During Loading Scenario 1

-.—29}" —— =

e |

J holes

e 1 15"
14 o, — T l
2 holes

—~—— &/*d
¢/™°d

Cfd ————-—
~—2/"d
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Plate Yielding Check

Maximum Distance Between

HSS and Rod Line: bprime := 8in + .5(.8125in) + .5(1.1875in) = 9-in
Tributary Length of Plate . . :

= 15in— 1.1 = 13.813:
(Excluding Rod Holes): P S 875in 3:813-in
Yield Strength (Preferred F,, := 36ksi

y
For Plates:
Required Strength T = Tyoq = 2.949-kip
Per Threaded Rod:
Minimum Plate Thickness _ 4T-bprime :

tmin 1= = 0.487-in

(No Prying):

RF Column Wall Plate During Loading Scenario 2

y——————— 29 J-" _—
o — T
3 holes
0] Q 15
142, —
2 holes

Ci7°d
— ] -l—|
T
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Plate Yielding Check

Maximum Distance Between

HSS and Rod Line: bprime := 14in + .5(.8125in) + .5(1.1875in) = 15-in
Tributary Length of Plate . . :
= 15in— 1.1 = 13.813-
(Excluding Rod Holes): P S 875in 3 mn
Yield Strength (Preferred F,, := 36ksi
y

For Plates:
Required Strength T = Tyoq = 2.949-kip
Per Threaded Rod:
Minimum Plate Thickness: tmin 2 = = 0.629-in
Minimum Required Wall _ _ .
Plate Thickness: fmin = max(tmin_l °tmin_2) = 0.629in
Thickness controlled by loading scenario 2. Use a 1/2" thick plate for the wall plate on
the actuator column lateral bracing. (tm ) )
Demand to Capacity Ratio: DC = m 0.703

. 2

(.75in)

The demand to capacity ratio is less than 1, therefore a 3/4" thick plate with the above
dimensions has adequate strength for the wall plate of the RF column lateral bracing.

RF Column Lateral Bracing Plate System Stiffness Check
Loading Scenario 1: .

¢/*°d

@
Loy )
2
Mo

Assume the stiffness of the threaded
rod and diwydag bars are negligable.
Only the column plate and wall plate = re - II e ]
are providing stiffness for the RF
column.See previous plate calculations
for dimensions of both the

RF column and wall plate.

¢r*cd
¢i*d
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Plate Length Between Diwydag Bars L := 29.5in — 2(2.75in) = 24-in
(Reaction Points):

Plate Thickness (Both Plates): t :=.75in
Major M f Interia of 2L‘t3
ajor Moment of Interia o [ = _ 1.687-int
Plates: 12
Length From Threaded Rod a = 9n
to Diwydag Bars:
Steel Modulus of Elasticity: E=29x 104-ksi
Load on Threaded Rods: Trod = 2:949-kip
T..qa
rod 2 2 .
Max Deflection of Plate: Aan = (24-E-I](3L —4a ) = 0.032in
T .
rod kip
Plate Stiffness: Bacp 1= = 92.949-—
P_ Aacp in
Loading Scenario 2: -
oy ik
NN
Assume the stiffness of the threaded
rod and diwydag bars are negligable.
Only the RF column plate and wall plate
are providing stiffness for the RF column. + S = —F
See previous plate calculations for
dimensions of both the RF column and
wall plate.
b ke
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Approximate the forces through 2 threaded rods as one force centered between the rods.
Plate Length Between Diwydag L = 24-in

Bars (Reaction Points):

Plate Thickness (Both Plates): t=0.75-in

Major Moment of

.4
Interia of Plates: I =1.687in

E = 2.9x 10*ksi

Modulus of Elasticity:
Load Through Both Rods: P =P, = 5898kip
Distance From Right . . . .
= S = 18-
Diwydag Bar to Load: a := 9in + 6in + .5-6in 8-in
Distance From Load s P
to Left Diwydag Bar: b= 3in+.5-6in = 6-in
_ P-a-b-(a+2b)y/3-a(a+2-b) _
Max Deflection: Aacp = 7E-LL = 0.024-in
kip
- = — =243.172-—
Plate Stiffness: Bacp 2 :
P_ Aacp in
Mini Plate Stiffiess: , . kip
inimum Plate Stiffness: Bmin = mm(Bacp_l’Bacp_2) = 92.949-E
Unbraced Length of RF Column: Ly ac = 6.25ft
Required Bracing Stiffness (Treat as - 1y 2Aq¢ _ 4 194‘@
1 Intermediate Nodal Brace): req- | 75 Ly a0 ’ in
Breg
__rq _
Demand to Capacity Ratio: DC == o 0.045
min

The demand to capacity ratio is less than 1, therefore the stiffness of the lateral bracing
plate system is adequate to brace the RF column.
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55 kip Actuator Spacer Checks

| j=— 5F,

” 142 12

S i L” Io:% |

B L
” =17 —
Plate Bending Check
Maximum Force from Actuator: Fa_max := 55kip
_ Fa max ,
Maximum Force Per Rod: Fax = —4 = 13.75-kip
Force Acting on Each _ B .
Bolt Line: Fline'_ 2'Fmax = 275k1p
Maximum Distance Between bprime = 2.8125in

Actuator Edge and Spacer Stiffener:

Tributary Length of Plate: p = 12.125in
Yield Strength (A36 Preferred .
F, = 36k
Grade For Plates): y 3
Minimum Plate Thickness: _ 4FlingOprime B :
toin = = 0.887-in
9p-F
y
N
_ (Sm)”
Demand to Capacity Ratio: DC:= 2 0.317
(tmin)

A plate thickness of 1/2 inches is not adequate if the yield strength of the plate is 36ksi
(A36 Steel).
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Adjusted Yield Strength F,, = 55ksi

(A529 Gr 55): Y
. : ) 4-Flipebosi
Minimum Plate Thickness: _ e “prime .
tin = = 0.718-in
.9p‘Fy
. (2
S
DC = L _ 485

Demand to Capacity Ratio:

( tmin) ?

A plate thickness of 1/2 inches is still not adequate if the yield strength of the plate is 55ksi
(A529 Steel).

Adjusting Calculation for 2 Way Plate Action

Minimum Yield Strength: Fy := 36ksi

_ 12.125in-15in = 181.875-in°

Area of Plate: Aplate :
: 55ki ki
Load Per Length of Bearing w := - P — = .019-£
Perimeter of Plate: 2(12in) + 2(15in) n
Side Ratio: ratio := = 1.237
125
N ) .
Max moment on 12" Side: Mmax_l = 0.1017-w-(12in)” = 14.916-kip-in

Chose the most conservative coefficient (assumes all edges are pinned and side ratio is
2)

Max Moment on 15" Side: M = .0531-w-(15in) = 12.169-kip-in

max 2

Chose the most conservative coefficient (assumes all edges are fixed and side ratio is

1)

Max Plate Moment: Moy = maX(MmaX_l stax_z) = 14.916-kip-in
Minimum Plate Thickness: 4-Max
min = | ——— =0.39in
9p-F y
: . . 2 An A36 plate with a thickness of
D dto C Ratio: .Sin
emand to Capacity Ratio: e (5in) 5 = 1.646  0.5in can be used when 2-way
(tmin) action is accounted for in the
plate loading.
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Plate Shearing Check

Maximum Shear Force: Vinax = Fline = 27.5-kip
Adjusted Yield Strength Fy = 36-ksi
(A529 Gr 50):
Compactness Coefficient: Cy=1
Depth of Plate: d:= 15in
\Y
max )
Minimum Plate Thickness: tmin = 9. 6F -dC. 0.094-in
9-.6-Fy-d-Cy,

tm.
Demand to Capacity Ratio: DC = S'm = 0.189

.Sin

A plate thickness of 1/2in is adequate for the shear acting on the plate. The plate
thickness is controlled by bending.

Threaded Rod Check
Steel Modulus of Elasticity: E := 29000ksi = o/e
Maximum Force Per Rod: Frax = 13.75-kip
Diameter of Rod: Dypog =75
D 2
d
Area of Rod: Atod = 71-( ;0 ) = 0.442-in2
F

max .
Stress on Rod: o= A = 31.124-ksi

rod

. o) =

Strain on Rod: € = T = 1.073 x 10=AL/L
Length of Rod in MDC1 Test: Ly := 13in
Change in Length of Rod AL :=&Ly=0.014in
During MDC1 Test:
Comparision of the Change AL, 3
in Rod Length to Imposed ratio := YT 4.306 x 10
MDC1 Deformation: <A
Length of Rod in MDC2 Test: Ly =20
Change in Length of Rod AL, = &Ly = 0.021-in
During MDC1 Test:
Comparision of the Change AL, 3
in Rod Length to Imposed ratio := e 5.366x 10

MDC1 Deformation:

The deformation of the actuator/spacer/RB column threaded rods are insignificant when
compared to the total deformation of the MDC. Therefore, the rods do not need to be
torqued and hex head bolts do not need to be used.
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Foundation Beam to Concete Floor Diwydag Bars

Coefficient of Static Friction w:= .45
(Steel on Concrete):
Horizontal Force: Fy, = 55kip
Fr
Required Normal Force: N = — = 122.222-kip
V8
Weight of Foundation Beam: Fy = 3500Ibf
Required Total Tension Force .
) F.,=N-F_,  =118.722-k
on Foundation Beam Bars: req w P
Number of Bars: num = 14
Diameter of Bars: d = 1.12in
. . Ffeq
Minimum Tension Per Bar: Frnin = = 8.48-kip
num
Safety Factor on Bar Tension: SF :=4.5

Bar Tension With Safety Factor:

Area of Enerpac RCH-606 Pump: A

Pressure of Pump to Provide
Required Bar Tension:

Fpar = SF-Foin = 38.161 kip

.2
pump = 12.731n

Fbar

P — 2.998 x 10°-psi

Apump

Using a safety factor of 4.5 against sliding friction, the diwydag bars are required to
be post tensioned to about 3000 psi on the Enerpac RCH-606 pump.
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Using One 55kip Actuator:
F, := 55kip = Max Force of Actuator

H, .= 10.75ft = Height of actuator from RF column base

H := 10.75ft = Height of diagonal from pin

aq = 43deg = Angle of diagonal from vertical axis

Sum Moment Around RF Column Base: Mpase = 0 = Fo(H, ) - sin(og)Fg(Hg)

o FaHa ¢
Max Force in Diagonal Brace:F 4 := <—)_H = 80.645-kip
S OLd “Hy

Max Vertical Force in Diagonal BracF 4 | := Fd-cos(cxd) = 58.98-kip

Very Conservative Scenario: Diagonal distributes vertical force to only the 4
foundation bolts around the diaognal base plate.

. . F
Total Tension on Four Foundation d_vert .
, T =F = = 52.906-k
Beam Bolts Around Diagonal: total bar " 52.906-kip
Minimum Yield Load of Bars: Fy := 59.3kip
D/C Ratio When Actuator . FY
. . . SF = = 1.121
Provides 55kip of Tension: Tiotal

The diwydag bars will not fail in tension due to the applied post tension and the maximur
test tension that will be loaded onto the bolts. These calculations assume the worst case
scenario that the vertical force in the diagonal is distributed to only four foundation beam
bars that are closest to it.
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Diagonal Brace Base Plate to Foundation Beam Bolts

Max Vertical Force in Diagonal BraceF j .. = 58.98-kip
Number of Bolts in num := 4
Diagonal Brace Base Plate: Fy vert
Tension per Bolt: Foolt == —— = 14.745-kip
num
Bolt Condition Factor k:=.18
(For Lubricated Bolts):
Diameter of Bolts: d := 1.25in
Required Torque Per Bolt: T := k-Fyygpd = 276.47-1bf - ft
Applied Torque Per Bolt: T pp = 600Ibf-ft (Max Torque of Torque Wrench)
TaPP
Applied Force Per Bolt: Fapp = —— = 32-kip
Fapp
Safety Factor: SF = =2.17
Fpolt

More torque was applied to the bolts than necessary to pretension the bolts to the
maximum tension force they will experience.

Recommended AISC
Minimum Bolt Pretension Trec = 71Kip
(For 1 1/4" A325 Diameter Bolts):

The amount that the bolt was pretensioned is less than the minimum AISC
recommended tension.

| ) ): _ Fd_Ver‘[ _
Total Tension (Per Bolt): Tiotal = Fapp + = 46.745-kip
Available Tensile Strength of :
= 82.8k
1" Diameter A325 Bolts (Per Bolt): Pry = 82.8kip
or
Safety Factor When Actuator F o 97

; . : SF :=
Provides 55kip of Tension (Per Bolt): Tiotal

The bolts will not fail in tension due to the tension applied trough torque and the
maximum tension that will be loaded onto the bolts.
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Diagonal Brace Top Plate to RF Column Bolts

Max Horizontal Force in Diagonal Brace: F = 55-kip

Number of Bolts in Diagonal Brace Plate num := 2
(2 of 4 Bolts Can be Pretensioned):

F
h
Tension per Bolt: F =——=27.5ki
p bolt = — p
Bolt Condition Factor k:=.18
(For Lubricated Bolts):
Diameter of Bolts: d := 1.25in
Required Torque Per Bolt: T = k-Fyygpd = 515.625-1bf - ft
Applied Torque Per Bolt: Tapp := 6001bf-ft (Max Torque of Torque Wrench)
TaPP
Applied Force Per Bolt: Fapp = d = 32-kip
Fapp
Safety Factor: SF = —— =1.164
Fpolt

More torque was applied to the bolts than necessary to pretension the bolts to the
maximum tension force they will experience.

Recommended AISC
Minimum Bolt Pretension Tiec = 71kip
(For 1 1/4" A325 Diameter Bolts):

The amount that the bolt was pretensioned is less than the minimum AISC
recommended tension.

| ) ): _ Fd_Ver‘[ _
Total Tension (Per Bolt): Tiotal = Fapp + = 46.745-kip
Available Tensile Strength of :
= 82.8k
1" Diameter A325 Bolts (Per Bolt): Pry = 82.8kip
or
Safety Factor When Actuator F o 97

; . : SF :=
Provides 55kip of Tension (Per Bolt): Tiotal

The bolts will not fail in tension due to the tension applied trough torque and the
maximum tension that will be loaded onto the bolts.
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Floor Shake Table

Coefficient of Static Friction w:= .45
(Steel on Concrete):
Horizontal Force: Fy, = 22kip
F
h
Required Normal Force: N = — = 48.889-kip
V8

Weight of Floor Shake Table: Fy = 5000Ibf

Required Total Tension Force Froq = N—F,, = 43.889-kip

on Shake Table Bolts: req
Number of Bolts: num = 4
. Freq .
Tension per Bolt: Foolt == —— = 10.972-kip
num
Bolt Condition Factor: k=2
Diameter of Bolts: d ;= lin
Required Torque Per Bolt: T := k-Fygp-d = 182.87-1bf - ft
Applied Torque Per Bolt: Tapp = 6001bf-ft (Max Torque of Torque Wrench)
TaPP
Applied Force Per Bolt: Fapp = d = 36-kip
F
app
SF = = 3.281
Safety Factor:
v Folt

More torque was applied to the bolts than necessary to keep the floor shake table from
sliding on the concrete floor.

Recommended AISC
Minimum Bolt Pretension Tiec = 51kip
(For 1" Diameter Bolts):

The amount that the bolt was pretensioned is less than the minimum recommended AISC
tension.
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Coefficient of Static Friction:
Weight of Wall Shake Table:

Maximum Vertical Force:
Required Normal Force:

Required Total Tension Force

Wall Shake Table

W= .45
F = 50001bf

F, = 22kip + F;, = 27-kip

F
N = — = 60-kip
w0

) F ... :=N = 60-ki
on Table Diwydag Bars: req P
Number of Bars: num := 4
Diameter of Bars: d :=.75in
. . Freq
Minimum Tension Per Bar: Frnin = — = 15-kip
Safety Factor on Bar Tension: SF :=1.7

Bar Tension With Safety Fpar = SF-Fpin = 25.5-kip
Factor:
.2
Area of Enerpac RCH-606 Apump = 8.64in
Pump:
. Fpar 3.
Pressure of Pump to Provide P = = 2.951 x 107 psi

Required Bar Tension: Apump

Using a safety factor of 1.7 against sliding friction, the diwydag bars are required to be
post tensioned to about 3000 psi on the Simplex RC 306T pump.
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Appendix 4

Lavarnway (2013) Tension
Test Data
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